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Abstract 
 

Increases in shipping traffic, future mining, and oil and gas developments represent 

significant oil spill risks in Canada’s subarctic marine environment. The impact of oil on marine 

ecosystems and the traditional activities of local indigenous peoples are of major concern. To 

understand the response of local microbial communities to oil contamination and nutrient 

biostimulation, microcosm-simulated oil spills contaminated with diesel fuel or crude oil and 

incubated at 4°C were constructed using marine sediments from Hudson Bay and the Labrador 

Sea. Changes in microbial community structure, diversity, and composition were monitored by 

DNA extraction, the amplification of 16S rRNA genes, followed by sequencing and taxonomic 

classifications. Additionally, hydrocarbon degradation in response to bioremediation was 

monitored by changes in gas compositions with GC, and through hydrocarbon extractions and 

GC-MS analysis. Results suggested that petroleum hydrocarbons decreased observed microbial 

diversity and led to dominance by Gammaproteobacteria in both sediments, where many 

hydrocarbonoclastic bacteria (HCB) increased heavily in abundance at both sites, including 

Cycloclasticus, Marinobacter, Oleispira, Paraperlucidibaca, Pseudomonas, Thalassolituus, and 

Zhongshania. The same OTUs were found to increase in abundance in both high and low 

nutrient treatments, but biostimulation was found to increase initial rates of biodegradation by 

accelerating the succession and dominance of these HCB. Increase in the relative abundance of 

Cycloclasticus was noted as signifying succession in response to hydrocarbon degradation and 

biostimulation. The Labrador Sea sediment community was found to be more responsive to oil 

spills and biostimulation mitigation strategies, which could be tied to historical exposures of the 

community to natural oil seepages in the region. Porticoccus and Oleispira are suggested as 

robust bioindicators for cold seawater environments contaminated by diesel or crude oil, 

respectively. A comparison of three PCR primer pairs for HCB detection found 341F/806R was 

the preferred choice for detecting HCB taxa and assessing environmental baselines in areas at-

risk of oil spills. Microbial biodiversity baselines and in situ rates of microbial degradation 

should be included in future environment assessments by industry. Overall, this study provided a 

first account of key crude oil- and diesel-degrading bacteria among marine sediments in this 

subarctic region.  
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Chapter 1: Introduction 
 

1.1 Arctic and subarctic environments 

 

The Arctic has several scientific definitions: (i) the region north of the Arctic Circle (66° 

34' N) above which the sun does not set on the summer solstice and does not rise on the winter 

solstice, (ii) the area north of the arctic tree line where trees do not grow among the frozen 

landscape, and (iii) the area above the July 10°C isotherm where the average temperature for the 

warmest month of the year remains below 10°C. The subarctic, however, is defined as the region 

immediately south of the Arctic Circle with terrestrial regions falling between 50°N and 70°N 

latitude. These two regions differ in their marine environment, where multi-year sea ice is 

prolific throughout the Arctic environment, whereas seasonal first-year sea ice that completely 

melts in the summer months is more characteristic of the subarctic. While both regions are cold 

and remote, ice free summers in the subarctic allow for more accessibility. This of course sets the 

subarctic apart as a region with growing activity, where areas such as Hudson Bay and the 

Labrador Sea are experiencing increases in shipping and resource extraction not currently 

experienced by Arctic regions. For this reason, Canada’s subarctic is considered a bellwether for 

how we might manage growing interests, environmental concerns, and future policies in our 

Arctic environments.      

The Arctic is experiencing the most substantial changes in ocean and atmospheric 

circulation leading to increasing air temperatures (double the global average rate) and ocean 

temperatures (0.5ºC per decade) from continued climate forcing and anthropogenic greenhouse 

gas emissions (IPCC, 2019; Perovich et al., 2016). This warming from both air and sea is 

resulting in rapid sea ice declines in both extent and thickness, further exacerbated by the sea ice 

albedo feedback in which reductions in sea ice foster greater melt. In the past 40 years the Arctic 

has witnessed the summer sea ice minimum decrease by up to 13.6% per decade (p.d), multi-year 

sea ice thin from 4 to <2 m, 5 year old sea ice reducing (from 30 to 2%) as first year sea ice 

increases (from 40 to 70%), and total sea ice volumes decrease by 40% (IPCC, 2019; Perovich et 

al., 2016; Rothrock et al., 1999). In Canada’s Arctic, a rise in summer surface air temperatures 

has resulted in a decrease in sea ice cover by 2.9% p.d. in the Canadian Arctic Archipelago, 5.2% 

p.d. in the Beaufort Sea, and the heaviest decreases of 11.3% p.d. in Hudson Bay and 8.9% p.d. 
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in Baffin Bay (Tivy et al., 2011). Pressures to Arctic marine environments are expected to 

intensify as the extent and thickness of sea ice continues to decline. 

The Arctic ocean is partially enclosed, allowing ocean pollutants to experience a high 

residence time when transported to the region via weather and high inputs of freshwater runoff. 

These pollutants enter both aquatic and terrestrial food chains, ultimately appearing in high 

concentrations within top predators due to biomagnification. This amplification of pollutants in 

the environment is well documented for mercury, persistent organic pollutants (POPs), heavy 

metals, and radionuclides (AMAP, 2018; Booth and Zeller, 2005; Kelly and Gobas, 2001; 

Macdonald and Bewers, 1996). The effects of these persistent, southern-sourced pollutants are 

well recognised in both animals and humans to cause impaired memory, blindness, muscle 

weakness, and disruption to endocrine and reproductive systems (AMAP, 2018). Recent reports 

have noted declines of certain POPs (e.g. DDT) in Arctic air due mostly to restrictions on 

chemical usage in circumpolar countries (AMAP, 2010a), verifying the power of monitoring 

programs and international regulations to protect the environment. Despite these positive efforts, 

some substances are reported to be increasing in the Arctic (e.g. brominated flame retardants) 

and continue to cause issues to native wildlife and local peoples (AMAP, 2010a).  

The possibility of an oil spill in the Arctic marine environment is of major concern 

because oil contaminants will undoubtedly result in a lasting impact on Arctic ecosystems that 

are already facing cumulative effects from climate change, pollution, and overexploitation. Oil 

spill research is a growing field and has expanded rapidly in recent years, coinciding with the 

2010 Deepwater Horizon (DWH) oil spill in the Gulf of Mexico (GoM), “suggesting scientists, 

policy makers, and responders, alike, should be better equipped to understand, respond to, and 

predict future oil spills” (Murphy et al., 2016). Canada’s subarctic regions are soon facing 

heightened risk from similar threats in offshore regions as the search for oil and gas continues to 

push further north (i.e. off the coast of Labrador) and as shipping traffic in the region increases in 

response to a longer ice-free season (Dawson et al., 2018; Lasserre and Pelletier, 2011). 

Therefore, there is a growing need for reliable marine bioindicators of environmental impact 

(Dos Santos et al., 2011; Joye, 2015) and an effective response to hydrocarbon contaminants in 

the environment (Crisafi et al., 2016; Leahy and Colwell, 1990).  
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1.2 Oil spill risks: future marine shipping and oil production 

 

The Arctic is a major focus worldwide due to the rapid pace of climate change in the 

region and concerns about the environmental risks associated with projected new developments 

such as shipping, oil and gas, and mining. With the rapid retreat of Arctic sea ice there is 

increased interest in developing shipping lanes through Arctic corridors. Arctic shipping lanes 

would provide a shorter route between Asian and European markets compared to the Panama and 

Suez Canals, saving seven or more days in transport time equating to an estimated 3.5 million 

dollars per trip (Lasserre and Pelletier, 2011). The Nordic Orion vessel cut four days and 

$200,000 off its travel using Arctic transport rather than the Panama Canal (Waldie, 2014). 

Within Canada, there are two attractive shipping routes in the Arctic (Fig. 1.1), the Northwest 

Passage (NWP) connecting the Pacific and Atlantic oceans, and the Arctic Bridge which 

provides a direct service route to Hudson Bay and the Port of Churchill. Routes such as the NWP 

and the Northern Sea Route, used by Russia since the 1930’s, are expected to shed days and 

costs off shipping with the potential to reduce green house gas emissions with shorter hauls 

(Smith and Stephenson, 2013). The NWP as a primary route of navigation through the Canadian 

Arctic Archipelago has, for the most part, been unsuccessfully established as a reliable ice-free 

route. Models of Arctic shipping traffic, however, predict that the NWP will open and allow for 

more consistent traffic volumes during summer months between 2040 to 2059 (Smith and 

Stephenson, 2013).  

 

Figure 1.1: Arctic shipping routes. Image provided by Jean-Paul Rodrigue, Hofstra University. 

Retrieved from: https://transportgeography.org/wp-content/uploads/Map_Polar_Routes.pdf 
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Of particular concern and interest for this study are regions of Canada’s subarctic 

pertaining to Hudson Bay and the Labrador Sea. Much of the shipping traffic entering Hudson 

Bay through Hudson Strait is destined for the Port of Churchill or for resource extraction in 

Baker Lake (Dawson et al., 2018), making the bay one of the most visited regions of Canada’s 

Arctic system by marine traffic. As a primary entry point into Canada’s Eastern Arctic, the coast 

of Labrador will also experience an increase in the volume of ship traffic as the appeal of shorter 

voyage times and cheaper fuel costs make Arctic routes a popular option for future shipping 

(Lasserre and Pelletier, 2011). Any future transport of oil from the Port of Churchill for delivery 

to other markets, or along the Labrador coast as the result of future oil and gas production in the 

area, raises concern over whether these marine corridors are properly equipped for oil-spill 

response. 

While data suggests that a retreat of Arctic sea ice is correlated with increased vessel 

traffic (Dawson et al., 2018; Pizzolatto et al., 2014, 2016), these corridors are far from 

experiencing an explosion in use. Ship-owners remain cautious at the moment about using Arctic 

seaways for intentions other than destination travel or servicing local communities due to the 

heavy risks (i.e. ice, weather, lack of emergency response infrastructure) involved (Lasserre and 

Pelletier, 2011). Increases in ship traffic reported in the media have mostly been in reference to 

destination traffic of large cruise ships (Brown, 2016) rather than full transit traffic. However, 

every new ship entering these remote and largely unmapped Arctic seaways face the risk of an 

accident and pollution event as shown by the groundings of the MV Clipper Adventurer in 2010 

(Hinchey, 2017) and the Akademik Ioffe in 2018 (Toth, 2018).  

Canada has implemented a five-year Arctic drilling ban in effect from 2016 to 2021, in 

addition to several oil companies abandoning their Arctic oil exploration licenses/plans (e.g., 

Shell and ConocoPhillips). Despite the drilling ban, there will be continued interest in Arctic oil 

and gas development in Canada’s north as accessibility to the region increases with decreases in 

ice cover. The government of Canada has previously indicated that diamond extraction, oil and 

gas, and mining operations are the three priority economic sectors in the north (Ruel, 2011). Of 

Canada’s remaining recoverable conventional resources, 33% of natural gas and 24% of crude 

oil are believed to exist in Canada’s northern petroleum basins (AMAP, 2010b). In addition to 

petroleum, the development of the Mary River Mine will see the extraction of one of the world’s 
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largest iron ore deposits, increasing development to Baffin Island as transportation routes 

improve in the years to come.  

A major oil spill in Canada’s northern marine environments is becoming increasingly 

plausible due to potential oil production, the potential transport of crude oil, and increases in ship 

traffic. Several of Canada’s northern communities including Rankin Inlet, Iqaluit, and Churchill 

are equipped with oil spill response kits, but many northerners feel that they are untrained and 

ill-equipped to deal with a spill should one occur (Brockman, 2017). In the event of a marine oil 

spill, the polluter is required to respond to the spill using a mandatory oil pollution emergency 

plan that must be approved when operating in Canadian waters. The Government of Canada has 

an environmental response plan (Fisheries and Oceans Canada, 2009) in place for shipping 

accidents and spills whereby the Canadian Coast Guard must be prepared to respond in a timely 

and efficient manner. Canada’s Coast Guard fleet, however, is ageing and has struggled to 

maintain a strong presence in Canada’s northern seas (Parsons et al., 2011). As a result of this 

lack of infrastructure in the north, response to environmental issues are limited compared to 

similar incidents within more southern waters. Due to the remoteness of subarctic regions and 

distance from response resources, northern coastal communities and wildlife are more vulnerable 

to marine contaminants.  

 

1.3 Insights from past oil spills 

 

Two of the largest and most notable oil spills in human history were the 1989 Exxon 

Valdez and 2010 DWH events. Both spills were very different, with Exxon Valdez occurring 

near shore as a surface slick and the DWH spill occurring 1500 meters below the ocean surface, 

forming a large oil and gas plume in the water column. What these oil spills shared was a 

response by indigenous oil degrading microorganisms that significantly degraded the oil 

hydrocarbons and reduced the overall environmental impact (Atlas and Hazen, 2011).  

The Exxon Valdez oil tanker ran aground on a reef in Prince William Sound, Alaska, on 

March 24, 1989. The ruptured hull leaked approximately 42 million litres of Alaskan North 

Slope crude oil (API gravity: 29.6) into the pristine environment where surface water 

temperatures hover around 4°C for much of the year. Limited access to the remote region and the 
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decision not to use dispersants during a period of high winds resulted in oil covering ~2000 km 

of shoreline (Atlas and Hazen, 2011). The spilled oil caused population declines and mass die-

offs of local sea otters, common murre, orca, herring, and countless other species (Paine et al., 

1996). In response to demand by local Alaskan communities, Exxon attempted to wash the 

shoreline with high-pressure hot water and unintentionally destroyed the resident microbial 

populations that could have facilitated metabolic breakdown of the oil (McNutt, 2014). 

Bioremediation through nutrient addition at below-toxic water quality standards was later used 

extensively as a response (Atlas, 1991) using the fertilizer Inipol EAP 22 (Ladousse and Tramier, 

1991). This fertilizer has been subjected to extensive studies under various shoreline conditions 

since its initial use during the spill (Nikolopoulou and Kalogerakis, 2008). After the cleanup only 

10 to 25% of spilled oil was recovered, with a substantial portion either biodegraded or 

remaining within coastal sediments (Taylor and Reimer, 2008). Polycyclic aromatic 

hydrocarbons (PAH) have been shown to be persistent in beach sediments on account of low 

oxygen levels preventing their bioremediation (Boufadel et al., 2016). The Exxon Valdez 

biostimulation response has widely been considered a successful strategy and has involved the 

addition of ~50,000 kg of N and ~5,000 kg of P to the affected shorelines. Biostimulation 

resulted in visually oil-free shorelines within 10 days (Atlas, 1991), 25 to 30% hydrocarbon 

degradation within several weeks (Atlas & Hazen, 2011), and accelerated rates of initial oil 

removal by between three- to five-fold (Atlas, 1991; Bragg et al., 1994). To this day, the Exxon 

Valdez oil spill remains the largest biostimulation initiative ever undertaken and the most studied 

case regarding the applicability of bioremediation to eradicate oil (Atlas and Bragg, 2009; Bragg 

et al., 1994). 

The blowout of the DWH Macondo well resulted in the largest marine oil spill in human 

history (Murphy et al., 2016), where an estimated 780 million litres of Macondo crude oil (API 

gravity: 37) escaped from a well at an ocean depth of 1500 m within the GoM over 84 days 

(Atlas and Hazen, 2011). This class of subsurface spill had never been encountered, resulting in a 

large plume of oil that extended through the water column and to the surface. The injection of 

chemical dispersants (COREXIT 9500) at the wellhead and ocean surface was applied to prevent 

surface slicks from forming and the eventual transport of oil to shore (Atlas and Hazen, 2011). 

Despite the attempt, much of the crude oil reached the surface and was eventually transported to 

the Gulf coast where a large proportion of oil persisted in the environment (Kostka et al., 2011). 
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This unfathomable input of oil into the GoM ecosystem resulted in major impacts to local food 

webs and economic losses from affected fisheries and tourism (Beyer et al., 2016). Within the 

first month of the release, bacteria of the order Oceanospirillales were shown to dominate the oil 

plume (90% relative abundance) in response to aliphatic hydrocarbon compounds (Hazen et al., 

2010, Joye et al., 2014; Kleindienst et al., 2016; Mason et al., 2014). Colwellia and 

Cycloclasticus species then succeeded Oceanospirillales (Dubinsky et al., 2013) in response to 

what was believed to be high gaseous and aromatic compounds at the time (Mason et al., 2014). 

Together, these and other microorganisms shared capabilities to degrade alkanes, PAHs, and 

methane (Joye et al., 2014) and resulted in the oxidation of 43 to 61% of the discharged 

hydrocarbons within the open ocean (Joye, 2015). The DWH event provided a unique 

opportunity to study the response of indigenous microbial communities to hydrocarbons in deep 

ocean waters and sediments. Much of what is known today about the role of microorganisms in 

the degradation of oil hydrocarbons in marine environments has come from the vast amount of 

literature that was published in the aftermath of this spill (Murphy et al., 2016). Despite the 

DWH spill occurring in accessible waters infiltrated by an industry with oil spill response plans 

and necessary mitigation equipment, the devastation and costs that resulted have reinforced the 

idea that all marine systems, particularly the isolated Arctic, are vulnerable to oil contamination.  

 

1.4 Hydrocarbon degrading microorganisms in the marine environment 

 

The implementation of methods that serve to remove environmental contaminants via 

microorganisms has increased in recent decades (Murphy et al., 2016) and there are currently 

over 320 genera of bacteria and 12 genera of archaea identified as having metabolisms capable 

of utilizing hydrocarbons (Prince et al., 2018) as sources of carbon or energy. 

Hydrocarbonoclastic bacteria (HCB), bacteria that use multiple carbon sources with a preference 

for hydrocarbons, comprise those involved in the degradation of hydrocarbon pollutants in the 

environment, a large proportion of which are members of the class Gammaproteobacteria (Greer 

et al., 2014; Hazen et al., 2010; Joye et al., 2014; Kostka et al., 2011). Obligate HCB use 

hydrocarbons almost exclusively and are commonly found to be enriched at marine oil spill 

locations, usually including members of the genera Alcanivorax, Cycloclasticus, Marinobacter, 
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Oleiphilus, Oleispira, Thalassolituus, Planomicrobium and others (Berry and Gutierrez, 2017; 

Head et al., 2006; Yakimov et al., 2007).  

HCB rely on a multitude of metabolic pathways and processes (Ghosal et al., 2016; Gieg 

and Agrawal, 2013; Hua and Wang, 2014; Rojo, 2009; Shao and Wang, 2013; Yakimov et al., 

2007) to utilize hydrocarbons as sources of carbon and energy. Their response to oil 

hydrocarbons in the marine environment is dependent on the type of hydrocarbon (e.g., alkanes: 

Rojo, 2009, aromatics: Ladino-Orjuela et al., 2016, and PAHs: Ghosal et al., 2016) and its 

concentration (Prince et al., 2017), the abundance, diversity and availability of microorganisms 

(Andrade et al., 2012; Atlas and Hazen, 2011); temperature (Atlas and Bartha, 1972a; Redmond 

and Valentine, 2012), oxygen concentration (Boufadel et al., 2016), and nutrient concentration 

(Atlas and Bartha, 1972b; Lee and Levy, 1987; Swannell et al., 1996) of the marine system. The 

majority of compounds found in crude oil are biodegradable over different timescales, often with 

aliphatic (e.g., alkanes) and light aromatic hydrocarbon fractions degraded at higher rates than 

the more recalcitrant PAHs, resins, hopanes, and asphaltenes (Atlas, 1991). Lighter refined 

petroleum hydrocarbon mixtures (gasoline or diesel) are considered to be more environmentally 

toxic (Cripps and Shears, 1997) but are often efficiently and rapidly biodegraded (Shao and 

Wang, 2013) or volatilized compared to heavy fuels or crude oils containing higher molecular 

weight hydrocarbon fractions. The complete degradation of a complex oil such as crude requires 

a consortium of indigenous bacteria with broad metabolic capabilities. Specialized 

microorganisms are known to increase and decrease in relative abundance in response to the 

presence and absence of particular hydrocarbon fractions (Head et al., 2006; Leahy and Colwell, 

1990). 

The extent and rate of biodegradation of oil after a spill in cold water will depend on the 

presence of a responsive microbial community. The rate of hydrocarbon biodegradation is 

temperature dependent, with low temperatures decreasing microbial enzymatic activity (Atlas 

and Bartha, 1972a; Gibbs et al., 1975). A 10°C decrease can reduce the rate of biodegradation by 

half for certain oil compounds (Ribicic et al., 2018). Lower temperatures are reported to decrease 

the solubility of many oil compounds, reducing their bioavailability for degradation (Ghosal et 

al., 2016) and making some oil hydrocarbons more resistant to biodegradation. There is strong 

evidence, however, that biodegradation of most oil compounds takes place at the surface of the 
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oil droplets or slicks via biofilm formation. This allows for biodegradation of even poorly 

soluble or crystalline compounds (Deppe et al., 2005; Guerin and Boyd, 1992; Huesemann et al., 

2004), making biodegradation of most compounds possible even at low temperatures. Low 

temperature is known to influence what microorganisms respond to oil (Brakstad and Bonaunet, 

2006; Ribicic et al., 2018) because psychrophilic adaptations must be present. Oleispira 

antarctica, for example, is an obligate HCB capable of alkane degradation with physiological 

features typical of psychrophilic organisms (Kube et al., 2013) and has been suggested as an 

indicator of petroleum contamination in cold water environments (Krolicka et al., 2019). Many 

HCB have been identified as either psychrophilic or psychrotolerant, including Cycloclasticus, 

Glaciecola, Perlucidibaca, Pseudomonas, Sneathiella, Sphingorhabdus, Colwellia, 

Marinomonas, Oleispira, Ulvibacter, and Thallosospira (Vergeynst et al., 2018). There exists an 

inherent ability of cold water microbial communities to degrade hydrocarbons under in situ 

conditions, and the degradation potential of oil hydrocarbons by Arctic or Antarctic microbial 

consortia of sediment, water, or sea ice is well examined in the literature (Deppe et al., 2005; 

Garneau et al., 2016; Greer et al., 2014; McFarlin et al., 2014, 2017, 2018; Powell et al., 2007). 

While low temperature is suggested to influence the microbial community that responds to oil, a 

study within a Chukchi Sea oil lease block (above the Arctic circle) revealed that the oil 

degradation potential of different communities at different temperatures remained the same 

(McFarlin et al., 2017). Even sea ice associated microorganisms have been shown to degrade up 

to 94% of oil hydrocarbons at temperatures as low as -1.7°C (Garneau et al., 2016). 

 

1.5 Bioremediation as an oil spill response 

 

Bioremediation of oil involves its eventual degradation to mineral constituents, carbon 

dioxide, and water via microbial processes. Before microbial degradation of oil was well 

understood, burning methods were viewed as the most effective oil spill response strategy in the 

event of spills in ice impacted waters. With gained insight regarding the fate of oil in marine 

systems, there now exists a toolbox of bioremediation strategies to best assist local microbial 

communities in their response to, and removal of spilled oil in the environment. These 

approaches include 1) bioaugmentation, 2) dispersant use, and 3) biostimulation. 



 

10 
 

Bioaugmentation 

Bioaugmentation involves the addition of oil-degrading bacteria to supplement existing 

indigenous microbial populations. When local microbial populations are found to be incapable of 

degrading most compounds within a spilled oil, seeding with a robust consortium of degraders 

has been shown to enhance biodegradation (Crisafi et al., 2016). This approach is not normally 

considered, mostly because indigenous populations respond rapidly to oil in their own 

environment. In fact, naturally occurring microbial populations often prevent introduced 

organisms from becoming established and responsive to oil because they lack the adaptations to 

compete within local environmental conditions (Lee and Levy, 1987; Si-Zhong et al., 2009). 

Seeding with genetically engineered microorganisms that can degrade a variety of hydrocarbon 

compounds is considered more controversial and has rarely been used because their release in the 

environment brings up concerns regarding the potential for ecological damage (Atlas, 1991).  

Chemical Dispersants 

Spilled oil that exists undispersed, in high concentrations within the marine environment 

can limit the nutrients and oxygen required for microbial degradation while inducing toxic 

effects on local microbial communities (Leahy and Colwell, 1990; Prince et al., 2017). Chemical 

dispersants are surfactants that work to break high concentrations of oil into smaller droplets 

(less than 100 microns) by reducing surface tension at the oil/water interface. Dispersed oil a) 

creates a greater surface area for microorganisms to adhere to, b) allows for a more rapid 

dispersion of the oil over a greater area and into the water column, and c) decrease the oil to 

nutrient ratio for a given unit of seawater, making natural levels of biologically available 

nitrogen, phosphorus and oxygen sufficient for microbial growth in response to the carbon-rich 

oil.  

The use of dispersants in the environment is considered an effective oil spill response 

measure (Prince et al., 2013, Brakstad et al., 2014). Since 2016, the dispersant Corexit 

(EC9500A and EC9580A) has been listed by Environment Canada as an approved treating agent 

for oil spills in Canadian waters (Environment and Climate Change Canada, 2016). Roughly 1.84 

million gallons of Corexit 9500 were used during the DWH spill. This usage was highly 

successful at keeping oil dispersed in the water column, allowed for rapid biodegradation, and 

prevented the formation of surface slicks that would have otherwise endangered sea-life at the 
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ocean surface or shorelines (Atlas and Hazen, 2011). Dispersants, however, face several 

challenges when used in cold water environments. Temperatures below 10°C can increase the 

viscosity of heavy fuels and crude oils and thus prevent their dispersal (Wilkinson et al., 2017). 

Additionally, dispersal effectiveness will be decreased by ice coverage impeding wave action 

necessary to break up the oil, considered to be a major limitation to dispersant use in ice-infested 

waters (Wilkinson et al., 2017). 

The use of dispersant is sometimes contested because it remains unclear if the overall 

benefit of oil dispersal outweighs any environmental impact of these chemicals on wildlife and 

natural microbial populations. Aquatic tests have shown that dispersants have low toxicity to 

many crustaceans, corals and fish but are most toxic to plankton and the early life stages of many 

marine species (Stroski et al., 2019). Recent studies on human exposure to dispersants found that 

first responders to major spills tended to inhale the chemicals and fine oil droplets created 

through dispersion, resulting in low acute toxicities and a potential for chronic effects with larger 

exposures (Roberts et al., 2014; Stroski et al., 2019). In light of its heavy use as a response to the 

DWH spill, studies have investigated the consequences of dispersant use on indigenous 

microbial communities in the GoM. Dispersant was shown to select for microorganisms capable 

of degrading the dispersant itself (e.g., Colwellia), while inhibiting or suppressing natural 

hydrocarbon-degraders (e.g., Marinobacter or Acinetobacter) that are better adapted at degrading 

oil (Hamdan and Fulmer, 2011; Kleindienst et al., 2015). From these studies, dispersants were 

found to reduce the overall potential of the environment to respond to and degrade the dispersed 

oil. Conversely, since the biodegradation of dispersed oil is faster than that of a condensed slick, 

the environmental costs of dispersants are likely outweighed by the shorter residence time of oil 

in the environment (Prince, 2015).  

Biostimulation 

Biostimulation involves the supplementation of required nutrients to stimulate growth 

and activity among indigenous microorganisms to degrade available hydrocarbons. Spilled oil, 

while providing a rich carbon and energy source to local microbial communities, contains 

minimal available nitrogen (N) or phosphorus (P) essential for microbial growth. Recent studies 

have found that many HCB are diazotrophic and capable of fixing atmospheric N2 in the absence 

of nitrogenous compounds to serve as a nitrogen source (Dashti et al., 2015), but this is not 
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enough to supplement large carbon inputs from major spills. For every gram of hydrocarbon 

consumed, microorganisms require approximately 150 mg of N and 30 mg P (Rosenberg and 

Ron, 1996), commonly presented as the Redfield ratio of 106:16:1 for C:N:P respectively 

(Moore et al., 2013; Redfield, 1958). The rate and extent of oil degradation in marine 

environments is limited by the low abundance of N and P (Atlas and Bartha, 1972b; Head et al., 

2006; Singh et al., 2014). The microbial demand for these nutrients is large due to their high 

cellular nucleic acid and protein contents (Church et al., 2000). Biostimulation, therefore, 

provides indigenous microbial populations with additional support to overcome these 

environmental limitations. Both laboratory experiments and field studies have consistently 

shown that the addition of N and P effectively improves habitat quality after a spill by increasing 

the rates of hydrocarbon degradation (Atlas and Bartha, 1972b; Crisafi et al., 2016; Head et al., 

2006; Leahy and Colwell, 1990; Lee, 2000; Röling et al., 2002; Varjani and Upasani, 2017).  

Understanding the factors that influence microbial bioremediation of hydrocarbons is 

essential to its success as a response method to marine oil spills. Many factors limit microbial 

hydrocarbon biodegradation in Arctic marine environments with low concentrations of necessary 

nutrients such as N and P (Atlas and Bartha, 1972b) being of most interest for this study. 

Availability of nutrients in the ocean is variable, differing greatly depending on location, season, 

or water depth. Nutrient records in Arctic regions reveal that concentrations of N and P increase 

with depth due to surface depletion by photosynthetic organisms (Moore et al., 2013) and the 

decomposition of biomass and release of organic-bound nutrients at the sediment-water interface 

(Anderson et al., 1988). The highest concentrations of N and P can sometimes occur along 

shallow shelf regions (Wheeler et al., 1997).  

Bioremediation through biostimulation does not alter the ultimate extent of hydrocarbon 

degradation, but rather increases the rate of degradation of compounds that are most easily 

metabolized (e.g. alkanes). In fact, there comes a point when nutrient addition is no longer an 

effective strategy, often when the polar fraction of the oil reaches 60 to 70% of the total mass 

(Bragg et al., 1994). Monitoring nutrient concentration and oil composition during any 

remediation effort is important for recognizing when nutrient addition is valuable and when it is 

not. Caveats to nutrient amendment include the possibility of eutrophic effects (Swannell et al., 

1996) and the selection for planktonic photoautotrophs that outcompete oil-degraders for these 
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nutrients in open water (Head et al., 2006). Adding nutrients to slicks on the open ocean is not 

usually appropriate for these reasons, in addition to certain nutrient forms being too rapidly 

dispersed and making them unavailable to oil-degraders. There are various strategies for nutrient 

addition that depend on the oil spill scenario and the type of environment impacted. When 

considering use along impacted shorelines, slow-release fertilizers can prevent eutrophication if 

well controlled. Water-soluble fertilizers are more cost-effective when applied to shorelines 

where rapid run-off and nutrient loss is of low concern. Oleophilic fertilizers, however, are more 

suitable in high-energy environments where heavy loss is an issue (Venosa and Zhu, 2003).  

 

1.6 Oil accumulation and biodegradation among marine sediments 

 

In the wake of the DWH oil spill, much evidence suggested that a large portion of oil-

derived material had settled to the seafloor within a large radius of the wellhead. A fallout plume 

spanning an area of 3,200 km2 contributed to the sedimentation of 4 to 31% of the oil trapped in 

the deep ocean (Valentine et al., 2014). Assessments of oil in deep, benthic animals after the spill 

concluded that there were areas that experienced a significant accumulation of oil among 

sediments (Lubchenco et al., 2012; OSAT, 2010). Flocs of oil-derived marine snow were 

observed in the GoM shortly after the onset of the spill (1-2 weeks), the formation and sinking of 

which is suggested as a mechanism for oil sedimentation to deep sediments (Passow et al., 2012). 

Marine snow is suggested to form via three mechanisms: (1) production of mucous webs through 

the activities of bacterial oil-degraders associated with the floating oil layer; (2) production of 

oily particulate matter through interactions of oil components with suspended matter and their 

coagulation; and (3) coagulation of phytoplankton with oil droplets incorporated into aggregates 

(Passow et al., 2012). Flocs themselves are suggested as microbial hotspots of enhanced 

hydrocarbon biodegradation (Joye et al., 2014). A study by Joye (2015) determined that 2 to 15% 

of the discharged oil was deposited among deep sea sediments through the sedimentation of oil-

derived marine snow. Surface sediments showed a clear pattern of increase in oil hydrocarbons 

consistent with the sedimentation of the released Macondo crude oil, followed by decreases in 

subsequent years either from sediment resuspension or biodegradation among sediments 

(Babcock-Adams et al., 2017). Indeed, metagenomic analysis and targeted functional gene 
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assays of GoM surface sediments revealed biodegradation and anaerobic alkane oxidation was 

occurring near the wellhead after the oil spill (Kimes et al., 2013).  

Oil entering marine environments will lead to disease, impaired health, and mortality in a 

wide range of organisms (Beyer et al., 2016). In fact, the partitioning of hydrocarbons between 

sediments and adjacent food webs provides an important exposure route for marine organisms 

where sediments are a primary repository of compounds such as toxic PAHs (Harris et al., 2011). 

Despite previous studies of the 1979 Ixtoc oil spill that indicated 25% of the spilled oil reached 

the bottom of the GoM (Jernelöv and Lindén, 1981), the fate of the DWH oil through 

sedimentation was not fully considered at the time of the spill (Joye et al., 2014). The oceans are 

high in microbial diversity, and marine sediments have been found to be more phylogenetically 

diverse than any other type of environment (Lozupone and Knight, 2007). The DWH incident 

revealed that benthic microbial communities degraded hydrocarbons and supplied essential 

ecosystem services (Cravo-Laureau and Duran, 2014). In areas at risk of oil spills, not only is an 

understanding of the microbial baseline important for monitoring environmental impacts, but 

sedimentation rates and in situ oil degradation rates are necessary to constrain the fate of oil after 

a spill (Joye et al., 2014; Joye, 2015). Understanding how aerobic microbial communities 

respond to these contaminants at the oxygenated sediment surface is important for determining 

the fate of oil in the environment. 

 

1.7 Rare oil degraders in the Canadian subarctic 

  

Microbial biogeography is the field concerned with the distribution of microorganisms 

and their biodiversity across space and time. In the study of macro-organism biogeography, 

diversity is influenced by factors of habitat area, speciation (new species from evolution), 

extinction (species becoming extinct) and immigration (the appearance of a new species in a 

location) (Coyne, 1992; Wilson and MacArthur, 1967). The degree to which these factors 

influence microbial biogeography has only recently been explored (Hanson et al., 2012; Martiny 

et al., 2006; Meyer et al., 2018). Discrepancies in applying the concepts of macro-organism 

biogeography to microorganisms exist due to high microbial abundance and longevity and 

dispersal abilities that make their global dispersal via wind, water, or by larger organisms largely 
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unhindered and widespread. This is believed to be the reason why common biogeographic 

patterns such as the accumulation of taxa with increasing area (Zhou et al., 2008) and the decay 

of community similarity with geographic distance (Hillebrand et al., 2001) often fail to explain 

patterns in microbial diversity.  

Until recently, Lourens Baas Becking’s “everything is everywhere, but, the environment 

selects” (1934) was used to explain the spatial distribution of microorganisms. Much evidence 

suggests that microorganisms do exhibit biogeographic patterns. Some microorganisms show 

endemism to distinct geographic regions or habitat types, whereas different locations contain 

microorganisms that differ in their genotypic composition (Hanson et al., 2012). Nemergut et al. 

(2011) found the majority of microorganisms to be restricted to broad habitat types, suggesting a 

pattern of limited distribution where only the most abundant organisms were found to be widely 

distributed. Indeed, genetic isolation and dispersal limitation explain the spatial patterns 

observed in several ecosystems (Martiny et al., 2006). While these studies have shown that 

microbial taxa are not globally ubiquitous, their biogeographic patterns remain weak in 

comparison to those of multicellular organisms (Hillebrand et al., 2001; Meyer et al., 2018). This 

would suggest that considerations should be taken when describing biogeographic patterns of 

microorganisms using macro-ecological theories (Nemergut et al., 2013).  

Microorganisms play an essential role in marine ecosystem structure and function and it 

is necessary that we understand their diversity within our oceans. The oceans are high in 

microbial diversity, and marine sediments have been found to be more phylogenetically diverse 

than any other type of environment (Lozupone and Knight, 2007). Dispersal via ocean currents 

and recruitment by sediments help to explain this high diversity and provide a mechanism for 

how microbial taxa are globally dispersed (Hamdan et al., 2013). High microbial diversity is 

important for regulating ecosystem processes and reducing the impact of disturbances. This has 

commonly been observed in marine systems where oil was released anthropogenically, resulting 

in the proliferation of low-abundant oil-degraders as they contribute to the degradation of 

contaminants in the environment (Atlas and Hazen, 2011). Marine environments are more 

resilient in the face of perturbations (e.g., oil spills) due to this high variability in the form of a 

persistent microbial “seed bank” (Gibbons et al., 2013). This seed bank influences a 

community’s recovery from disturbance and is necessary for establishing ecosystem stability 
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because seed bank organisms may be recruited in the face of changing environmental conditions 

to help maintain ecosystem function (Lennon and Jones, 2011; Yachi and Loreau, 1999). Next-

generation DNA sequencing technologies have allowed us to explore marine microbial 

community profiles in more depth than ever before (Sogin et al., 2006). Low-abundant taxa that 

comprise the majority of the microbial diversity in the oceans, however, are seldom detected 

through most sequencing surveys (Pedrós-Alió, 2006) and constitute a major limitation in 

capturing and understanding this diversity. 

The persistent microbial seed bank contributes to the concept of the “rare biosphere”, 

whereby a high diversity of microorganisms persisting at low abundance in the environment 

contain a vast metabolic potential (Lynch and Neufeld, 2015; Pedrós-Alió, 2012; Sogin et al., 

2006). The microbial rare biosphere represents the largest pool of biodiversity on Earth, where 

microbial species exist at a relative abundance of <0.1% (arbitrary) in the environment (Lynch 

and Neufeld, 2015). HCB are essential for ecosystem stability because they exist at low 

abundance yet respond rapidly in the event of spilled oil (Atlas and Hazen, 2011; Hazen et al., 

2010; Kleindienst et al., 2016) with the degradation pathways necessary for oxidizing 

hydrocarbon contaminants in the environment (Ghosal et al., 2016; Hua and Wang, 2014; Rojo, 

2009; Yakimov et al., 2007). Indeed, many studies suggest that genes involved in the degradation 

pathways of petroleum compounds could be diverse and broadly distributed in the oceans (Ní 

Chadhain and Zylstra, 2010; Marcos et al., 2012). While abundant species are most active and 

thought to be responsible for major ecosystem processes (Campbell et al., 2011), there is 

accumulating evidence that rare biosphere microorganisms can, in some cases, be metabolically 

active and contribute to important ecosystem function (Hausmann et al., 2019).  

The “paradox of the plankton” is the tendency for microorganisms in the ocean to be 

overly diverse, more-so than can be explained in a limiting environment where competition for 

resources is high (Hutchinson, 1961). Dormancy, the state of having normal physical functions 

suspended or slowed down for a period of time, has been used to explain why low-abundant 

microorganisms are persistent in the environment and why marine microbial diversity is so high 

(Lennon and Jones, 2011). Dormancy preserves diversity by reducing competition and allowing 

for coexistence between microorganisms that would otherwise occupy the same niche (Chesson 

and Warner, 1981). When resource availability is low, the absence of required carbon substrates 
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(i.e. hydrocarbons for HCB) for example, starvation can trigger a stress response leading to the 

reallocation of resources from growth to survival (Lennon and Jones, 2011). Members of the 

class Clostridia, for example, are known for developing specialized spores (endospore) to 

survive extended periods of nutrient depletion or temperature change (Cramm et al., 2019). 

Dormant microorganisms, in particular thermophilic endospores, exhibit widespread but not 

ubiquitous dispersal (Hanson et al., 2019) among global marine sediments (Hubert et al., 2009; 

Müller et al., 2014) and thus contribute to the seed bank reservoir of genetic and phenotypic 

diversity (Shoemaker and Lennon, 2018). 

In the absence of dormancy or other slow-growth mechanisms, the occurrence of a low-

abundant species in a particular location could be dependent on recruitment through 

immigration, which would require frequent dispersal from other source locations. Due to the 

small size and ease of dispersal among microorganisms, immigration rates are expected to be 

large (Pedrós-Alió, 2006). Hydrocarbon seeps supplied from deeper petroleum systems may be 

the source of HCB in the marine environment (Head et al., 2003), with ocean currents supplying 

the mechanism through which immigration occurs. These hydrocarbon seep systems have been 

shown to strongly influence the bacterial communities within local marine sediments (Brooks et 

al., 1987; LaMontagne et al., 2004; Röling et al., 2003). Additionally, hydrocarbons produced by 

phytoplankton in the upper ocean photic zone may provide another source on which HCB feed 

and from where they may be dispersed (Gutierrez et al., 2012; Lea-Smith et al., 2015). Seeding 

through ocean current transport (Hamdan et al., 2013), deposition by sedimentation (Joye et al., 

2014; Passow et al., 2012), and recruitment by selective pressures exhibited by the environment 

may contribute to the microbial biodiversity of HCB recognized in marine sediments today.  

 

1.8 Microbial biodiversity for environmental baselines 

  

An environmental baseline is the collection of data used to capture a current state of 

parameters or conditions of a particular environment, to be used as a reference in the face of 

sudden changes to that environment and for monitoring changes that are too slow to be sensed 

directly. Changes in microbial community structure can be used as an indicator of pollutants and 

as a tool for diagnosing the source of pollution because particular taxonomic groups (e.g. 
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hydrocarbonoclastic bacteria) respond to particular pollutants (e.g. hydrocarbons) (Baird and 

Hajibabaei, 2012). Microbial biodiversity baseline data is important to collect prior to an 

environmental disaster in order to recognize ecosystem impacts and to monitor for recovery. 

Without this information, assessing acute and chronic impacts after a pollution event is nearly 

impossible (Joye, 2015). A simple understanding of microbial biodiversity in seawater and 

sediments of areas with oil development is highlighted as a key knowledge gap from oil 

producing regions globally (Turrell et al., 2014).  

 

1.9 Thesis overview 

 

Sediment and water samples were collected to investigate the diversity of HCB and their 

response to hydrocarbon contaminants in Canada’s subarctic environment. HCB were detected 

by targeting the 16S rRNA gene using amplicon sequencing, whereas hydrocarbon degradation 

in microcosm experiments was monitored via GC and GC-MS. The applicability of 

biostimulation to diesel fuel and crude oil spills occurring in the Labrador Sea was investigated 

in Chapter 3 by monitoring changes in sediment community structure and hydrocarbon 

composition using microcosm simulated oil spills incubated at 4°C. In addition to studying the 

bioremediation and biostimulation of hydrocarbons among Hudson Bay marine sediments, the 

presence and response of HCB from two subarctic sites was compared in Chapter 4. The purpose 

of the work described in Chapter 5 was to compare three PCR primer pairs for their coverage of 

HCB taxa and ability to capture high alpha diversity within subarctic environments. Choosing a 

primer pair that would be ideal for baseline microbial and environmental assessment and 

monitoring programs in areas at-risk of oil spills was the major goal of this latter work.  
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Chapter 2: Materials and Methods  
 

2.1 Sample collection 

 

Sediment and seawater samples used in incubation experiments and for environmental 

microbial community analysis were collected over three years of marine expeditions involving 

both the Canadian Coast Guard Ship Amundsen, a research icebreaker operated by the 

Government of Canada in partnership with Laval University, Amundsen Science, and ArcticNet, 

and the Research Vessel William Kennedy, operated by the Arctic Research Foundation in 

partnership with the University of Manitoba and the University of Calgary. All sampling stations 

are depicted on the map in Figure 2.1 and a list of the samples collected with their associated 

metadata is found in Table 2.1.   

 

Figure 2.1: Map of the study area, Hudson Bay and the Labrador Sea, and collected samples 

where sediment and water was collected in 2015 (green), 2017 (pink), and 2018 (blue). Stations 

where surface sediment was collected are indicated by stars (732, 640, ad WK647). Surface and 

bottom water was collected at all stations indicated by magenta circles, including station 732. 
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Table 2.1: Sediment and seawater sample metadata 

Station Collection 

Date (YYYY-

MM-DD) 

Geographic 

Location 

Latitude Longitude Sample 

Material 

Depth 

(mbss1) 

Sediment 

Depth 

(cmbsf2) 

Water 

Volume 

Filtered 

(L) 

Collection 

Method 

Vessel 

640 2015-10-27 Labrador Sea 58°55.609 N  62°09.326 W Sediment 145 0-5 N/A Box Corer Amundsen 

640 2015-10-27 Labrador Sea 58°55.694 N  62°09.412 W Sediment 141 0-5 N/A Box Corer Amundsen 

640 2015-10-27 Labrador Sea 58°55.905 N  62°09.458 W Sediment 141 0-5 N/A Box Corer Amundsen 

732 2017-07-07 Hudson Bay 55°22.921 N 77°59.684 W Sediment 118 0-30 N/A Box Corer Amundsen 

732 2017-07-07 Hudson Bay 55°23.127 N  77°59.470 W Sediment 113 0-5 N/A Box Corer Amundsen 

732 2017-07-07 Hudson Bay 55°23.339 N 77°59.123 W Sediment 121 0-5 N/A Box Corer Amundsen 

647 2018-08-01 Labrador Sea 55°00.021 N 55°00.034 W Sediment 228 0-5 N/A Box Corer William Kennedy 

647 2018-08-01 Labrador Sea 55°00.616 N 55°00.248 W Sediment 229 0-5 N/A Box Corer William Kennedy 

647 2018-08-01 Labrador Sea 55°00.876 N  55°00.359 W Sediment 228 0-5 N/A Box Corer William Kennedy 

650 2018-07-31 Labrador Sea 53°47.513 N 55°25.440 W Sediment 219 0-5 N/A Box Corer William Kennedy 

645 2018-08-02 Labrador Sea 56°42.290 N 54°41.629 W Sediment 121 0-5 N/A Box Corer William Kennedy 

732 2017-07-07 Hudson Bay 55°23.201 N 77°59.534 W  Water 0 N/A 5 Bucket Amundsen 

732 2017-07-07 Hudson Bay 55°23.201 N 77°59.534 W  Water 117 N/A 5 CTD Rosette Amundsen 

736 2017-07-08 Hudson Bay 58°25.493 N 78°18.263 W  Water 0 N/A 5 Bucket Amundsen 

736 2017-07-08 Hudson Bay 58°25.493 N 78°18.263 W  Water 89 N/A 5 CTD Rosette Amundsen 

720 2017-07-09 Hudson Bay 60°41.711 N 78°33.895 W Water 0 N/A 5 Bucket Amundsen 

720 2017-07-09 Hudson Bay 60°41.711 N 78°33.895 W Water 88 N/A 5 CTD Rosette Amundsen 

694 2017-07-10 Hudson Bay 62°30.735 N  78°29.317 W Water 0 N/A 5 Bucket Amundsen 

694 2017-07-10 Hudson Bay 62°30.735 N  78°29.317 W Water 100 N/A 5 CTD Rosette Amundsen 

688 2017-07-10 Hudson Strait 62°22.023 N  74°39.693 W Water 0 N/A 5 Bucket Amundsen 

688 2017-07-10 Hudson Strait 62°22.023 N  74°39.693 W Water 105 N/A 5 CTD Rosette Amundsen 

682 2017-07-11 Hudson Strait 61°02.502 N 69°42.981 W Water 0 N/A 5 Bucket Amundsen 

682 2017-07-11 Hudson Strait 61°02.502 N 69°42.981 W Water 103 N/A 5 CTD Rosette Amundsen 

684 2017-07-11 Hudson Strait 61°47.227 N  71°54.815 W Water 0 N/A 5 Bucket Amundsen 

684 2017-07-11 Hudson Strait 61°47.227 N  71°54.815 W Water 106 N/A 5 CTD Rosette Amundsen 

676 2017-07-12 Hudson Strait 60°07.571 N 69°03.877 W Water 0 N/A 5 Bucket Amundsen 

676 2017-07-12 Hudson Strait 60°07.571 N 69°03.877 W Water 113 N/A 5 CTD Rosette Amundsen 
 

1 meters below sea surface 

2 centimetres below sea floor 
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2.1.1 Labrador Sea – 2015 

 

Sediment samples from the Labrador Shelf, station 640, used in incubation experiments 

were collected October 27, 2015 aboard the Canadian Coast Guard Ship Amundsen (collection 

by Margaret Cramm). Sediment samples were collected from within the top 5 cm of each box 

core and stored both in sterile plastic bags at 4°C and within 15 mL falcon tubes at -80°C on 

board the vessel. Once returned to the University of Calgary, sediments in plastic bags remained 

stored at 4°C whereas the 15 mL tube samples were switched to -20°C storage. 

 

2.1.2 Hudson Bay – 2017 

 

Sediment samples from Hudson Bay were collected from three separate box cores at 

station 732 (55°23.339 N, 77°59.123 W) offshore of Kuujjuarapik, Québec (Figure 2.1). From 

the first box core, a push core of ~30 cm depth was collected and allocated into material stored at 

both 4°C and -80°C. Sediment samples were collected from within the top 5 cm of the remaining 

two box cores and stored both in sterile Nalgene containers at 4°C and within 2 mL DuraTube 

centrifuge tubes at -80°C on board the vessel. Once returned to the University of Calgary, 

sediments in containers remained stored at 4°C whereas the 2 mL tubes were switched to -20°C 

storage.  

Seawater was collected both at the sea surface and 10 m above the sea floor from the 

eight stations visited in Hudson Bay in 2017 (Fig. 2.1: all pink stations). Surface seawater was 

collected by skimming the surface using a bucket sterilized with bleach, whereas bottom water 

was collected using a Conductivity-Temperature-Depth (CTD) rosette equipped with 24 Niskin 

bottles. Five litres of water collected from each depth was filtered on separate Polyethersulfone 

(PES) 47 mm diameter, 0.2 µm pore size sterile membrane filters using a filtration manifold. 

Membrane filters were stored in sterile Whirl-Pak® bags and frozen at -80°C on board the 

vessel. Once returned to the University of Calgary filters were switched to -20°C storage. 
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2.1.3 Labrador Sea – 2018 

 

Sediment samples from the Labrador Shelf, station WK647 (55°00.021 N, 55°00.034 W), 

were collected August 1, 2018 aboard the William Kennedy. Due to the rocky nature of the sea 

floor at these locations, very little sediment was obtained. Sediment was collected from three 

separate box core casts and stored in 2 mL DuraTube centrifuge tubes at -80°C on board the 

vessel. Once returned to the University of Calgary, the 2 mL tubes remained stored at -80°C until 

analyzed.  

 

2.2 Oil- and nutrient-amended incubations  

 

Microcosm-simulated oil spill incubation experiments were conducted using sediments 

collected from the Labrador Sea (station 640) and Hudson Bay (station 732). The objectives of 

these experiments were 1) to test the microbial potential within sediments to degrade diesel and 

crude oil under varying concentrations of hydrocarbons at in situ temperature (4°C), and 2) to 

assess regional response to biostimulation as an oil spill mitigation strategy by comparing 

degradation under ambient (environmental condition) and biostimulated nutrient concentrations. 

Triplicate sediment samples collected from the same station were used for each treatment and 

control, in order to capture environmental variability and for improved statistical analysis. 

Incubations were maintained at 4°C, simulating ambient Arctic seawater temperatures, and were 

initially pressurized with atmospheric air. This addition of air was applied only at the start of the 

incubations, necessary to provide enough oxygen to prevent microcosms (i.e. those with more 

substrate added) from becoming anoxic. Oxygen levels were monitored for the duration of the 

incubations using GC.  

Microcosms were established in 160 mL glass serum bottles with a 1:4 ratio of sediment 

to media. Artificial seawater (ASW) (Isaksen et al., 1994, Widdel and Bak, 1992), 40 mL, was  

added to microcosms, with 50 mL added only to sediment free control bottles. Modifications to 

the ASW recipe included the omission of sodium sulfide to maintain oxic conditions. Two 

batches of ASW were used, one with a low level of nutrients (N and P) to mimic Arctic bottom 

water concentrations (N as NH4Cl: 15 µM, P as KH2PO4: 2 µM) (Boyer et al., 2006; Wheeler et 
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al., 1997), and one with a high level of nutrients the same as the unaltered media recipe, to 

simulate a biostimulation attempt (N as NH4Cl: 4.67 mM, P as KH2PO4: 1.47 mM). Sediment 

inoculum was added to bottles as either 10 g when added in the laboratory, or 10 mL when added 

on board the ship. Either diesel or crude oil was added as the sole carbon substrate to the 

different nutrient regimes in concentrations of 0.01, 0.1, or 1% v/v (5, 50, or 500 µL 

respectively), depending on the experiment. The crude oil used was light, nonviscous, with an 

API gravity of 35. The diesel fuel used was obtained from a local gas station where common 

diesel fuel is comprised of 75% saturated hydrocarbons and 25% aromatic hydrocarbons with an 

average formula of C12H23. All bottles were capped with rubber stoppers, crimped, and 

pressurized with filter sterilized air. Treatments combining nutrient and hydrocarbon 

concentrations were made in combination with the following controls: sediment-free controls, 

autoclaved sediment (i.e. “killed”) controls, and unamended (i.e. “no hydrocarbon”) controls. 

Duplicate treatment bottles were also created and sacrificed at time-zero (T0) by freezing at -

20°C for later hydrocarbon extraction.  

Two incubation set-ups from station 640 (Chapter 3) and station 732 (Chapter 4) were 

implemented following the aforementioned protocol, with slight variations that are described in 

their respective chapters. 

 

2.3 Gas chromatography measurements 

 

Gas Chromatography (GC) using an Agilent 7890B gas chromatograph was used to 

monitor concentrations of O2 and CO2 within the headspace of all microcosms over the duration 

of the incubations. Increases in CO2 coupled with the depletion of O2 in experimental 

microcosms relative to controls were used as a proxy for the degradation of hydrocarbons within 

the microcosms whereas subsequent GC-MS analysis of hydrocarbons was used to confirm 

degradation. Treatment bottles were compared to killed, sediment free, and unamended controls 

to decouple CO2 and O2 changes (background changes) resulting from degradation of organic 

matter in the added sediments. The ideal gas law (PV = nRT) was used to convert the percentage 

of gas within the headspace to mmol. Gases were measured directly from microcosms via GC, 

where 1 mL of headspace was sampled via extraction by the machine. T0 headspace gases for 
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Hudson Bay (station 732) were extracted on board the ship and stored in 3mL vacutainers for 

transport to the University of Calgary for GC analysis.  

 

2.4 Hydrocarbon profiles  

 

2.4.1 Hydrocarbon extraction 

 

Hydrocarbons were extracted from microcosms via dissolution in dichloromethane 

(DCM). This was performed on select microcosms that had completed the incubation period and 

were then frozen at -20°C, as well as corresponding microcosms that were set up and then 

immediately sacrificed at T0 by freezing at -20° C. After thawing, each sample was then split 

into solid (sediment) and liquid (ASW) fractions through centrifugation, and hydrocarbon 

extraction was performed separately on both fractions. Hydrocarbons were extracted by washing 

the material with DCM and collecting the extract using a separatory funnel. This washing was 

repeated until the DCM extract became colorless, indicating that the majority of hydrocarbons 

had been extracted. The extracts were run through a column of sodium sulphate to remove any 

water that might later interfere with the GC-MS analysis. Finally, the extracts were uncovered in 

a fume hood to allow evaporation of the DCM until a final concentrated volume of 1 mL was 

achieved for the purpose of GC-MS analysis.  

 

2.4.2 Gas chromatography-mass spectrometry measurements 

 

Hydrocarbon extracts dissolved in DCM were analysed by GC-MS using an Agilent 

7890B GC and 5977A mass-selective detector at the PRG laboratory at the University of 

Calgary. Data acquisition was accomplished by performing both full scan and selective ion 

monitoring (SIM). SIM mode allows for detection of specific compounds with increased 

sensitivity. An ion abundance between 500,000 to 1,000,000 was attempted, therefore, certain 

samples were concentrated or diluted with DCM to fit that range and then run again through GC-

MS. Using Agilent MSD ChemStation E.02.02.1431, alkane fragments were identified using 

their positive charge m/z = 85, and ion peaks were then integrated. Compounds that were internal 
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to either diesel (e.g. pristane and phytane) or crude oil (e.g. C30-hopane) and known to be 

resistant to degradation were used as internal standards. Isoprenoid/n-alkane ratios are commonly 

used to determine the extent of biodegradation at low levels but are not useful once the n-alkanes 

have been fully removed (McIntyre et al., 2007). Hopanes are common among crude oils and 

very resistant to biodegradation making them an ideal internal standard for assessing the 

biodegradation of other oil compounds (Prince et al., 1994). The peaks of alkane compounds and 

the internal standards were integrated and used to obtain ratios of n-C17/pristane, n-C18/phytane, 

and [Total Alkanes] / [Total Alkanes + C30-Hopane] (total alkanes being C12 to C32 n-alkane 

peak areas) as indicators of hydrocarbon biodegradation. 

 

2.5 Nutrient analysis  

 

Monitoring the depletion of nitrogen over the course of the incubations was accomplished 

using a colorimetric assay to determine concentrations of NH4
+ cations. At timepoints of interest, 

2 mL of slurry sample were aseptically removed from microcosms after vigorous shaking of the 

bottle. The slurry was then centrifuged, and the supernatant removed and frozen at -20°C until 

measured using the O-phthalaldehyde (OPA) colorimetric assay. OPA was used in combination 

with sodium sulfite and sodium tetraborate to bind with NH4
+ using methods allowing for 

detection of small concentrations (Holmes et al., 1999; Goyal et al., 1988). Thawed supernatant 

(0.5 mL) was mixed with OPA working reagent at a 1:4 ratio and incubated for 3 hours. 

Depending on the expected concentration of NH4
+ in a sample, either spectrophotometry (for 

NH4
+ concentration > 2 µM), using a Synergy™ HTX Multi-Mode Microplate Reader set to 410 

nm, or fluorometry (for NH4
+ concentrations < 2 µM) using an Agilent Cary Eclipse 

Fluorescence Spectrophotometer, was required. Standard curves of absorbance and concentration 

were created to calculate the concentration in measured samples. 
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2.6 16S rRNA gene amplicon library sequencing and analysis  

 

Sequencing of 16S rRNA gene amplicon libraries from extracted DNA was used to 

determine the community composition within environmental samples, and to monitor for 

changes in composition and diversity within incubations.  

2.6.1 DNA extraction 

 

DNA was extracted from sediment and sediment slurry samples using Qiagen DNeasy® 

PowerLyzer® PowerSoil® kits (formerly MO BIO). For sediment samples, 300 µL of slurry was 

always used as the initial sample volume for extraction. For water samples that were preserved 

on membrane filters, the Qiagen DNeasy® PowerWater® kit was used. Manufacturer’s protocols 

were followed with slight modifications to address the issues of low biomass and DNA-binding 

clay within sediment samples. For all extractions, before bead beating, samples were heated to 

70°C for 10 min to assist with the lysing of cells. Additionally, instead of 100 µL of elution 

buffer (“Solution C6”), only 50 µL heated to 50°C was used to obtain higher concentrations of 

DNA product. The PowerLyzer 24 bead beater was set to 6000 rpm for 40 s. All extracted DNA 

products were quantified in ng/µL using a Qubit fluorometer and then stored at -20°C. For each 

round of DNA extraction, one negative DNA extraction control (i.e. procedural blank) was 

included where the sample was replaced with extraction buffer in order to catch contamination. 

All negative controls were treated according to protocols in section 2.6.2.  

 

2.6.2 Amplicon library preparation  

 

The 16S rRNA gene was targeted by polymerase chain reaction (PCR) using primers 

modified to include Illumina forward and reverse adapter sequences. Primer pairs used in this 

study are presented in Table 2.2. Primer pair 341F/806R was used in Chapters 3 and 4 whereas 

two additional primers (341F/785R and 515F/806R) were included in Chapter 5 for a 

comparison study. These primers were selected based on their high coverage of the bacterial 

domain and their targeting of the V3-V4 hypervariable regions of the 16S rRNA gene, a region 

that allows for a heightened species-specific signature within the output sequences. A total 
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volume of 25 μL was used for the PCR reaction (contents: 12.5 μL 2x KAPA HiFi Hot Start 

Ready Mix, 2.5 μL of each primer (1 mM), 1-10 μL template DNA, and sterile water for a total 

of 25 μL). Using an Eppendorf thermal cycler the double stranded DNA was denatured at 95°C 

for 3 min, followed by 25 cycles of denaturing at 95°C for 30 sec, annealing at 56°C for 45 

seconds, extension at 72°C for 1 min, with a final extension at 72°C for 5 min. PCR products 

were run on a 1% agarose gel stained with SYBR green to confirm amplicons of the expected 

length with no bands in negative controls. Three separate PCRs were conducted and pooled to 

reduce bias associated with early cycle PCR-induced errors and to minimize PCR drift (Acinas et 

al., 2005). Products were then purified using a 0.8 × volume of AMPure XP magnetic beads.  

Table 2.2: Primers and their combinations used in this study. 

Primer Primer ID Primer 

Pair 

Oligonucleotide sequence (5'–3') Reference 

341F S-D-Bact-0341-b-S-

17 

A and B CCTACGGGNGGCWGCAG Berry and Gutierrez, 2017; 

Klindworth et al., 2013; 

Takahashi et al., 2014 

785R S-D-Bact-0785-a-A-

21 

B GACTACHVGGGTATCTAATCC Klindworth et al., 2013; 

Berry and Gutierrez, 2017 

806R S-D-Bact-0787-b-A-

20 

A GGACTACHVGGGTATCTAAT Caporaso et al., 2011; 

Takahashi et al., 2014 

806R1 S-D-Bact-0787-b-A-

20 

C GGACTACNVGGGTWTCTAAT Apprill et al., 2015 

515R S-*-Univ-0515-a-S-

19 

C GTGYCAGCMGCCGCGGTAA Parada et al., 2016 

 1Primer 806R updated for the Earth Microbiome Project (Apprill et al., 2015) 

 

2.6.3 Amplicon sequencing 

 

The 16S rRNA amplicon libraries were sequenced using an in-house Illumina Miseq 

benchtop sequencing platform, at the EBG laboratory, University of Calgary. Pooled libraries 

were sequenced using a 600 cycle MiSeq v3 Reagent Kit, which produced 2 x 300 bp long 

paired-end reads. Samples collected from the environment (sediment and water baseline 

samples) and hydrocarbon-amended incubation samples were never placed together on the same 
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MiSeq run in order to reduce carryover and cross-talk contamination occurring between 

incubation samples heavily enriched with hydrocarbon degraders and environmental samples 

(explained in more detail in Chapter 5 discussion). Illumina barcoding of PCR products for 

preparation with MiSeq was done as previously described in Sharp et al., 2017.  

2.6.4 Sequence analysis  

 

Sequence files (FASTA) including all forward and reverse sequence reads obtained 

through Illumina MiSeq were uploaded and analysed using MetaAmp Version 2.0, a 

bioinformatics pipeline designed for in house analysis of raw sequence data (Dong et al., 2017). 

MetaAmp specifications were set to assemble pair-end reads and cluster those reads into 

operational taxonomic units (OTUs) according to a 97% sequence identity cut-off. Minimum 

length of overlap of pair end reads was selected as 80 bp with a maximum of 8 (10%) 

mismatches allowed in the overlap region. Quality filtering options remained as default 

(maximum number of differences to the primer sequence: 0, maximum number of expected 

errors: 1, trimmed amplicon length: 350). MetaAmp analysis results in output files that included 

subsampled and nonsubsampled OTU tables with associated sequence read numbers. MetaAmp 

uses the Mothur software package for bioinformatics data processing and rarefies or normalize 

the sequence read number of each sample to the lowest number of reads of any individual sample 

to ensure inter-sample comparability for statistical analyses. The generated OTUs were given 

taxonomic assignments by MetaAmp via sequence comparisons with the SILVA database.  

 

2.7 Data and statistical analysis 

 

Data statistical analyses and visualizations were performed in the statistical software R (R 

core team, 2019) or with Microsoft Excel.  

2.7.1 Gas data 

 

A two-way analysis of variance (ANOVA) with interaction effect was used to examine 

the effect of two independent factors (hydrocarbon concentration and nutrient concentration) on 

the dependent variable (produced CO2), while also examining whether these two factors have a 
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combined effect on gas production. This statistical test is used to model CO2 as a function of 

hydrocarbon and nutrient concentration.  

Pairwise comparisons at a 95% confidence interval (p-value = 0.05) were made between 

treatment and control microcosms for assessing CO2 values using the paired sample t-test with 

pooled standard deviation. This is a statistical procedure used to determine whether the mean 

difference between two sets of observations is zero. Common applications of the paired sample t-

test include cases when there is a natural pairing of observations in the samples, such as before 

and after a treatment or control vs treatments using the same samples. In cases where the 

difference between means was expected to increase or decrease, a one-tailed (upper-tailed or 

lower-tailed) hypothesis was used to increase the power of the test.  

 Standard deviation was used in generating error bars for the means of triplicate gas data. 

The point of error bars in this case was to present and visualize the spread and variability of the 

data, because each replicate was its own biological replicate and not simply a technical replicate 

using the same sediment. In the instance where replicates were technical and precision of the 

means was of interest, then standard error would be used.  

 

2.7.2 Hydrocarbon GC-MS data  

 

For hydrocarbon GC-MS data, pairwise t-tests were conducted by comparing the means 

of different treatment groups to each other or to day-zero frozen sacrifices. One-tailed results 

were used when the difference was expected in one direction, whereas two-tailed results were 

used in the instance when no difference was expected in order to increase statistical sensitivity. 

 

2.7.3 Microbial community data 

 

Microbial community composition and diversity analyses were accomplished using the R 

statistical software environment in combination with file outputs generated by MetaAmp 2.0. 

Prokaryotic 16S rRNA genes and chloroplast 16S genes are homologous, therefore, amplified 

chloroplast 16S genes were removed from these files to allow for microbial analysis exclusively. 
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Using scripts for a community analysis workflow (Emil Ruff, unpublished) in addition to the R 

packages "vegan" (Oksanen et al., 2018), "cluster" (Maechler et al., 2019), and "ggplot2" 

(Wickham, 2018) the following statistics were generated.  

Bray Curtis dissimilarity was used to quantify the differences in microbial populations 

between samples using sequenced 16S rRNA gene libraries, resulting in a matrix of dissimilarity 

counts between all samples. Non-metric multidimensional scaling (NMDS) was applied using 

this Bray Curtis dissimilarity matrix, whereby the original distance/dissimilarity data between 

samples was converted into a rank order, therefore, becoming “non-metric”. NMDS collapses the 

information from multiple libraries into just two dimensions, so relationships can be easily 

interpreted. Stress values explain the disagreement between the 2-D configuration and predicted 

values, where lower stress values (< 0.2) are considered a good representation, with higher 

values considered poor. The goal of using NMDS analysis was to understand and visualize how 

the species composition of a community changes with the application of hydrocarbons, nutrients, 

and time. Samples clustering furthest from each other in NMDS exhibit the greatest dissimilarity.  

In combination with NMDS, analysis of similarities (ANOSIM) was used to test for a 

statistically significant differences between two or more groups by operating directly on the rank 

order of a dissimilarity matrix, similar to how NMDS is generated. The R statistic (R-stat) 

compares the mean of ranked dissimilarities between groups to the mean of ranked 

dissimilarities within groups. An R value close to 1 suggests dissimilarity between groups 

whereas an R value close to 0 suggests an even distribution within and between groups. R values 

below 0 suggest that dissimilarities are greater within groups than between groups. Together, the 

dimension reduction and visualisation capacities of NMDS and the hypothesis testing offered by 

ANOSIM are complementary in the evaluation of this data.   

The SIMPER (Clarke, 1993) or “similarity percentage” function of R was used to identify 

the operational taxonomic units (OTUs) that contributed most to community dissimilarities 

identified through ANOSIM and visualized in NMDS. The simper function performs pairwise 

comparisons of groups and finds the average contributions of each species to the average overall 

Bray-Curtis dissimilarity. The OTUs with higher percentage are those who determine the group 
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dissimilarity, allowing for the identification of OTUs that are most important in creating the 

observed patterns in NMDS. 

To narrow the list of OTUs detected in both crude oil and diesel incubations to a 

manageable set for visualization with bubble plots, criteria were applied to all non-

rarefied/unsubsampled OTUs obtained through MetaAmp to identify OTUs most likely 

associated with hydrocarbon degradation. OTUs of interest were a) below 1% relative sequence 

abundance in day 0 samples (rare biosphere), b) remained below 5% relative sequence 

abundance in all unamended controls for any later timepoint, and c) increased to ≥5% relative 

sequence abundance within any treatment replicate at any later timepoint. These OTUs presented 

in bubble plots in Chapters 3 and 4 highlight the relative sequence abundance across all samples 

and timepoints of these particular OTUs. 

Key OTU identities, or nearest neighbors to OTUs, were confirmed via comparison of the 

representative sequence for each OTU generated by MetaAmp with GenBank sequences using 

the NCBI BLAST RNA reference database (Madden, 2002). 

Phylogenetic analysis was applied in Chapter 5 to 10 OTUs obtained through MetaAmp. 

OTUs were aligned using the web-based SINA aligner (Pruesse et al., 2012) and imported into 

the ARB-SILVA database SSU Ref NR 132 (Quast et al., 2013) using the ARB software 

environment (Ludwig et al., 2004). A phylogenetic tree of maximum likelihood (phyML) was 

calculated using near-full-length 16S rRNA reference sequences from closest cultured and some 

closest uncultured relatives. The topology of the tree was validated with bootstrap support (100 

re-samplings) and visualized and annotated using iTOL version 4.4.2 (Letunic and Bork, 2006). 
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Chapter 3: Biostimulation for enhanced bioremediation of crude oil and diesel 

fuel by Labrador Shelf sediment communities 
 

 

3.1 Abstract 

 

A major oil spill in the marine environment off the coast of Labrador is becoming 

increasingly plausible due to potential oil production in the area and increases in ship traffic 

along the coast. The impact of oil on this coastal ecosystem, where ice floes are a common 

feature, is of major concern. To understand the effects of biostimulation on the microbial 

bioremediation of diesel fuel and crude oil spills in the Labrador Sea, microcosm-simulated oil 

spills contaminated with these petroleum hydrocarbons and incubated at 4°C were constructed 

using marine sediments from the Labrador Shelf. Changes in microbial community structure, 

diversity, and composition were monitored by 16S rRNA gene sequencing and taxonomic 

classifications. The degradation of hydrocarbons was monitored by changes in gas compositions 

with GC, and through hydrocarbon extractions and analysis using GC-MS. Results suggested 

that exposure to petroleum hydrocarbons decreased observed microbial diversity and led to 

dominance by Gammaproteobacteria, with major differences in dominant hydrocarbonoclastic 

bacteria (HCB) between crude oil and diesel incubations. Diesel incubations were dominated by 

members of Thalassolituus and Oleispira, whereas crude oil incubations were dominated by 

Zhongshania and Pseudomonas. These genera represent a diverse consortium of putative HCB 

capable of aliphatic, aromatic, and polycyclic aromatic hydrocarbon degradation. Biostimulation 

was effective at significantly degrading n-alkanes in diesel but less in crude oil amendments. 

Since the same OTUs were found to increase in abundance in both high and low nutrient 

treatments, biostimulation was found to increase initial rates of biodegradation by accelerating 

the succession and dominance of HCB and not by selecting for an alternate community of 

responders. Rates of CO2 increase as a proxy for degradation were five times greater in 

biostimulated treatments than those with ambient nutrient levels. Overall, this study provided a 

first account of key crude oil- and diesel-degrading bacteria of Labrador Shelf sediments and 

found biostimulation to be effective at stimulating the local sediment community to degrade 

petroleum hydrocarbons.  
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3.2 Introduction 

 

 

3.2.1 Increasing oil spill risk in the Labrador Sea  

 

A major oil spill in the marine environment off the isolated and pristine coast of Labrador 

is becoming increasingly plausible due to potential oil production in the area and increases to 

ship traffic along the coast. Due to Labrador’s remoteness and distance from oil spill response 

resources, its northern coastal communities and wildlife are more vulnerable to marine 

contaminants. Oil entering the marine environment exceeding toxicity thresholds will affect 

wildlife communities of all marine niches leading to disease, impaired health, and mortality in a 

wide range of organisms (Beyer et al., 2016). Of particular risk off Labrador’s coast are 

migratory birds that frequent the area, as well as whales and local endangered fish populations 

that use the Labrador Sea as common feeding grounds in the summer months (Sikumiut, 2008; 

White et al., 2018) in areas that overlap with potential oil production zones (Fig. 3.1). The 

Labrador Shelf area is used extensively by local aboriginal peoples (Inuit and Innu) for 

traditional hunting and fishing activities. Land claim agreements (Labrador Inuit Land Claims 

Agreement, 2005 and Tshash Petapen/New Dawn Agreement, 2011) have been created for the 

protection and self-governance over the wildlife and environment in this region, leading to the 

development of the Inuit marine zone. Concerns have been expressed by Labradoreans over the 

impact that oil spill events may have in these vitally important marine areas (Sikumiut, 2008). It 

is unclear whether the province is equipped to handle this heightened risk of spilled oil along the 

coast in the coming years.  
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Figure 3.1: Overlap of special marine areas and EBSA with the Labrador South Licencing 

Region. Left: Blue = Special Marine Areas (ecologically unique, important, and diverse) and 

Orange = Ecologically and Biologically Significant Areas, EBSA (having special biological or 

ecological significance), image modified from (White et al., 2018). Right: green lines indicate 

regions of seismic exploration for oil and gas, image modified from TGS.com. The red box 

surrounds the Labrador South Licencing Region with land parcels up for bid in 2023, also 

overlapping the Southeast Labrador Slope and Labrador Slope EBSA with high concentrations of 

corals, sponges, seabirds, marine mammals and several rare and endangered fish species. 

 

Newfoundland and Labrador (NL) comprise the third largest oil producing Canadian 

province (>4% of Canadian oil production), with an offshore area 2.5 times greater than that of 

the Gulf of Mexico oil producing region found in US waters. In 1985 the Atlantic Accord was 

signed between the provincial government of NL and the Canadian federal government, granting 

equal rights between the two in the management and revenue sharing of the province’s offshore 

oil recourses. NL provincial leaders had fought to obtain control over the future development of 

their province’s offshore resources, having known that offshore oil development was 

Newfoundland’s best chance at eliminating its overwhelming debt while becoming self-sufficient 

(Blake, 2015). Today, the offshore petroleum industry comprises, on average, 29.7% of 

provincial GDP (Stantec, 2019) with growth expected over the next few decades. Initial oil 

reserves are currently estimated at 12 billion barrels (bbl) within just 2% of NL’s offshore 

(Dutta, 2015; Stantec, 2019). All oil production to date has occurred off the island portion 
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(Newfoundland), leaving a high potential for future oil and gas discoveries in the remaining shelf 

off the mainland portion (Labrador) (Fig. 3.2). 

 

Figure 3.2: Left: The continental shelves of Newfoundland and Labrador highlighted in orange. 

For the context of this study, the Labrador Shelf will refer to the area to the north of the dashed 

line with the Newfoundland island portion to the south. Image modified from (White et al., 

2018). Right: Offshore oil exploration licencing regions of the Labrador Shelf divided into north 

and south by the C-NLOPB, with land parcels up for bid in 2023 highlighted in yellow. Blue 

region highlights the Inuit marine zone. Image modified from 

https://www.cnlopb.ca/information/maps. 

 

Since the first oil production by the Hibernia platform on the Newfoundland Shelf in 

1997 (up to 2019), 550 drilling related oil spills have been reported to the Canada-Newfoundland 

and Labrador Offshore Petroleum Board (C-NLOPB), involving over 770,000 L of contaminants 

(synthetic based drilling fluid and hydrocarbons) (C-NLOPB, 2019a). Over this timeframe, 

synthetic oils accounted for 95.6% of exploration drill spill volume and crude oil accounted for 

66.8% of production drilling spill volume (C-NLOPB, 2019b). Crude oil release is of highest 

concern during the production phase of a well. The largest oil-spill ever to occur offshore NL 
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was on November 16, 2018, when Husky Energy's SeaRose production vessel released an 

estimated 250,000 L of crude oil into the ocean (C-NLOPB, 2019a). Stormy weather, a common 

feature of this coast, prevented scientists from assessing the full impact of the spill (Cecco, 

2018).  

The high demand for oil has driven global offshore oil production into deeper and riskier 

waters, with NL being no exception. In 2013, a regional survey of sedimentary basins in the 

Labrador Sea led to the development of land bids (Labrador South Region, Fig. 3.2) located in 

deep water (500- 3000m bsl, below sea level) within a sector covering an area of 22,900 km2. To 

put this in perspective, the SeaRose production vessel, NL’s deepest current ocean drilling 

platform, occurs at only 120m bsl. The bidding for the Labrador South region is scheduled to 

close in 2023. If oil production does occur, it will be the deepest and most northernly water 

within the province to be drilled for oil. Interest also lies in oil and gas exploration in the north 

west Labrador Sea, where evidence supports the existence of an oil-prone petroleum system 

within the Saglek Basin (Jauer and Budkewitsch, 2010). Oil produced from such “high risk” sites 

is expected to increase with the government of NL enacting its plan to double the province’s 

production of oil by the year 2030.  

In addition to oil production, marine shipping is also of concern when considering marine 

oil spills off the Labrador coast. In recent years, ice free summers have resulted in increased ship 

traffic through Canadian Arctic corridors (Dawson, 2018; Pizzolato et al., 2014, 2016), while 

climate models predict that Canada’s Northwest Passage will be fully open to summer traffic 

between 2040 and 2059 (Smith and Stephenson, 2013). As a primary entry point into Canada’s 

Eastern Arctic, the coast of Labrador will also experience these increases in ship traffic as the 

appeal of shorter voyage times and cheaper fuel costs make Arctic routes a popular option for 

future shipping (Lasserre and Pelletier, 2011).  

The Exxon Valdez oil spill in 1989 revealed that transportation of crude and other oils by 

ocean shipping pose a significant threat to shorelines (Atlas and Hazen, 2011). The largest oil 

tankers in the world, the Ultra-Large Crude Carriers (ULCC), can transport up to 4 million 

barrels of oil and currently transit the east coast of Canada. With the allure of seven or more days 

gained in transport time, equating to an estimated 3.5 million dollars in savings per trip (Lasserre 
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and Pelletier, 2011), the Arctic could serve as a transportation route for crude oil, including 

Canadian oil, to reach global markets faster and cheaper. While attending a project meeting that 

brought Arctic stakeholders together, diesel fuel was voiced by Canadian Coast Guard 

representatives as a fuel type of major concern during marine oil spills. Diesel is the primary fuel 

used by medium to high speed transport vessels in the region, is set to replace bunker fuel in 

larger cargo ships in the years to come (Ronan, 2018), and a high volume of diesel is shipped by 

sea for northern community resupply of heating fuel each year. Future transport of large crude oil 

and diesel fuel volumes along the Labrador coast and through the Arctic raise concern over 

whether these marine corridors are properly equipped for oil-spill response, either through our 

involvement or with regard to natural attenuation through microbial bioremediation.  

Oil spill clean-up response and the effects of contaminants on the marine environment 

will be greatly impacted by oceanographic and meteorological factors attributed to this region, 

such as fog, wind, ocean current and a multitude of other factors. While simulations have shown 

that it is unlikely (<10%) that oil from current offshore platforms (along the Newfoundland 

shelf) or a seafloor blowout will reach Newfoundland shorelines (Applied Science Associates, 

2011; Turner, 2010), there is no such understanding of future production sites along the Labrador 

coast where wells are expected to be closer to the mainland. These findings suggest that oil spills 

from the producing wells of NL will likely be managed on and in the open ocean. Sea surface 

temperatures in the Labrador Sea remain relatively cold, ranging from -2°C to 0°C in the north 

and 0°C to 10°C in the south, throughout the year. These temperatures will ultimately impact the 

rates of biodegradation of spilled oil. Additionally, the Labrador Shelf follows the path of 

“iceberg alley”, the waterway that brings icebergs from Greenland glaciers along with heavy 

winter formations of sea ice and an increasing occurrence of mobile Arctic sea ice (Barber et al., 

2018), south along this coast. Despite this heavy occurrence of ice, current environmental 

assessment reports for the region acknowledge a “limited knowledge base” of oil spills in ice 

impacted waters (Sikumiut, 2008). Oil spill response in this region would be limited by the ice-

cover at the time of spill. In situ burning and chemical dispersants are suggested as the most 

successful for oil spills in ice-infested waters because mechanical recovery is not considered to 

be effective for large scale oil spills above 30% ice coverage (DeCola et al., 2006; Sikumiut, 

2008).  
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The C-NLOPB has adopted a Strategic Environmental Assessment (SEA) as a broad-

based approach for environmental assessment not only of oil producing zones but of the larger 

ecological region of the Labrador Shelf. In 2008 the SEA of the Labrador Shelf was completed, 

and this report is currently being updated with plans for complete revision by 2023 in response to 

the future expansion of oil and gas developments in the region (Sikumiut, 2008). While this 

report is extensive in covering the biological and physical environment of the Labrador Shelf and 

the potential risks from oil exploration and production activities, there is little to no mention of 

local microbiology. Project-specific environmental assessments are required by the operating 

company during oil production, and currently include sediment quality, water quality, and 

survival tests among biological factors known as “Valued Environmental Components” (VECs) 

for assessment of environmental impact from oil pollutants (DeBlois et al., 2014). The potential 

of the microbial community for oil spill response recommendation or environmental assessment 

is not included in these reports (DeBlois et al., 2014; Sikumiut, 2008), despite more recent 

inclusion and demand for microbial biodiversity evaluations in the environmental assessment of 

oil and gas operations (Caruso et al., 2016; Joye et al., 2015; Krolicka et al., 2017; 2019). 

Recent oil spills off the coast of Newfoundland have indicated that distance from 

response resources is an important factor in hindering the assessment of oil spills and their 

impact on the environment (Cecco, 2018). The fate of oil spilled off the coast of Labrador, 

situated in an isolated region of low temperatures, heavy ice floe, and strong current is unknown. 

Are the indigenous microbial communities poised to respond to oil in this region? If so, when 

mechanical collection is not possible due to ice, or if oil reaches the shore, can biostimulation 

(i.e. the addition of nutrients) aid in the clean-up of spilled oil by increasing the rate of 

biodegradation by these local microbial populations?  

 

3.2.2 Objective 

 

This study seeks to explore the utilization of biostimulation as an oil spill mitigation 

strategy for increasing the rate of hydrocarbon degradation along the coast of Labrador by 

understanding the effect of nutrient addition (N and P) on aerobic oil biodegradation and the 

response of the indigenous microbial community. Biostimulation was applied extensively during 
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the Exxon Valdez oil spill, but there was no study that examined changes to the local microbial 

community in response to hydrocarbons or biostimulation at the time. It is expected that different 

environmental stressors such as contaminant toxicity or nutrient deficiency will alter the 

composition of the microbial community. Understanding how this community responds to both 

oil contamination and oil spill response is essential for assessing the vulnerability of the marine 

environment in the event of an oil production blowout or a shipping accident. These results will 

provide insight into the potential for indigenous marine bacteria to degrade oil in a sensitive 

offshore subarctic environment. 

The objectives of this research were to (i) demonstrate the response of oil-degrading 

microorganisms in microcosm-simulated oil spills by comparing microbial response under 

ambient and biostimulated nutrient concentrations during two hydrocarbon concentration oil spill 

scenarios; (ii) obtain a detailed analysis of the bacterial community structure before and after 

exposure of contaminants and biostimulation using next generation sequencing; and (iii) 

determine whether biostimulation with N and P is an effective oil spill response strategy under 

4°C temperatures using inoculum indigenous to the Labrador Shelf.   

It is hypothesized that microorganisms capable of oil degradation are present in Labrador 

Shelf sediments and poised to respond to and degrade oil hydrocarbons at 4°C. In fact, bacterial 

communities will not only change dramatically in response to hydrocarbons (i.e., increases in the 

relative abundance of hydrocarbon degrading taxa) but will undergo succession in response to 

changes in hydrocarbon chemistry. Furthermore, amendment with N and P will result in initial 

increases in the degradation of hydrocarbons as opposed to ambient nutrient levels in the 

environment, indicating the success of nutrient amendment as a response for cold marine oil 

spills.  
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3.3 Materials and Methods 

 

3.3.1 Sample collection 

 

Sediment samples from the Labrador Shelf (Fig. 3.3) used in incubation experiments 

were collected October 27, 2015 aboard the Canadian Coast Guard Ship Amundsen (collection 

by Margaret Cramm). Sediment was collected from three separate box cores at station 640 

(58°55.609 N, 62°09.326 W) in the Labrador Sea, coordinates and metadata for each box core is 

reported in Figure 2.1 and Table 2.1. Sediment samples were collected according to section 

2.1.1.  

3.3.2 Hydrocarbon-amended and nutrient-treated incubations  

 

Microcosms were established as described in section 2.2 with the following 

modifications. Microcosms using station 640 sediments were prepared using stored sediments 

maintained at 4°C. Diesel- and crude oil-amended sediment microcosms were established at two 

separate times post-collection; one set with diesel after 16 months had elapsed (2017-03-02) and 

another set with crude oil after 29 months had elapsed (2018-04-10). In all cases, 10 g of 

sediment was added as inoculum to 160 mL glass serum bottles with a 1:4 ratio of sediment to 

media. Two concentrations of hydrocarbons were tested, 1% or 0.1% v/v (i.e., 500 or 50 µL 

added to the 50 mL slurry). For the initial diesel experiment, 20 mL of filter-sterilized air was 

used to pressurize the bottles and to provide ample oxygen for the duration of the experiment. 

Changes in oxygen content was monitored by GC. During the diesel incubation, one treatment 

group did become anoxic, and initial volumes of injected air for subsequent experiments were 

increased to prevent anoxia in later experiments. For the crude oil experiment, 60 mL of filter-

sterilized air was injected at the start of incubation. Killed controls were autoclaved once in the 

diesel experiment, and three times in the crude oil experiments. All three experiments were 

incubated at 4°C and monitored for 71 days.  
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3.3.3 Gas chromatography measurements 

 

GC using an Agilent 7890B gas chromatograph was used to monitor values of O2 and 

CO2 within the headspace of all microcosms over the duration of the incubations, as described in 

section 2.3.  

3.3.4 Hydrocarbon profiles  

 

Hydrocarbon extraction via dissolution in dichloromethane (DCM) followed by analysis 

on GC-MS using an Agilent 7890B Gas Chromatograph and 5977A Mass Selective Detector at 

the PRG laboratory at the University of Calgary, was completed as described in section 2.4.  

3.3.5 16S rRNA gene amplicon library preparation, sequencing and analysis  

 

Sequencing of 16S rRNA gene amplicon libraries from extracted DNA was used to 

determine the community composition within environmental samples, and to monitor for 

changes in composition and diversity within incubations. DNA was extracted as described in 

section 2.6.1, and amplicon libraries were prepared as described in section 2.6.2. Primer pairs 

341F (S-*-Univ-0341-b-S-17) and 806R (S-D-Bact-0787-b-A-20) were used during PCR. 

Libraries were sequenced using an in-house Illumina Miseq benchtop sequencing platform, at the 

EBG laboratory, University of Calgary as described in section 2.6.3, and analysed using 

MetaAmp Version 2.0 as described in section 2.6.4.  

3.3.6 Statistical analysis and data visualization 

 

To compare treatment and control groups, statistics were obtained using various 

programs within R (R core team, 2019) for gas, microbial community, and hydrocarbon GC-MS 

data as described in section 2.7. Gas data analysis involved the use of pairwise t-tests and two-

way ANOVA. To assess the difference in microbial communities, NMDS analysis was used to 

visualize the dissimilarity, followed by ANOSIM to calculate the dissimilarity between any two 

groups of interest. Select groups with ANOSIM results that showed high dissimilarity were 

further investigated using SIMPER to understand which OTUs were contributing to the 

dissimilarity observed. Hydrocarbon GC-MS data analysis involved the use of pairwise t-tests.  
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3.4 Results 

 

3.4.1 GC-MS analysis of diesel fuel and crude oil degradation  

 

Ratios of n-C17/pristane obtained from incubated treatment microcosms showed that 

alkane degradation had occurred in all diesel-amended treatments, with heaviest degradation 

occurring in biostimulated microcosms (Fig. 3.3). Alkane degradation occurred in microcosms 

amended with 0.1% crude oil but not in microcosms amended with 1% crude oil when compared 

to day 0 ratios. Each incubated treatment was compared to the day-zero frozen sacrifice 

microcosms of the same hydrocarbon concentration. Among diesel incubations HN-0.1% 

showed the largest decrease in ratio (0.95±0.48) followed by HN-1% (1.34±0.05), LN-0.1% 

(1.59±0.27), and with little change in LN-1% (2.11±0.13). All diesel-amended and biostimulated 

treatments had significantly lower n-C17/pristane ratios than day-zero microcosms (p values < 

0.018). Among crude oil incubations HN-0.1% showed the largest decrease (1.93±0.08), 

followed by LN-0.1% (2.1±0.09), with increases to both HN-1% (2.22±0.05) and LN-1% 

(2.21±0.03) as shown from Figure 3.3. The ratio of biostimulated treatment HN-0.1% was 

significantly lower than day 0 (p-value = 0.004) and treatment LN-0.1% (p-value = 0.05). 

Treatments amended with 1% crude oil showed no difference from day 0 ratios (p-values > 

0.14), indicating alkanes were not being degraded when at crude oil concentrations of 1%. 

Results from crude oil incubations using the ratio of C30-Hopane revealed the same results as n-

C17/pristane (Fig. S3.1).  
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Figure 3.3: Ratios of n-C17/pristane used as a comparative measure of diesel (left) and crude oil 

(right) degradation between treatment groups. Each bar plot represents the mean ratio of three 

replicate microcosms with error bars as standard deviation from the mean. Day 0 bars for 0.1 and 

1% hydrocarbon concentrations represent microcosms that were prepared and frozen at day 0 to 

prevent degradation. All treatment groups were incubated for a duration of 71 days.  

 

3.4.2 CO2 as a proxy for hydrocarbon-driven microbial respiration 

 

Microbial response to hydrocarbons can be measured by respiration activity such as CO2 

generation and/or O2 consumption. Compositional information for CO2 (Figure 3.4) within the 

gaseous headspace of diesel fuel- and crude oil-amended microcosms is provided along with 

statistical comparisons between treatments. Data for O2 is provided as supplementary material 

(Fig. S3.2). Comparisons between treated (LN-0.1%, HN-0.1%, LN-1%, HN-1%: where LN and 

HN refer to low or high nutrient concentrations respectively, and 0.1% and 1% refer to the 

concentration of diesel added) and unamended (no diesel or crude oil) microcosms can be used 

as a proxy for respiration associated with the degradation of hydrocarbons.  
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Figure 3.4: Values of CO2 (mmol) within diesel-amended (left) and crude oil-amended (right) 

sediment microcosms obtained using GC over 71 days of incubation at 4°C. Data points 

represent the mean of three environmental replicate microcosms that were established with 

samples taken from three separate sediment core casts. Error bars indicate the standard deviation 

from the mean. Legend: Unamended (U), Low Nutrient (LN), High Nutrient (HN), 1% and 0.1% 

refer to the volume of hydrocarbon (either diesel or crude oil) added. Panels A and B show 

absolute values of gases within the headspace of microcosms over the incubation, comparing the 

hydrocarbon and nutrient amended microcosms (solid lines) against their unamended control 

microcosms (dashed lines). In panels C and D, gas values from the unamended control 

microcosms have been subtracted from values in corresponding treatment bottles, thus only gas 

data attributed to hydrocarbon degradation is presented by eliminating the background 

respiration associated with sediment-associated substrates. The Δ in panels C and D represents 

the difference between unamended and treated microcosms. Panels E and F present gas data 

from the sediment free (SF) and killed (K) control microcosms, whereby no change was 

observed over the duration of the incubations. Only one replicate of K-HN-0.1% within the crude 

oil experiment was found to be contaminated, showing elevated CO2 after 28 days of incubation. 
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Treatments with the highest concentration of hydrocarbon and added nutrients of nitrogen 

and phosphorous (HN-1%) resulted in the greatest overall increase in the amount of CO2 over 71 

days of incubation (Fig. 3.4A and B), increasing by 0.66 mmol CO2 for both diesel and crude oil 

incubations after 71 days. In comparison, the low nutrient treatment at the same hydrocarbon 

concentration (LN-1%) increased by only 0.13 mmol CO2 (diesel) and 0.15 mmol CO2 (crude 

oil). Treatment HN-1% had produced 5 times (diesel) and 4.3 times (crude oil) the CO2 by 71 

days than that of the treatment LN-1%. For the lower hydrocarbon concentration (0.1%), the 

high nutrient treatment (HN-0.1%) increased by 0.21 (diesel) and 0.36 (crude oil) mmol CO2 

over 71 days, 1.8 (diesel) and 2.1 (crude oil) times that of the low nutrient treatment (LN-0.1%). 

Nutrient amendment had a significant effect, as shown by pairwise t-tests, on the 

generation of CO2 and possibly the degradation of both diesel and crude oil. There was no 

significant difference in CO2 values between any treatment or control group at time-0 (all 

comparison p-values > 0.11). After 71 days of incubation, however, the high nutrient treatments 

had generated significantly more CO2 than the low nutrient treatments (Diesel: HN-1% and LN-

1% p-value = 6.6e-09, HN-0.1% and LN-0.1% p-value = 0.03. Crude Oil: HN-1% and LN-1%: 

p-value = 8.2e-08, HN-0.1% and LN-0.1%: p-value = 0.00016). The addition of the 

hydrocarbons to sediment microcosms in combination with biostimulation resulted in 

significantly more CO2 generation than just nutrient addition alone (no diesel or crude oil); all 

biostimulated treatments at both hydrocarbon concentrations obtained significantly higher 

amounts of CO2 after 71 days than their unamended biostimulated controls (Diesel: all p-values 

< 0.05, Crude Oil: all p-values < 2.5e-05). In diesel-amended microcosms, all available O2 in the 

headspace of treatment HN-1% microcosms was utilized shortly after day 28 (Fig S3.2A) and a 

greater extent of CO2 generation was likely impeded. These microcosms turned anoxic due to 

insufficient oxygen addition at the start of incubation. The addition of diesel fuel to sediment 

microcosms with low nutrient concentrations showed no difference in CO2 generation after 71 

days than their unamended (no-diesel) controls (p-values > 0.09). However, the addition of crude 

oil to sediment microcosms with low nutrient concentrations showed significant differences in 

CO2 generation after 71 days than their unamended (no-crude oil) controls (p-values < 0.00670), 

suggesting degradation of crude oil occurred even at ambient nutrient concentrations. 



 

47 
 
 

Additionally, biostimulation resulted in greater initial rates of CO2 production than 

microcosms with ambient nutrient levels (Fig. 3.5). Between 11 and 28 days, treatments HN-1% 

had the highest rate of 0.022 (diesel) and 0.036 (crude oil) mmol CO2/day (at least 5 and 4.7 

times greater, respectively, than any other treatment). Treatment HN-0.1% had rates of 0.004 

(diesel) and 0.007 (crude oil) mmol CO2/day, whereas both low nutrient treatments were either 

negative or much slower. The effect that nutrient amendment had on these rates eventually 

subsided, and the rates of CO2 generation in both high and low nutrient treatments were more 

similar between 28 and 71 days as the rates for high nutrient treatments reduced.  

 

Figure 3.5: Rates of CO2 production (mmol/day) in diesel-amended (top) and crude oil-amended 

(bottom) treatments during three intervals of time. Intervals 0 to 11, 11 to 28, and 28 to 71 days. 

Treatment HN-1% resulted in the highest rates during 11 and 28 days of incubation. 
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The concentrations of hydrocarbons and nutrients added to sediment microcosms were 

individually shown to have significantly influenced the amount of CO2 generated by the end of 

the 71-day incubation. As expected at the onset of the experiment, neither nutrient concentration 

(p-value = 0.691), diesel concentration (p-value = 0.898), nor their combined interaction (p-value 

= 0.973) influenced the measured CO2 value when performing a two-way ANOVA with 

interaction effect on day 0 results. In crude oil incubations, however, nutrient concentration did 

show a significant effect (p-value = 0.00355) at the onset of the experiment but neither crude oil 

concentration (p-value = 0.63981) nor the interaction effect (p-value = 0.59575) influenced the 

measured CO2 value. After 71 days of incubation, hydrocarbon concentration (Diesel: p-value = 

6.25e-08, Crude Oil: p-value = 7.25e-08), nutrients (Diesel: p-value = 3.36e-08, Crude Oil: p-

value = 4.98e-08) and their interaction (Diesel: p-value = 4.32e-07, Crude Oil: p-value = 2.05e-

05) were shown to have significantly influenced the amount of CO2 measured in microcosms.  

Sediment free and killed (autoclaved) controls that were amended with the same 

concentrations of hydrocarbons and nutrients as treated microcosms showed no significant 

changes in CO2 over the duration of the 71-day incubation (Fig. 3.4E and F). There were no 

significant differences between any of the killed controls or between any of the sediment-free 

controls at the start (Diesel: day 0 p-values > 0.5; Crude Oil: day 0 p-values > 0.3 ) or end 

(Diesel: day 71 p-values > 0.5; Crude Oil: day 71 p-values > 0.3) of the experiment, as shown 

using pairwise t-tests. One of the crude oil-amended replicates for the killed control K-HN-0.1% 

(bottle 18) behaved differently from the other replicates at day 71 (Fig. 3.4F) and revealed that 

contamination had occurred. Together the mean of the crude oil K-HN-0.1% treatments was not 

significantly different from other control groups. There were also no significant differences in 

CO2 between the same control groups between 0 and 71 days (Diesel: p-values = 0.13, Crude 

Oil: p-values = 0.45). There was no change in CO2 value without a biotic presence as revealed 

through ANOVA (Diesel: p-values > 0.3, Crude Oil: p-values > 0.3). 
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3.4.3 Microbial community structure in response to hydrocarbons and biostimulation 

 

Microbial community structure was influenced greatly by both the concentration of 

hydrocarbons (diesel and crude oil) and nutrient concentration as revealed in a NMDS analysis 

(Fig. 3.6) using a Bray Curtis distance matrix rarefied to 4,677 reads. Original libraries ranged 

from 4,677 to 137,595 reads but were rarified to the lowest read number to allow for sample 

comparisons. Associated ANOSIM statistics are provided in Table 3.1 with SIMPER results in 

Table 3.2.  

Figure 3.6: NMDS ordination plot where points are rank orders of a dissimilarity matrix 

generated using Bray Curtis with 16S rRNA gene sequences extracted from diesel and crude oil-

amended and unamended microcosms using station 640 sediments. For this analysis, sequences 

were rarefied to 4,677 sequence reads (original libraries ranged from 4,677 to 137,595 reads). 

Diesel-amended microcosms (blank markers) cluster at the top of the NMDS, whereas crude oil-

amended microcosms (solid markers) cluster towards the bottom. Squares are samples taken at 

day 0, triangles for day 28, and circles for day 71. Treatment replicates, constituting the three 

original sediment casts from each station, are similarly coloured. Legend: Crude Oil (C), Diesel 

Fuel (D), Low Nutrient (LN), High Nutrient (HN), 0.1 and 1% refer to the hydrocarbon 
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concentration (v/v). Neither nutrient nor hydrocarbon concentration contributed to community 

structure at day 0 so only a subsample of unamended (HN) or treatment (HN-0.1 and 1% 

hydrocarbon v/v) microcosms were sequenced for the analysis. 

 

In Figure 3.6, prior to incubation (time zero) both unamended (white) and a subsample of 

treatment (grey) microcosm communities clustered closely together. Not all day zero treatment 

bottles were sequenced, as day zero results should be similar across all microcosms. For later 

time points all microcosms were analysed. The unamended (no-hydrocarbon) controls showed 

little dissimilarity from the time-zero community over the course of the incubation. Amendment 

with hydrocarbons (either diesel fuel or crude oil) greatly influenced microbial community 

structure, and after 71 days (Circles in Fig. 3.6) all treatments were significantly dissimilar from 

the time-zero communities (Diesel: All R-stats > 0.7037 with significance < 0.03, Crude Oil: All 

R-stats > 0.943 with significance < 0.023). OTUs identified as Thalassolituus, Oleispira, 

Paraperlucidibaca, Cycloclasticus, Arenicella, Sulfitobacter, and Arcobacter were shown among 

diesel-amended microcosms to increase in relative abundance whereas Thioprofundum, 

Sulfuriflexus, and Desulfobulbus were shown to decrease among all microcosms (Table 3.2).  

Together the changes in the relative abundances of these OTUs explain 25% of the community 

dissimilarity between the original and the diesel-amended sediments after 71 days. Diesel-

amended communities were also dissimilar from their unamended (no-diesel) controls (R-stat = 

1) after 71 days, except for treatment LN-0.1% which while being the least dissimilar from its 

control, was still structurally different (R-stat = 0.6296). OTUs identified as Amphritea, 

Cycloclasticus, Halomonas, Marinifilum, Marinobacter, Methylophaga, Paraglaciecola, 

Paraperlucidibaca, Pseudomonas, Psychrilyobacter, Thalassospira, and Zhongshania were 

shown among all crude oil-amended microcosms to increase in relative abundance (Table 3.2). 

Together the changes in the relative abundances of these OTUs explain at least 25% of the 

community dissimilarity between the original and crude oil-amended sediments. Crude oil-

amended communities were also dissimilar from their unamended (no-crude oil) controls (R-stat 

> 0.7037) after 71 days. 
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Microbial community structure changed the most within the first 28 days of incubation, 

and this change was greatest in response to hydrocarbon amendment and biostimulation together. 

Low nutrient treatments LN-0.1% (black) were the least dissimilar (Diesel: r-stat = 0.5679, 

significance = 0.028, Crude Oil: r-stat = 0.905, significance = 0.006) whereas high nutrient 

treatments HN-1% (pink) were the most dissimilar (Diesel: r-stat = 1, significance 0.008, Crude 

Oil: r-stat = 1, significance 0.005) from the day 0 population after 28 days (Fig. 3.6). 

Dissimilarity changed little among all treatments between 28 and 71 days as shown in NMDS 

(Fig. 3.6) and through ANOSIM statistics (Table 3.2). This would indicate that the microbial 

community within most treatments changed quickly in response to hydrocarbons (within 28 

days) and changed little thereafter once established (between 28 and 71 days).  

Community dissimilarity was positively correlated with the concentration of hydrocarbon 

added, since treatments with 1% hydrocarbon became more dissimilar than those with 0.1% 

hydrocarbon from the time-zero communities after 28 days (within the same nutrient 

concentration). Increases in the relative abundance of two Oleispira OTUs (4 and 163) in 

response to higher diesel concentration, among decreases in Thalassolituus, Cycloclasticus, and 

Sulfitobacter, explain 25% of the dissimilarity between microcosms amended with the two diesel 

concentrations (Table 3.2). Increases in the relative abundance of OTUs identified as 

Paraperlucidibaca, Colwellia, Pseudomonas, and Zhongshania in response to higher crude oil 

concentration were responsible for 25% of the dissimilarity between microcosms amended with 

the two crude oil concentrations (Table 3.2).  

Microbial community dissimilarity between high and low nutrient treatments for the 

same hydrocarbon concentration was greatest during intervals where rates of CO2 generation 

were highest among high nutrient treatments (Fig. 3.5: between 11 and 28 days). In diesel 

incubations at 28 days, OTUs identified as Oleispira, Paraperlucidibaca, Sulfitobacter, and 

Thalassolituus were all shown to increase in relative abundance in association with 

biostimulation, explaining 25% of the dissimilarity between the high and low nutrient 

microcosms (Table 3.2). In crude oil incubations at 28 days, OTUs identified as Pseudomonas, 

Zhongshania, and Marinobacter were all shown to increase in relative abundance in association 

with biostimulation, Colwellia was shown to decrease, and Paraperlucidibaca had an opposite 

response depending on the concentration of crude oil in the treatment. Together these changes in 
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abundance explained at least 25% of the dissimilarity between the high and low nutrient 

microcosms incubated with crude oil (Table 3.4). In both hydrocarbon incubations, replicates 

clustered furthest from each other in high nutrient treatments, followed by low nutrient 

treatments, with closest clustering occurring between replicates of unamended controls (Fig. 

3.6). 
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Table 3.1: Group comparisons for dissimilarity between diesel-amended, crude oil-amended and 

unamended microcosms using ANOSIM. An R-stat close to 1 suggests dissimilarity between 

groups, whereas 0 suggests even distribution within and between groups (similarity). An R-stat 

below 0 suggest greater dissimilarity within groups than between. Highlighted groups are further 

compared with SIMPER with superscripts numbering the comparisons in Table 3.2.   

 Groups compared with ANOSIM R-stat Significance 

D
IE

S
E

L
-A

M
E

N
D

E
D

 I
N

C
U

B
A

T
IO

N
S

 

Treatment subsamples T0 Unamended subsamples T0 0.6296 0.1 

All subsamples T0 LN-1% T28 0.9074 0.011 

All subsamples T0 HN-1% T28 1 0.008 

All subsamples T0 LN-0.1% T28 0.5679 0.028 

All subsamples T0 HN-0.1% T28 0.7778 0.015 

1All subsamples T0 LN-1% T71 0.9012 0.015 

2All subsamples T0 HN-1% T71 0.9938 0.01 

3All subsamples T0 LN-0.1% T71 0.7037 0.03 

4All subsamples T0 HN-0.1% T71 0.9938 0.019 

Unamended subsamples T0 All Unamended T28 0.3025 0.073 

Unamended subsamples T0 All Unamended T71 -0.1111 0.563 

U-LN T28 U-HN T28 -0.2222 0.8 

U-LN T71 U-HN T71 0.2963 0.1 

LN-1% T28 LN-1% T71 0.7778 0.1 

HN-1% T28 HN-1% T71 0.6667 0.2 

LN-0.1% T28 LN-0.1% T71 0.1111 0.4 

HN-0.1% T28 HN-0.1% T71 0.8148 0.1 

5LN-1% T28 HN-1% T28 1 0.1 

6LN-0.1% T28 HN-0.1% T28 0.5926 0.1 

7LN-0.1% T28 LN-1% T28 0.7037 0.1 

8HN-0.1% T28 HN-1% T28 0.6667 0.1 

LN-1% T71 HN-1% T71 0.5926 0.1 

LN-0.1% T71 HN-0.1% T71 0 0.7 

LN-0.1% T71 LN-1% T71 0.2222 0.3 

HN-0.1% T71 HN-1% T71 0.5926 0.1 

U-LN T71 LN-1% T71 1 0.1 
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U-LN T71 LN-0.1% T71 0.6296 0.1 

U-HN T71 HN-1% T71 1 0.1 

U-HN T71 HN-0.1% T71 1 0.1 

C
R

U
D

E
 O

IL
-A

M
E

N
D

E
D

 I
N

C
U

B
A

T
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N
S

 

Treatment subsamples T0 Unamended subsamples T0 0.1049 0.263 

All subsamples T0 LN-1% T28 1 0.005 

All subsamples T0 HN-1% T28 1 0.005 

All subsamples T0 LN-0.1% T28 0.987 0.003 

All subsamples T0 HN-0.1% T28 0.905 0.006 

9All subsamples T0 LN-1% T71 0.943 0.006 

10All subsamples T0 HN-1% T71 1 0.005 

11All subsamples T0 LN-0.1% T71 0.988 0.023 

12All subsamples T0 HN-0.1% T71 1 0.005 

Unamended subsamples T0 All Unamended T28 0.1385 0.242 

Unamended subsamples T0 All Unamended T71 0.04615 0.437 

U-LN T28 U-HN T28 -0.3333 0.9 

U-LN T71 U-HN T71 0.08333 0.6 

13LN-1% T28 HN-1% T28 0.2963 0.3 

14LN-0.1% T28 HN-0.1% T28 -0.25 0.8 

15LN-0.1% T28 LN-1% T28 -0.08333 0.7 

16HN-0.1% T28 HN-1% T28 0.4815 0.2 

LN-1% T71 HN-1% T71 0 0.8 

LN-0.1% T71 HN-0.1% T71 0.5833 0.2 

LN-0.1% T71 LN-1% T71 -0.1667 0.8 

HN-0.1% T71 HN-1% T71 0.5556 0.1 

LN-1% T28 LN-1% T71 -0.1111 0.9 

HN-1% T28 HN-1% T71 -0.1071 0.6 

LN-0.1% T28 LN-0.1% T71 0 0.66667 

HN-0.1% T28 HN-0.1% T71 0.3214 0.13333 

U-LN T71 LN-1% T71 0.7037 0.1 

U-LN T71 LN-0.1% T71 1 0.1 

U-HN T71 HN-1% T71 0.8333 0.1 

U-HN T71 HN-0.1% T71 1 0.1 
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Table 3.2: SIMPER results for ANOSIM dissimilarities highlighted in Table 3.1. Columns 

report the groups compared and their ANOSIM dissimilarity R-stat, OTU, the closest BLAST 

search of reference RNA sequences at the genus level, average contribution to overall 

dissimilarity, standard deviation of contribution, average abundances1 in each compared group 

(highlighted to show what group contributed more to that OTU’s dissimilarity), and cumulative 

contributions. Numbers in column one correspond to ANOSIM comparison made in Table 3.1.  

 ANOSIM Comparison OTU BLAST ID AVG SD 1AA1a –  AA2b –  Cumu 

D
IE

S
E

L
-A
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E

N
D

E
D

 I
N

C
U

B
A

T
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N
S

 

1.  
aAll T0 - bLN-1% T71 

R-stat = 0.943 

3 Thalassolituus 1.2e-01 4.1e-02   2.33 3846.33    0.15 

163 Oleispira 6.9e-02 6.3e-02   0.33 2481.33    0.25 

25 Thioprofundum 2.4e-02 1.2e-02   1155.83   167.67    0.28 

2. 
aAll T0 - bHN-1% T71 

R-stat = 1 

3 Thalassolituus 1.4e-01 1.1e-01   2.33 3729.67    0.15 

4 Oleispira 5.2e-02 6.0e-02   0.67 1328.00    0.21 

1 Paraperlucidibaca 3.7e-02 5.5e-02   1.83 1038.00    0.25 

3. 
aAll T0 - bLN-0.1% T71 

R-stat = 0.988 

 

3 Thalassolituus 5.7e-02 3.7e-02   2.33 1478.67   0.079 

25 Thioprofundum 2.7e-02 1.5e-02   1155.83   302.33   0.117 

163 Oleispira 2.5e-02 2.4e-02   0.33   929.33   0.153 

16 Sulfuriflexus 2.0e-02 1.1e-02   879.50   263.67   0.181 

8 Cycloclasticus 1.9e-02 8.7e-03   2.83   572.33   0.207 

21 Desulfobulbus 1.6e-02 1.3e-02   674.67   179.00   0.230 

66 Arenicella 1.3e-02 2.0e-02   0.00   561.67   0.248 

49 Thioprofundum 

(Woesia 2) 

1.1e-02 6.6e-03   489.83   179.33   0.263 

4. 
aAll T0 - bHN-0.1% T71 

R-stat = 1 

1 Paraperlucidibaca 4.9e-02 6.3e-02   1.83 1369.33   0.056 

25 Thioprofundum 3.3e-02 1.1e-02   1155.83    29.33   0.094 

3 Thalassolituus 2.9e-02 1.3e-02   2.33   762.00   0.127 

16 Sulfuriflexus 2.5e-02 5.7e-03   879.50    60.00   0.156 

8 Cycloclasticus 2.3e-02 2.7e-02   2.83   643.67   0.182 

20 Sulfitobacter 2.0e-02 1.5e-02   58.17   594.67   0.205 

39 Arcobacter 1.9e-02 3.0e-02   9.83   522.67   0.227 

21 Desulfobulbus 1.8e-02 1.3e-02   674.67    34.33   0.247 

455 Cycloclasticus 1.7e-02 1.7e-02   0.00   454.00   0.266 

5. 
aHN-1% - bLN-1% T28  

R-stat = 0 

4 Oleispira 2.0e-01 2.2e-01   11651.0    39.33    0.25 

6. 
aHN-0.1% - bLN-0.1%T28 

R-stat = 0 

1 Paraperlucidibaca 1.1e-01 1.2e-01   6126.33   285.33    0.17 

20 Sulfitobacter 4.6e-02 1.5e-02   3816.67   573.67    0.24 

3 Thalassolituus 3.3e-02 2.8e-02   3367.33 3312.33    0.29 

7. 
aLN-0.1% - bLN-1% T28  

R-stat = 0.2222 

4 Oleispira 1.5e-01 1.1e-01   2205.33 1.5e+04    0.21 

163 Oleispira 7.8e-02 4.2e-02   1331.00 7.7e+03    0.32 

8. 
aHN-0.1% - bHN-1% T28  

R-stat = 0.5926 

3 Thalassolituus 9.4e-02 8.0e-02   3312.33   688.67    0.15 

163 Oleispira 4.0e-02 3.3e-02   1151.00 1297.33    0.21 

8 Cycloclasticus 2.0e-02 8.0e-03   582.00    32.67    0.24 

20 Sulfitobacter 1.8e-02 1.5e-02   573.67    78.00    0.27 
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9.  
aAll T0 - bLN-1% T71 

R-stat = 0.943 

 

14 Marinifilum 3.6e-02    2.0e-02   11.00 3104.67   0.048 

6 Amphritea 3.5e-02  2.3e-02   32.11 2165.67   0.095 

24 Methylophaga 2.9e-02  1.9e-02   1.44 3105.67   0.135 

42 Thalassospira 2.6e-02  1.9e-02   0.22 1398.33   0.170 

6425 Methylophaga 2.5e-02  3.7e-02   4.89 1139.33   0.204 

5 Zhongshania 2.5e-02  9.4e-03   8.44 2197.00   0.237 

38 Halomonas 2.2e-02  1.4e-02   17.44 2350.33   0.267 

10. 
aAll T0 - bHN-1% T71 

R-stat = 1 

5 Zhongshania 1.1e-01    1.1e-01 8.44 1.6e+04    0.13 

9 Pseudomonas 9.4e-02 8.2e-02   7.67 7.9e+03    0.23 

13 Psychrilyobacter 4.6e-02 5.5e-02   84.78 6.9e+03    0.28 

11. 
aAll T0 - bLN-0.1% T71 

R-stat = 0.988 

 

6 Amphritea 4.2e-02 9.3e-03   32.11 2402.5   0.061 

8 Cycloclasticus 4.2e-02 2.5e-02   16.44 2441.0   0.122 

14 Marinifilum 2.9e-02 1.7e-02   11.00 1650.5   0.164 

9 Pseudomonas 2.8e-02 8.6e-03   7.67 1610.0   0.205 

27 Paraglaciecola 2.7e-02 8.5e-03   1.67 1543.5   0.245 

1 Paraperlucidibaca 2.5e-02 9.2e-03   17.78 1421.5   0.281 

12. 
aAll T0 - bHN-0.1% T71 

R-stat = 1 

8 Cycloclasticus 9.5e-02 9.9e-02 16.44 4482.67 0.11 

1 Paraperlucidibaca 9.5e-02 3.8e-02 17.78 4507.33 0.21 

7 Marinobacter 6.0e-02 4.4e-02 8.33 2619.67 0.28 

13. 
aHN-1% - bLN-1% T28 

R-stat = 0.2963 

1 Paraperlucidibaca 9.4e-02 1.3e-01   464.67 6429.00    0.14 

9 Pseudomonas 7.0e-02 7.5e-02   4927.67   705.00    0.24 

5 Zhongshania 4.7e-02 4.8e-02   4143.33 2028.33    0.31 

14. 
aHN-0.1% - bLN-0.1% T28 

R-stat = -0.25 

1 Paraperlucidibaca 7.7e-02 5.1e-02   4669.33 1269.0    0.15 

17 Colwellia 4.6e-02 4.9e-02   53.33 2704.5    0.24 

7 Marinobacter 4.3e-02 4.8e-02   2386.67   665.0    0.32 

15. 
aLN-0.1% - bLN-1% T28  

R-stat = -0.08333 

1 Paraperlucidibaca 9.6e-02 1.2e-01   1269.0 6429.00    0.18 

17 Colwellia 4.1e-02 4.1e-02   2704.5 3283.33    0.25 

16. 
aHN-0.1% - bHN-1% T28  

R-stat = 0.4815 

9 Pseudomonas 8.8e-02 9.4e-02   45.33 4927.67    0.12 

1 Paraperlucidibaca 8.4e-02 6.2e-02   4669.33   464.67    0.24 

5 Zhongshania 6.4e-02 6.2e-02   667.67 4143.33    0.34 
 

1Average abundance (AA) is based off the original relative sequence abundance of each OTU in sample 

2 Classified by SILVA through MetaAmp  
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Richness within hydrocarbon-amended microcosms, a measure of α-diversity, is defined 

as the number of observed OTUs (Fig. 3.7). Sequences were rarified to 4,677 reads combining 

both diesel- and crude oil-amended libraries. Observed OTUs were greatest in day zero samples, 

before any influence from hydrocarbons or biostimulation. Both increases in hydrocarbon 

concentration and nutrient concentration resulted in declines in observed OTUs. Biostimulation 

resulted in the greatest declines in observed OTUs (green and pink box plots). Richness 

decreased the least in the unamended (no-hydrocarbon) controls with small decreases in response 

to biostimulation alone (red box plots). Observed OTUs were either maintained or decreased 

between day 28 and 71, but relatively stable in all treatments over this interval.  

Figure 3.7: Observed OTUs among all hydrocarbon-amended and unamended microcosms at 0, 

28, and 71 days of incubation at 4°C. For this analysis, sequences were rarefied to 4,677 reads 

(original libraries ranged from 4,677 to 137,595 reads). Each box plot’s central band represents 

the median observed OTUs among replicates, where the box contains 50% of observations, and 

whiskers extend to the lowest and highest datum point. Diesel fuel-amended treatments are 

presented on the left with crude oil on the left. Treatments are similarly coloured over timepoints 

28 and 71 days, where the box plot to the left represents observed OTUs at day 28 and the one to 

the right for day 71. Low Nutrient (LN), High Nutrient (HN), and 1 or 0.1 refers to hydrocarbon 

concentration in % (v/v). Only a subsample of T0 unamended (HN) and treatment (HN-1%) 

microcosms were sequenced for the analysis. 
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Increases in the relative abundance of the phylum Proteobacteria occurred across all 

hydrocarbon-amended treatment groups, in addition to Firmicutes, Epsilonbacteraeota, and 

Fusobacteria among certain amendments and treatments. Changes in community composition 

reflect the community’s response to hydrocarbon-amendment and biostimulation, where putative 

HCB increased in abundance within all amendments and treatments. The genera shown to 

dominate the communities after 28 and 71 days of incubation were either undetectable or 

observed in extremely low relative sequence abundance in the day zero subsamples.  

Within diesel-amended incubations, genus-level distribution within Proteobacteria (Fig. 

3.8A) revealed large increases in relative sequence abundance among the genera Oleispira 

(78%), Thalassolituus (57%), Paraperlucidibaca (43%), Cycloclasticus (16%), and 

Pseudoalteromonas (10%). Oleispira and Thalassolituus were found in high relative sequence 

abundance among all treatments but most heavily in HN-1%. Paraperlucidibaca was abundant 

in both HN-1% and HN-0.1%. Cycloclasticus was shown to increase only in treatments amended 

with low diesel concentration (0.1%). Within the phylum Firmicutes (Fig. 3.8B), the genus 

Fusibacter increased in relative sequence abundance within the treatment HN-1%. Within the 

phylum Epsilonbacteraeota (Fig. 3.8C), the genus Arcobacter increased in relative sequence 

abundance only in the treatment HN-0.1%. 

Within crude oil-amended incubations, genus-level distribution within Proteobacteria 

(Fig. 3.8D) revealed large increases in relative sequence abundance among the genera 

Paraperlucidibaca (46%), Cycloclasticus (44%), Pseudomonas (42%), Zhongshania (32), 

Colwellia (18%), and Methylophaga (17%). Paraperlucidibaca was most dominant in treatments 

LN-1% and HN-0.1%. Cycloclasticus had a high relative sequence abundance in treatment HN-

0.1%. Colwellia was heavily abundant in LN-0.1%. The genera Pseudomonas and Zhongshania 

were most prominent in treatment HN-1% among crude oil amendments and were not dominant 

in response to diesel amendment. Within the phylum Firmicutes (Fig. 3.8E), the genus 

Fusibacter (8%) increases in relative sequence abundance within the treatment HN-1%. Within 

the similarly named but unrelated phylum Fusobacteria (Fig. 3.8F) the genus Psychrilyobacter 

(15%) increased in relative sequence abundance in the treatment HN-1%. Woeseia was one of 

the most dominant genera in unamended sediments but decreased in all treatments amended with 

diesel and crude oil.
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Figure 3.8A: 
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Figure 3.8B: 
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Figure 3.8C: 
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Figure 3.8D 
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Figure 3.8E 
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Figure 3.8F 
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Figure 3.8 A-F: Bacterial community composition based on the SILVA classification of 16S 

rRNA gene amplicon sequences via MetaAmp from diesel fuel (A-C) and crude oil (D-F) 

amended incubations at 4°C. Relative abundance refers to raw sequence reads where libraries 

ranged from 4,959 to 75,392 (diesel) and 10,738 to 146,115 (crude oil) sequence reads. Day zero 

treatment and unamended subsamples are presented first, followed by low and high nutrient 

unamended controls and four treatment groups at 28 and 71 days of incubation. Within all 

groups, samples are plotted in order of sediment core replicates (1, 2, 3). Neither nutrient nor 

hydrocarbon concentration contributed to community structure at day zero so only a subsample 

of 0 (unamended HN) or 1% (treatment HN) microcosms were sequenced for the analysis. 

Relative sequence abundance is out of 100, a percentage of all genera identified in that sample 

from within all bacterial phyla. “Other (<1%)” refers to all members that comprised less than 1% 

of the total relative sequence abundance within all samples across time and treatments. 

“Unclassified” refers to OTUs that could not be confidently classified to that taxonomic level by 

SILVA, for example in panel B all identified Proteobacteria not assigned a genus-level 

classification.  
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To identify the most abundant OTUs in microcosms that were associated with 

hydrocarbon degradation and biostimulation, criteria were applied to all non-

rarefied/unsubsampled OTUs obtained through MetaAmp as presented in section 2.7.3. These 

OTUs are presented in Figure 3.9 A (diesel) and B (crude oil), highlighting their changes in 

relative sequence abundance across all samples and timepoints.  

Within diesel-amended incubations (sampled ranged from 4,959 to 75,392 sequence 

reads), OTUs affiliated to genera with known aliphatic and aromatic hydrocarbon degrading 

members (e.g. Thalassolituus, Oleispira, Paraperlucidibaca, Cycloclasticus) were common and 

abundant among most treatment groups. OTU 3 (Thalassolituus) was the only OTU to be heavily 

abundant among all four treatments and their replicates. OTUs 4 (Oleispira) and 1 

(Paraperlucidibaca) were the most abundant in high nutrient treatments. OTU 8 (Cycloclasticus) 

was most abundant in microcosms with low diesel concentration (0.1%). Both low nutrient 

treatments LN-0.1% and LN-1% were dominated by OTUs 3 (Thalassolituus) and 163 

(Oleispira). Treatment HN-0.1% was dominated by OTU 1 (Paraperlucidibaca) and was the 

only group to show increases in OTU 39 (Arcobacter) and the two Porticoccus OTUs (58, 2992). 

Treatment HN-1% had the fewest OTUs increasing in relative sequence abundance as shown by 

the lack of bubbles for many OTUs, but had the greatest increases in relative sequence 

abundance among its top OTUs: 3 (Thalassolituus), 163 (Oleispira), 1 (Paraperlucidibaca), and 

4 (Oleispira). OTUs 45 (Fusibacter) and 20 (Sulfitobacter) were common to all treatments and 

timepoints and showed no discrimination between original sediments or diesel and nutrient 

amendment. 

Within crude oil-amended incubations (samples ranged from 10,738 to 146,115 sequence 

reads) there were more OTUs meeting the criteria with fewer OTUs that were consistently 

dominant among all treatment groups as compared to diesel-amended microcosms. OTUs 

affiliated to genera with known aliphatic and aromatic hydrocarbon degrading members (e.g. 

Paraperlucidibaca, Zhongshania, Marinobacter, Colwellia, Cycloclasticus, and Pseudomonas) 

were the most abundant among most treatment groups. OTU 5 (Zhongshania) was the only OTU 

consistently abundant among all four treatments and their replicates. OTU 7 (Marinobacter) was 

the most abundant among high nutrient treatments. OTUs 8 (Cycloclasticus) and 1 

(Paraperlucidibaca) were most abundant in microcosms with low crude oil concentration 
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(0.1%). Treatment LN-0.1% had very few OTUs that were noticeably more abundant for that 

group, with the exception of 8 (Cycloclasticus), 1 (Paraperlucidibaca), and 17 (Colwellia). 

Treatment LN-1% exhibited some of the greatest overall increases in relative sequence 

abundance among all treatments, with increases by OTUs 1 (Paraperlucidibaca), 3 

(Thalassolituus), 7 (Marinobacter), and 8 (Cycloclasticus). Treatment HN-0.1% exhibited the 

greatest overall relative sequence abundance in one replicate for OTU 1 (Paraperlucidibaca) and 

showed distinct increases in relative sequence abundance of the two Methylophaga OTUs (6425 

and 24) and 17 (Colwellia). In the final treatment HN-1%, OTUs identified as Zhongshania (5 

and 1180), Pseudomonas (9 and 12), Neptunomonas (15 and 22) and Marinobacter (7) were 

most abundant, while this treatment exhibited the most variability between its replicates as noted 

in NMDS (Fig. 3.6). OTUs 6 (Amphritea), 20 (Sulfitobacter), 13 (Psychrilyobacter), 14 and 30 

(Marinifilium), 38 (Halomonas), and 2604 (Shewanella) were common to all treatments and 

timepoints and showed no discrimination between original sediments or crude oil and nutrient 

amendment. 
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Figure 3.9A: The most abundant OTUs within diesel-amended microcosms in each treatment following the selection criteria. The size 

of the bubble indicates the average relative abundance (%) of each OTU in that library. All time-zero bubbles are <1%, and missing 

bubbles signify that there were no reads associated with a given OTU in that library. OTUs are labeled with the genus of their closest 

BLAST search. 



 

69 
 
 

Figure 3.9B: The most abundant OTUs within crude oil-amended microcosms in each treatment following the selection criteria. 

OTUs are labeled with the genus of their closest BLAST search. 
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3.5 Discussion 

 

Previous studies have reported on the success of biostimulation under both laboratory 

conditions (Atlas and Bartha, 1972), and during oil spill events (Atlas, 1991; Bragg et al., 1994) 

where naturally low concentrations of nutrients (N and P) in the marine environment is the 

principal limiting factor of hydrocarbon biodegradation. What is not well understood is how 

indigenous microbial communities respond to oil and contribute to successful biostimulation in 

cold marine environments, particularly along the Labrador Coast. The DWH oil spill provided 

much information regarding marine microorganisms and their response to major oil spills in the 

Gulf of Mexico, a region where the marine microbiota has been exposed to petroleum 

hydrocarbons via natural hydrocarbon seepages and anthropogenic leaks and spills associated to 

oil and gas extraction. This current study focuses on the response of cold marine sediment 

microbial communities to oil and diesel fuel contamination and biostimulation from an area 

known for potential oil reservoirs but with no oil production yet occurring. To assess the 

vulnerability of the Labrador Shelf to diesel fuel and crude oil spills in the marine environment, 

this study determined the response of a sediment microbial community to these contaminants and 

to biostimulation as a response strategy using microcosms incubated at 4°C.  

 

3.5.1 Labrador Shelf sediment microbial community response to petroleum hydrocarbons 

 

The sediment microbial community from station 640 of the Labrador Shelf responded to 

diesel and crude oil contamination in two ways: 1) through changes to its structure that saw 

decreases in the overall observed diversity as putative HCB increased in relative abundance and 

dominated the community shortly after amendment with petroleum hydrocarbons, and 2) by 

degrading both diesel fuel and crude oil compounds as revealed through changes in gas 

composition and decreases to the internal n-C17/pristane ratio in petroleum hydrocarbon-

amended microcosms. 

Microbial communities in soils and sediments have been reported to respond rapidly to 

oil contamination, often resulting in decreases in microbial diversity and richness with increasing 

petroleum concentrations (Jiao et al., 2016; LaMontagne et al., 2004; Vinas et al., 2005). Indeed, 
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in response to both diesel- and crude oil-amendment at low nutrient concentrations 

(environmental/ambient condition), the station 640 sediment microbial community experienced a 

shift away from the original sediment community (Fig. 3.6) due in part to declines in diversity 

(Fig. 3.7) and increases in the relative abundance of putative HCB (Fig. 3.9). This shift was 

slower for communities exposed to 0.1% hydrocarbons than those exposed to 1%. Furthermore, 

the results of the current study show that measured richness decreased with increases to the 

concentration of petroleum hydrocarbons added in microcosms (e.g., from 0.1 to 1% v/v, Fig. 

3.7). This negative correlation may occur due to i) the toxic effect of high oil concentrations and 

biodegradation products on much of the sediment microbial community, resulting in die-offs 

(Röling et al., 2002), or ii) increases in the relative abundance of HCB to the point where many 

of the original sediment OTUs became undetectable and diversity appeared reduced. Increases in 

DNA concentration in microcosms amended with 1% diesel and crude oil (Fig. S3.3) suggest the 

latter occurred. Decreases in observed OTUs in incubations may be an artefact of using closed 

system microcosms. In Labrador Shelf sediments we may expect that biodiversity after an oil 

spill is in fact maintained or at least quickly re-established due in part to replenishment by ocean 

water. In fact, diversity has been shown to re-establish after oil perturbation (Röling et al., 2002). 

Ambient nutrient levels proved sufficient to allow partial degradation of diesel fuel and 

crude oil in microcosms at 4ºC. In both diesel and crude oil experiments it took between 11 and 

28 days for low nutrient treatments to differentiate from controls with regard to CO2 

accumulation (Fig. 3.4) as a proxy for degradation. Biostimulated treatments responded in far 

less time as discussed in the next section (3.5.2). This lag represents the time it takes for the 

hydrocarbon degrading population to establish in large enough abundance to influence headspace 

gas through hydrocarbon oxidation. In other studies where diesel was added to soil with no 

previous history of hydrocarbon contamination the respiration response showed a lag phase of 

six days, however, this was during 22ºC incubations (Siddiqui and Adams, 2002). Low nutrient 

microcosms amended with diesel fuel and crude oil showed only small increases in CO2, with 

crude oil treatments generating more CO2 than diesel treatments. In fact, both low nutrient crude 

oil treatments were significantly different after 71 days from their unamended (no-crude oil) 

controls, suggesting degradation of crude oil occurred even at low nutrient concentrations. 

Alkanes within the low nutrient treatments amended with 0.1% diesel or crude oil (LN-0.1%) 
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were significantly reduced in diesel- but not crude oil-amended microcosms (Fig. 3.3), 

suggesting that the larger increases of CO2 within crude oil-amended microcosms (Fig. 3.4) were 

the result of degradation of non-alkane compounds. Alkanes were not significantly degraded in 

low nutrient treatment LN-1% in either diesel- or crude oil-amended experiments (Fig. 3.3). 

Overall, the degradation of diesel and crude oil compounds did occur at low nutrient 

concentrations and the microbial communities did shift to allow for dominance by putative HCB. 

The rapid depletion of nutrients (e.g. ammonium Fig. S3.4) in these microcosms resulted in the 

lowest rates of CO2 generation (Fig. 3.5), the least accumulation of CO2 in the headspace (Fig. 

3.4), and minimal to no degradation of alkanes (Fig. 3.3) when compared to biostimulated 

treatments. 

Abundance is not always the best predictor of a species’ contribution to community 

function (Lynch and Neufeld, 2015), but increases in the relative abundance of key OTUs can 

highlight changes in community function in response to hydrocarbon contaminants. Within both 

diesel and crude oil incubations, dominant OTUs shifted considerably with hydrocarbon addition 

and time. The OTUs shown to dominate the hydrocarbon-amended communities after 28 and 71 

days of incubation were either undetectable or at extremely low relative abundance in T0 

subsamples (Fig. 3.9). These represent putative hydrocarbon degraders that were recruited from 

the rare biosphere of the original sediments (Pedrós-Alió, 2012). The microbial communities that 

responded to hydrocarbons differed between incubations amended with diesel and crude oil. 

Both hydrocarbon types, however, resulted in increases in abundance by a diverse consortium of 

Proteobacteria, mainly Gammaproteobacteria, with additional increases in Firmicutes OTUs 

(Fig. 3.8). Diesel, being a less complex mixture of hydrocarbon compounds than crude oil, had 

fewer OTUs increasing to >5% relative sequence abundance (15 OTUs) compared to crude oil 

(25 OTUs) as shown in Figure 3.9. While there were more OTUs responding to crude oil, fewer 

of them were consistently dominant among all treatment groups as opposed to the diesel-

amended microcosms. OTUs that were frequently detected in high relative abundance in 

response to diesel were affiliated with Cycloclasticus, Oleispira, Paraperlucidibaca, and 

Thalassolituus, with Oleispira responding only among diesel-amendments. Together these OTUs 

represent a diverse consortium of genera with putative capabilities of aliphatic, aromatic, and 

polycyclic aromatic hydrocarbon degradation, the main components of a typical diesel fuel 



 

73 
 
 

(Bacha et al., 2007). In crude oil-amended microcosms, OTUs affiliated to genera with known 

aliphatic and aromatic hydrocarbon degrading members (e.g. Colwellia, Cycloclasticus, 

Marinobacter, Paraperlucidibaca, Pseudomonas and Zhongshania) were the most abundant 

among most treatment groups. Pseudomonas, Zhongshania, and Colwellia responded only to 

crude oil amendment. Of the 25 OTUs shown to increase in abundance in response to crude oil, 5 

OTUs were shared among the diesel responsive consortium. More OTUs likely responded to 

crude oil because it is compositionally more complex, containing more compounds for which to 

support a greater diversity of bacteria.  

The microbial community analysis that showed increases in relative sequence abundance 

in response to diesel fuel was less diverse than the community that responded to crude oil (Fig. 

3.9). Thalassolituus (OTU 3) and Oleispira (OTUs 4 and 163), both within the order 

Oceanospirillales, were highly abundant in diesel-amended treatments, contributed most to the 

community dissimilarity of these treatments from the original sediments (Table 3.2), and likely 

played an important role in alkane degradation. During the DWH oil spill, members of the order 

Oceanospirillales were shown to dominate the oil plume (90% relative abundance) within the 

first month of the release, responding to aliphatic compounds (Hazen et al., 2010, Joye et al., 

2014; Mason et al., 2014). Oleispira OTUs showed the greatest increase in relative sequence 

abundance in response to exposure to the 1% (v/v) diesel concentration, going from “not 

detected” in the original sediment libraries to 29-53% among diesel amendments. Members of 

the genus Oleispira are aerobic, psychrophilic, obligate HCB that feed exclusively on aliphatic 

hydrocarbons and commonly respond to oil in cold marine environments (Kube et al., 2013; 

Yakimov et al., 2003). Thalassolituus OTU 3 increased from being “not detected” to highly 

abundant among all diesel-amended treatment groups, up to 57% relative sequence abundance in 

treatment HN-1%. Thalassolituus is an obligate HCB that grows almost exclusively on aliphatic 

hydrocarbons (Golyshin et al., 2013; Yakimov et al., 2004). Absence of these key aliphatic 

hydrocarbon degraders in the communities following crude oil amendment may explain why 

crude oil alkanes experienced minimal to no degradation, especially at higher crude oil 

concentrations of 1% (Fig. 3.3).  

The microbial community that increased in relative sequence abundance in response to 

crude oil was more diverse than that responding to diesel (Fig. 3.9). Crude oil-amended 
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microcosms exhibited heavy dominance by Zhongshania (OTUs 5 and 1180) and Pseudomonas 

(OTUs 9 and 12), which appear to tolerate 1% v/v concentrations of crude oil, especially after 

biostimulation, yet were absent from diesel amendments. Zhongshania OTUs increased from 

<0.04% in original sediments to 32% relative sequence abundance (Fig. 3.9). Zhongshania is a 

marine sediment bacterium known to degrade aliphatic hydrocarbons under aerobic conditions, 

and is also found in sea ice and seawater (Li et al., 2011; Naysim et al., 2014). Pseudomonas 

OTUs showed some of the greatest increases in relative sequence abundance, from “not 

detected” in original sediments to 39% in response to crude oil (Fig. 3.9). Pseudomonas is a 

diverse genus containing many species with capabilities to degrade short and long chain alkanes, 

PAHs, and BTEX compounds (Barathi and Vasudevan, 2001; Das and Mukherjee, 2007; 

Obayori et al., 2009; Wongsa et al., 2004; Wu et al., 2018). Pseudomonas may also have 

advantages for survival in cold, crude oil contaminated environments because they are classified 

as psychrophiles (Vergeynst et al., 2018) with a prevalence of multiple alkane hydroxylase genes 

(Hashmat et al., 2019). Despite Zhongshania and Pseudomonas being known to degrade alkanes, 

their absence from diesel amendments and the lack of alkane degradation within heavy crude oil 

(1%) incubations suggests that the CO2 generated within crude oil-amended microcosms was due 

to the degradation of other oil compounds by these bacteria.  

In both diesel- and crude oil-amended microcosms, members belonging to the order 

Clostridiales were identified as Clostridiisalibacter via NCBI BLAST using RNA reference 

sequences (Fig. 3.9) and as Fusibacter according to SILVA classification with MetaAmp (Fig. 

3.8). These OTUs were shown to increase in relative sequence abundance in treatment HN-1%. 

Fusibacter is a genus of anaerobic fermenting bacteria and its increase in relative abundance 

points to anoxic conditions (possibly micro niches) occurring in the sediment of the microcosms 

even when headspace gases still contained oxygen. Fusibacter paucivorans was isolated from an 

oil-producing well and shown to transform glucose to acetate by fermentation (Hasegawa et al., 

2014; Ravot et al. 1999), therefore, Fusibacter detected in this experiment might be involved in 

acetate production by fermentation and not hydrocarbon degradation.  
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3.5.2 Biostimulation as an oil spill mitigation strategy in the Labrador Sea 

 

Biostimulation is an oil-spill mitigation technology aimed at stimulating oil-degrading 

microorganisms to accelerate the recovery of ecosystems after hydrocarbon contamination. In 

this study, biostimulated treatments in both diesel- and crude oil-amended incubations exhibited 

the greatest changes in community structure and the heaviest degradation of diesel and crude oil. 

Low nutrient treatments showed the least dissimilarity and decreases in richness from 

unamended (no hydrocarbon) controls and T0 sediments and this is reflected in low CO2 

accumulations and minimal alkane degradation as result of nutrient depletion (Fig. S3.4). 

Biostimulated treatments, however, accumulated greater CO2 (Fig. 3.4) and had higher 

maximum rates of CO2 accumulation earlier during the incubations (Fig. 3.5). Biostimulation 

also led to greater alkane degradation than low nutrient treatments (Fig. 3.3), except among 1% 

crude oil amendments. Additionally, biostimulation resulted in the greatest community 

dissimilarity from original sediment communities supported by the heaviest decreases in 

observed OTUs (Fig. 3.7) and large increases in the relative abundance of putative HCB taxa 

(Fig. 3.9). This is supported by other studies that show bioremediation greatly reduces the 

diversity of the bacterial communities and results in a strong selection of specialist HCB (Head 

et al., 2006; Kasai et al., 2002b; Röling et al., 2002). 

Microbial communities of hydrocarbon-amended and biostimulated treatments in this 

study were dominated by Proteobacteria, mostly members of the class Gammaproteobacteria. In 

a study by Margesin et al. (2007) the addition of nutrients after oil contamination of soil was 

shown to facilitate the growth of some competitive microorganisms while reducing overall 

diversity. Indeed, biostimulated microcosms shared the same genera and abundant OTUs as low 

nutrient microcosms (Fig. 3.9) but exhibited greater increases in relative sequence abundance 

among Cycloclasticus, Marinobacter, Oleispira, Paraperlucidibaca, Pseudomonas, 

Thalassolituus, and Zhongshania OTUs. The combined relative abundances of these genera were 

greatest in biostimulated treatments. Since the same OTUs were found to increase in abundance 

in both high and low nutrient treatments, biostimulation was found to increase initial rates of 

biodegradation by accelerating the succession and dominance of HCB and not by selecting for an 

alternate community of responders. This rapid succession of putative HCB in biostimulated 
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treatments corresponded with earlier and higher rates of CO2 production (Fig. 3.5) with a shorter 

lag period (Fig. 3.4). A recent study by Sun et al. (2018) reported that even when dramatic 

differences in oil biodegradation were observed, the biostimulated communities were not 

significantly different from those treated with oil alone, but that nutrients rather influenced the 

timing in the succession of the responding bacterial community. Several OTUs were identified as 

increasing in abundance in response to biostimulation (Fig. 3.9) and were responsible for much 

of the dissimilarity between high and low nutrient treatments (Table 3.2), including Oleispira 

(OTU 4), Paraperlucidibaca (OTU 1), and Thalassolituus (OTU 3) among diesel amendments 

and Pseudomonas (OTU 9), Zhongshania (OTU 5), Paraperlucidibaca (OTU 1), and 

Marinobacter (OTU 7) among crude oil amendments. Cycloclasticus (OTU 8) was also found to 

respond well to biostimulation in both diesel and crude oil-amended incubations, but only in 

treatments with low hydrocarbon concentrations (0.1%). The present study found biostimulation 

increased the initial rates of biodegradation (using CO2 as a proxy with degradation confirmed 

through GC-MS) by accelerating the succession and dominance of HCB, and not by selecting for 

an alternate community of responders. 

Biostimulation resulted in a significant decrease in n-alkanes, a major component in 

crude oil and even more so in diesel fuel, in both 4°C incubation experiments (Fig. 3.3). n-

alkanes were not significantly degraded in low nutrient treatments due to rapid depletion of 

available nutrients (Fig. S3.4). Additionally, there was significantly greater CO2 production in 

biostimulated treatments than low nutrient treatments and unamended controls in both 

hydrocarbon-type incubations (Fig. 3.4). Biostimulated treatments with 0.1 and 1% diesel 

concentrations had lower n-C17/pristane ratios than low nutrient treatments, evidence that 

suggests greater degradation of diesel occurred with nutrient addition. Crude oil-amended 

microcosms similarly exhibited greater degradation with biostimulation at concentrations of 

0.1%. However, ratios of n-C17/pristane and alkanes/C30-Hopane found that no degradation 

occurred among biostimulated treatments at 1% crude oil during the incubation period (Fig. 3.3, 

S3.1, and Fig. S3.5). In fact, while incubations of both hydrocarbon-types showed similar 

significant increases in CO2 values for treatment HN-1% (Fig. 3.4 A and B), alkane degradation 

did not occur within 1% crude oil incubations. This would suggest that the degradation of crude 

oil compounds other than alkanes was contributing to CO2 generation.  
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Results from this study suggest that patterns of CO2 generation were similar between 

treatments of both hydrocarbon-type experiments, but parent compound degradation differed at 

higher hydrocarbon concentrations (1%) in biostimulation treatments. Alkane degradation 

contributed greatly to CO2 generation from diesel fuel, whereas other compounds were likely 

degraded under heavy crude oil contamination (1% v/v). It can be concluded that CO2 was 

generated from crude oil compounds in 1% treatments because a) biostimulated, hydrocarbon-

free controls showed negligible CO2 generation (Fig. 3.4 B) indicating CO2 was not generated 

from sediments alone, b) ammonium, the nitrogen source added, was the most depleted within 

crude oil treatment HN-1% (Fig. S3.4) after 28 days and therefore was being heavily utilized, 

and c) DNA concentrations were greatest in treatment HN-1%  (Fig. S3.3), indicating that die-

offs and degradation of dead cells were likely not causing the CO2 increases. Based on these 

complementary lines of evidence, crude oil was the main carbon source contributing to CO2 

generation. These results imply that under heavy crude oil contamination (1%), the microbial 

community capable of responding does so by degrading more complex compounds other than 

alkanes (C13-C32, Fig. S3.5). This is interesting since short-chain alkanes are often the first 

compounds in oil to be degraded because of their ease of catalysis by multiple pathways and 

microbial enzymes (Shao and Wang, 2013). The absence of Oleispira, the low abundance of 

Thalassolituus in response to crude oil overall, and the lack of response of Paraperlucidibaca in 

treatment HN-1% compared to treatment HN-0.1% (Fig. 3.9) may explain why these alkanes 

were poorly degraded at crude oil concentrations of 1%. These genera are known to be obligate 

HCB that target alkanes exclusively and were highly abundant in diesel-amendments. Results 

from this study suggest that high concentrations of crude oil may supress the dominance of 

certain alkane degraders within Labrador Shelf sediments and allow bacteria more tolerant of 

these concentrations to thrive and degrade compounds other than alkanes.  

There was significantly greater CO2 accumulation in biostimulated incubations, resulting 

in 4.3- and 5-times greater CO2 in 1% crude oil and diesel amendments, and 2.1- and 1.8-times 

greater CO2 in 0.1% crude oil and diesel amendments, respectively (Fig. 3.4). Low nutrient 

treatments, which were modeled after ambient nutrient concentrations present in Arctic bottom 

water, showed little difference in CO2 generation compared to their unamended controls. We 

may expect little to no degradation of hydrocarbons if spilled in this environment without 
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attempts to enhance bioremediation. Biostimulation resulted in greater initial rates of CO2 

production than microcosms with ambient nutrient levels (Fig. 3.5). It has been suggested that if 

the biodegradation rate cannot be accelerated by a factor of at least two, then biostimulation is 

not worth considering (Zhu et al., 2001). The rate for treatment HN-1% (both diesel and crude 

oil experiments) reached more than five times that of any than other treatment in the period 

between 11 and 28 days. Similar increases in rates of degradation were reported after the Exxon 

Valdez oil spill, where the addition of limiting nutrients in the form of fertilizers were added and 

shown to accelerate the initial rate of oil removal on shorelines by a factor of five or more (Bragg 

et al., 1994). In treatment HN-1%, however, both CO2 and O2 plateau or begin to plateau after 28 

days, implying little hydrocarbon degradation beyond the initial month of incubation in crude 

oil-amended microcosms. A similar effect was observed after two months in biostimulated 

microcosms amended with 1% diesel. This may be because 1) biostimulation is only effective at 

increasing the rates of hydrocarbon degradation of the most easily degraded compounds, and the 

application of nutrients becomes less effective as the polar fraction of the oil increases (Bragg et 

al., 1994), or that 2) the election acceptor O2 was sufficiently depleted and, therefore, limiting the 

degradation within microcosms.  

Indicators of succession can be utilized as a tool for assessing the success of mitigation 

strategies like biostimulation or chemical dispersal. Bacteria from the genus Cycloclasticus are 

obligate HCB known to degrade aromatic compounds and PAHs exclusively in the marine 

environment (Kasai et al., 2002a), with a recent report revealing symbionts that lacked the genes 

needed for PAH degradation and instead relied on short-chain alkanes for carbon and energy 

(Rubin-Blum et al., 2017). Cycloclasticus species were shown to succeed the microbial first 

responders after the DWH spill at periods when aromatic compounds were more abundant in the 

environment (Joye et al., 2014). In the present study, Cycloclasticus OTU 8 was most abundant 

in diesel- and crude oil-amended microcosms with 0.1% hydrocarbon concentrations, possibly 

due to the alkane fraction within these treatments being sufficiently depleted (Fig. 3.9). This 

would allow Cycloclasticus to establish itself in response to a greater abundance of aromatic 

hydrocarbon compounds remaining in the diesel or crude oil, although this would need to be 

confirmed by GC-MS analysis of the aromatic fraction. As n-alkanes are degraded, the 

community likely shifts from a mainly alkane-fueled community to a community fueled by the 
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degradation of more recalcitrant PAHs. Not only is Cycloclasticus comparatively more abundant 

in low volume spill microcosms (0.1%), but it increases in abundance with biostimulation and 

with time between 28 and 71 days. This would indicate that succession, a signal of successful 

bioremediation, is occurring more rapidly in low volume spills and noticeably with 

biostimulation. Results from this study suggest that Cycloclasticus is a good indicator of this 

succession and of successful bioremediation.  

 

3.5.3 Variability of HCB among replicate microcosms 

 

A high dissimilarity between same-treatment replicates occurred as the microbial 

community from the three original sediments responded differently to treatments (Fig 3.8). 

Röling et al. (2002) reported that the overall community response to even a single 

bioremediation treatment leads to variability among replicates. Paraperlucidibaca (OTU 1), a 

genus with members possessing the alkB gene (Viggor et al., 2015) necessary for catalyzing the 

hydroxylation of n-alkanes, responded similarly in both diesel and crude oil-amendments by 

increasing in relative abundance within microcosms inoculated by sediment core 1 only (Fig. 

3.9). This would suggest some patchiness in the distribution of certain HCB in sediments 

collected only meters away from each other. While replicates did not always resemble each other 

in terms of microbial composition (NMDS: Fig. 3.6, Genus Composition: Fig. 3.8), their 

response to hydrocarbon degradation as shown by reproducibility in Figures 3.4 (CO2 

accumulation) and Figs. 3.3 (n-C17/pristane ratio) were very similar. Thus, despite some 

differences in the enrichment of putative HCB at the OTU level between replicates, the 

functional response of the communities as a whole was similar.  

Functional redundancy is an ecological theory in which multiple species of different 

taxonomic groups can share similar roles in ecosystem function, in this case, response to an input 

of hydrocarbons. In a recent study of microbial communities within bromeliads plants, the 

functional composition of the communities was highly conserved across bromeliads while the 

taxa associated with each functional group varied strongly; taxonomic composition and 

functional composition appeared decoupled (Louca et al., 2017). A “guild” of hydrocarbon 

degraders could potentially be responding to diesel and crude oil via adaptations to the same 
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resource (e.g. alkanes) without necessarily resulting in competition between themselves 

(Simberloff and Dayan, 1991). In fact, alkane degradation is common among Oleispira, 

Paraperlucidibaca, and Thalassolituus which all exhibited heavy increases in abundance in 

response to diesel (Fig. 3.9 A). While functional redundancy and the guild theory among 

microbial communities may be possible due to a multitude of other niche aspects other than 

simply using oil as a metabolic resource (Louca et al., 2018), these theories do not support the 

phenomena by which alkanes were not degraded among biostimulated treatments with 1% crude 

oil amendment. For this particular treatment, the origin of CO2 seems to differ between 1% crude 

oil- and diesel-amended microcosms because alkanes were not equally degraded in both. If 

functional redundancy was maintained, then alkane degradation within biostimulated 1% crude 

oil microcosms should occur due to the presence of other guild members capable of alkane 

degradation. It appears that this ecological function, alkane degradation, was not redundant in 

these microcosms. Overall, with such varied community trajectories within replicates in response 

to oil, it is difficult to determine in situ response to oil spills among low abundant 

microorganisms. This will make environmental assessments of HCB taxa and their response to 

oil spills difficult to accurately predict in any particular area.  

 

3.5.4 Conclusions  

 

There are few studies that look at changes in the microbial composition of marine 

sediments in response to both hydrocarbon contaminants and biostimulation, relating this 

response to an area’s vulnerability to oil spills. Findings suggest that a hydrocarbon spill 

impacting Labrador Shelf sediments, if undispersed in concentrations of 0.1 or 1%, will rapidly 

deplete the available nutrient supply in the surrounding environment and limit the extent of oil 

degradation in this cold marine environment. Rapid nutrient depletion in the environment will 

result in minimal degradation of petroleum hydrocarbons regardless of the volume of oil spilled, 

as indicated by the lower alkane degradation among low nutrient hydrocarbon-amended (0.1 and 

1%) microcosms (Fig 3.3). While concentrations of 1% and even 0.1% v/v oil have been 

considered to be unrealistic for most open water oil spills (Prince et al., 2017), oil concentration 

can vary by spill and high concentrations may indeed occur along shorelines, on, under and 
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amidst sea ice, or at the seabed if heavy sedimentation allows for accumulation (Passow et al. 

2012). It is encouraging to see that degradation of petroleum hydrocarbons does, in fact, increase 

when nutrients are available. This is promising in that HCB within marine microbial 

communities can rapidly respond to and degrade hydrocarbons in areas where nutrient 

availability is high, such as areas of upwelling or freshwater input, or when biostimulation is 

applied as a remediation approach. 

The inclusion of diesel in this study was to demonstrate the response of sediment 

microorganisms to the threat of low-molecular weight hydrocarbons (e.g. short chain aliphatic 

and simple aromatic compounds) under cold marine temperatures. Short chain n-alkanes are 

considered toxic to bacteria due to their ability to accumulate in and disrupt cell membranes 

(Heipieper and Martínez, 2010; Van Dorst et al., 2014). Additionally, the intermediates of n-

alkane degradation (short chain alkanols less than 11 carbons in length) also have toxic effects 

on most bacteria for which some hydrocarbon degraders (e.g. Alcanivorax borkumensis) have 

shown adaptations (Naether et al., 2013). Diesel fuel contains a high volatile fraction of 

hydrocarbons and depending on the size of the spill (i.e. fuel delivery/refuel accident or small 

vessel hull breech) various natural processes such as evaporation, photooxidation, and wave 

action in combination with microbial response should allow for rapid dispersal and 

biodegradation with minimal environmental impact. Millions of liters of diesel fuel, however, are 

delivered to northern communities via sealift each year, representing a substantial threat to 

marine environments if release were to occur from large barges or tankers. Crude oil on the other 

hand contains a fraction of recalcitrant hydrocarbons that no amount of nutrient addition is likely 

to affect. Biostimulation is shown here to be successful at initially increasing the rates of 

degradation of both crude oil and diesel, but these rates eventually lower with depletion of O2 

and potantial increases in recalcitrant compounds. This is suggested as the point at which 

biostimulation is no longer required but where natural attenuation may continue (Atlas and 

Bragg, 2009). From this study, biostimulation appears successful for a period between one and 

two months after it is initiated. In order to determine the application cut-off of biostimulation in 

the field after a marine oil spill, constant assessments of oil geochemistry are required to observe 

when the polar fraction of the oil reaches 60 to 70% of the total mass (Bragg et al., 1994). 
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Results from these experiments are promising in that hydrocarbon degrading taxa are 

present in Labrador Shelf sediments and their rates and quantities of oil degradation can be 

increased through biostimulation at in situ temperatures of 4°C. Whether these results translate 

into a similar response in the environment is still unknown. Microcosm experiments have been 

the standard for testing microbial oil spill scenarios (Garneau et al., 2016; Schreiber et al., 2019), 

and many of the features observed in laboratory microcosms have been observed under field 

conditions, including selection for specific hydrocarbon degrading organisms (Head et al., 2006). 

Rates of hydrocarbon degradation are usually higher in microcosms compared to the field (Head 

et al., 2006), which may overestimate environmental response of future prediction models. 

Further studies that explore the metagenomes of these sediments and oil responsive 

communities are needed to determine which microorganisms are in fact responding to 

hydrocarbons, using what genes and metabolic pathways. Indeed, metagenomics would be 

necessary for determining what degradation pathways were present among the abundant 

consortium responsible for crude oil (at 1%) degradation, where alkanes were not shown to be 

degraded in the short time frame of the experiment. Additionally, future work should include a 

deeper analysis of GC-MS results to determine what compounds or compound classes within 

crude oil were contributing to CO2 in high concentration crude oil treatments. Greater GC-MS 

analysis in combination with metagenomics would answer questions regarding what 

microorganisms were present, what compounds were they feeding on, and what genetic 

pathways might have been involved.   

Whether biostimulation should be used as a response to spilled hydrocarbons depends on 

the spill scenario (e.g. environment, hydrocarbon type, volume spilled) and the mitigation 

resources available for response. Since nutrient dispersal in the open ocean is rapid, nutrient 

application for addressing open water slicks may not be critically necessary and may have an 

undesired side effect of promoting phytoplankton growth through eutrophication (Head et al., 

2006; Swannell et al., 1996). The general consensus has been that biostimulation is rarely 

feasible (i.e. only in instances of shoreline remediation) with the majority of recent research 

focusing on chemical dispersal for oil spill remediation (Prince et al., 2013). On the other hand, 

instances where hydrocarbons are pooled, either washed ashore or accumulated on or among ice 

sheets, may present ideal situations for biostimulation. Oleophilic forms of N and P sources 
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would be the most effective nutrient application method because they remain dissolved in the oil 

fraction and are available to oil-degraders at the oil-water interface (Nikolopoulou and 

Kalogerakis, 2008). In the event of a major spill in a remote area, the biggest challenge to 

remediation remains the response time. Chemical dispersants are considered the primary 

response for open ocean oil spills. The remoteness of the Labrador Coast introduces longer 

response times, which could lead to shoreline oiling if dispersal application is not applied 

quickly as occurred with the Exxon Valdez spill (Atlas and Hazen, 2011). Access to the 

necessary volumes of fertilizers is also a major challenge because stockpiles would need to be 

stored in remote northern locations in advance of a spill to be accessible during emergencies.  

Sinking oil and its degradation by sediment-associated microbial communities constitutes 

a considerable fraction among major spills (e.g. 25% Ixtoc: Jernelöv and Lindén, 1981, 2 to 15% 

DWH: Joye, 2015) depending on sedimentation rates (Joye et al., 2014) and the formation of 

marine oil snow (Passow et al., 2012; Passow and Ziervogel, 2016). While biostimulation may 

not be applicable to marine sediments in this context, the degradation potential of benthic 

microbial communities is important to consider. It is important to understand how these sediment 

microbial communities respond to contaminants and remediation efforts, in order to assess the 

fate of oil in areas where oil production and shipping traffic is expected to increase. This is the 

first study to uncover how microbial communities, indigenous to the Labrador marine 

environment, respond to these amendments under in situ temperature conditions.  
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Chapter 4: Comparing the diversity and activity of hydrocarbonoclastic 

bacteria in marine sediments from two subarctic locations 
 

4.1 Abstract 

 

Ship traffic in Hudson Bay and the Labrador Sea has been increasing in recent years and 

will continue to do so in response to climate change and the opening of Arctic shipping routes. 

Increases in shipping among other activities represent an oil spill risk, where the impact of oil on 

marine ecosystems and the traditional activities of local indigenous peoples are of major concern. 

To understand the effects of biostimulation on the microbial bioremediation of diesel fuel and 

crude oil spills in Canada’s subarctic, microcosm-simulated oil spills contaminated with these 

petroleum hydrocarbons and incubated at 4°C were constructed using marine sediments from 

Hudson Bay and the Labrador Sea. This study investigated the response of each sediment’s 

microbial community to these contaminants and to biostimulation. Changes in microbial 

community structure, diversity, and composition were monitored by DNA extraction, the 

amplification of 16S rRNA genes, followed by sequencing and taxonomic classifications. 

Additionally, the degradation of hydrocarbons in response to nutrient amendment was monitored 

by changes in gas compositions with GC, and through hydrocarbon extractions and analysis 

using GC-MS. Results suggested that petroleum hydrocarbons decreased microbial diversity and 

led to dominance by Gammaproteobacteria in both location incubations, where many putative 

hydrocarbonoclastic bacteria (HCB) OTUs co-occurred at both sites. Biostimulation was 

effective at significantly degrading n-alkanes in both sets of microcosms, but the Labrador Sea 

sediment microbial community responded three times faster to hydrocarbon and nutrient 

amendment, resulted in greater degradation of oil, and reached degradation rates that were twice 

as high compared to Hudson Bay sediments. These findings suggest that the Labrador Sea 

sediment community may be more responsive to oil spills and biostimulation mitigation 

strategies. The two stations share many OTUs, however, local exposures to past hydrocarbon 

seepages likely explain why the Labrador Sea community responds better in the face of 

hydrocarbon contamination and biostimulation. Overall, this study provided a first account of 

key diesel- and crude oil-degrading bacteria in this subarctic region and showed that community 

response to hydrocarbons and biostimulation is not equivalent across the Canadian subarctic.  
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4.2 Introduction 

 

 

4.2.1 Increasing oil spill risk in the Hudson Bay system 

 

Hudson Bay, located within Canada’s subarctic, is one of the world’s largest inland seas 

covering 1.23 million km² (Figure 4.1). The region is seasonally covered by sea ice with 

windows of open water starting from late May to early November (Hochheim and Barber, 2014). 

Hudson Strait to the northeast of the bay, typically covered by unconsolidated ice for much of 

the year (Hochheim and Barber, 2014), has experienced the highest increases in ship traffic in 

recent years, being a major entry point into Canada’s Arctic (Judson, 2010). Much of the 

shipping traffic entering Hudson Bay through Hudson Strait is destined for the Port of Churchill 

or for resource extraction in Baker Lake (Dawson et al., 2018), making the bay one of the most 

visited regions of Canada’s Arctic system by marine traffic. This exposure to heightened oil spill 

risk makes this subarctic region of interest for this study. With climate change lengthening the 

ice-free season (Andrews et al., 2018), ship traffic is expected to grow in response to increases in 

resource extraction (Mussells et al., 2017), longer access for community re-supply of fuel and 

good by sealift (Brooks and Frost, 2012), and a growing interest in the utilization of the Port of 

Churchill, northern Canada’s only deep-sea port. The future prosperity of Churchill will depend 

on diversifying its port exports, which may include the shipping of Alberta crude oil to markets 

outside of Canada (Montsion, 2015). 

In Hudson Bay, sea ice has been perceived in two conflicting ways, 1) as providing a 

platform for the way of life of local indigenous peoples to hunt and travel, and 2) as an obstacle 

for shipping goods and services to and from the bay and its communities (Andrews et al., 2018). 

Sea ice in Hudson Bay is essential for the survival of local wildlife, such as polar bears (Regehr 

et al., 2016), and for the livelihoods of indigenous communities that rely on the ice platform for 

winter hunting and fishing (Riewe, 1991). The supply of goods, such as fuel, is limited mostly to 

sealift due to it being a much cheaper alternative to airlift. Shippers, therefore, view sea ice as an 

obstacle and a hazard to community re-supply (Brooks and Frost, 2012). The short window of 

summer ice-free conditions, however, is expected to grow in coming years. Polar marine regions 
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will experience the greatest impact from climate warming, with Arctic temperatures currently 

increasing by a rate of 0.5°C/decade (IPCC, 2019). These temperature increases have resulted in 

changes to the sensitive nature of the local sea ice cycle within Hudson Bay. In the past 50 years, 

spring air temperatures in western Hudson Bay have increased by 2 to 3°C, resulting in sea ice 

breakup now happening three weeks earlier compared to 30 years ago (Gagnon and Gough, 

2005). This trend has been reported throughout the Canadian Arctic, with recent years 

experiencing ice free summers and an increase in ship traffic in all regions (Dawson et al., 2018; 

Pizzolato et al., 2014, 2016). In this regard, Hudson Bay is considered a bellwether for what will 

be expected for more northern regions of the Arctic if ice conditions continue to deteriorate and 

ship traffic through northern corridors becomes more common.  

Oil spill clean-up response and the effects of contaminants on the marine environment 

will be greatly impacted by Hudson Bay’s climate, remoteness, and emergency response 

infrastructure. Oil’s impact on marine wildlife and the traditional activities of indigenous peoples 

are of major concern. Local wildlife at risk include seals and polar bears that utilize the already 

waning ice platform during winter months (Stirling et al., 1999), Canada geese and migratory 

birds that feed and breed along coastal saltmarshes (Stewart and Lockhart, 2005), and the worlds 

largest concentration of Beluga whales found in the Nelson River estuary (Stewart and Lockhart, 

2005). Indigenous peoples of Cree (Eeyou Istchee and northern Ontario) and Inuit nations 

(Nunavut and Nunavik) make up the majority of the population within the more than 30 formal 

communities situated along the bay (Andrews et al., 2018). These coastal communities, where 

many obtain their food from wildlife harvested on sea ice or in the ocean (Wein et al., 1996), are 

at elevated risk of oil spill contaminants impacting their food security (Kuhnlein and Chan, 

2000).  

4.2.2 Ocean currents connecting Hudson Bay and the Labrador Sea  

 

Station comparisons of HCB for this study were made using sediments sampled from 

both the Labrador Sea, from which the microbial response to hydrocarbons and nutrient 

amendments were discussed in Chapter 3, and Hudson Bay. It is well understood that dispersal 

of marine microorganisms is controlled through the connectivity of local water masses to ocean 

circulation (Müller et al., 2014). A knowledge of the regional oceanography is, therefore, 
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essential for understanding how microbial seeding through ocean current transport, and 

immigration via sediment recruitment (Hamdan et al., 2013), shapes the distribution of these 

microorganisms in the context of Canada’s subarctic.  

In Hudson Bay, cold, saline water of Arctic-origin enters from Foxe Basin via the Roes 

Welcome Sound in the northwest (Stewart and Lockhart, 2005) (Figure 4.1). Water then flows in 

a general counterclockwise direction within the bay, where it accumulates large freshwater 

inputs from surrounding river systems, before exiting through Hudson Strait to the northeast 

(Ridenour et al., 2019). Water within Hudson Strait flows eastward along its southern shore, 

where it exits the strait to join the Labrador Sea. Here, water from Hudson Strait combines with 

Artic-origin currents flowing south from Baffin Bay to become the Labrador Current. Hudson 

Strait outflow accounts for approximately 15% of the volume and 50% of the freshwater 

transports (originating mostly from the Hudson Bay System) of the Labrador Current (Straneo 

and Saucier, 2008).  
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Figure 4.1: Geography of the Hudson Bay system and patterns of summer circulation, modified 

from Stewart and Howland (2009). Blue arrows represent areas of significant freshwater 

discharge from Baker Lake, Nelson River, and La Grande Rivière (left to right). Flow in Hudson 

Strait is in opposite directions along the two coasts, west along Baffin Island and east along 

Quebec. Water bodies indicated include Hudson Bay (HB), Hudson Strait (HS), Foxe Basin 

(FB), and Labrador Sea (LS).  

 

 

With outflow from Hudson Bay making its way to the Labrador Sea, microorganisms 

from the bay system may influence the Labrador shelf microbial seedbank. Conversely, water 

within Hudson Strait flows from the Labrador Sea towards Hudson Bay along the northern shore, 

potentially transporting microorganisms in the opposite direction. Concurrently, the 

microbiology of Hudson Bay and the Labrador Sea are potentially influenced by microbial 

transport via the transpolar current originating in the Arctic ocean (Figure 4.2). In fact, similar 

bacterial communities were found among Baffin Bay and the Canada Basin, consistent with their 

connection via water mass movements and circulation through and around the Canadian 

Archipelago (Galand et al., 2010). The microorganisms shared between Hudson Bay and 

Labrador shelf sediments will depend on microbial abundance, where the most abundant 

organisms are expected to be the most widely distributed (Nemergut et al., 2011). Additionally, 

sediment recruitment, where immigrant microorganisms are only recruited by sediments if local 

features and conditions (e.g., salinity) allow (Hamdan et al., 2013) will also play a role. With 

several connecting currents and means of microbial transport it is hypothesized that Hudson Bay 

sediments and those of the Labrador Shelf will share some cold adapted HCB while also 

possessing unique, locally attributed microbial profiles. 



 

89 
 
 

 

Figure 4.2: The complex circulation system in the Arctic. Transpolar current is shown to 

circulate Arctic-origin waters south via multiple routes, towards Hudson Bay and the Labrador 

Sea. Image courtesy of Jack Cook, Woods Hole Oceanographic Institute. Retrieved from: 

https://www.whoi.edu/know-your-ocean/ocean-topics/polar-research/arctic-ocean-circulation/ 

 

4.2.4 Objective 

 

This present study explores both the applications of biostimulation for enhanced 

microbial biodegradation of hydrocarbons in Hudson Bay, and the distribution of HCB in the 

context of Canada’s subarctic. Understanding how the sediment microbial community responds 

to oil contamination and oil spill mitigation strategies is essential for assessing the vulnerability 

of the marine environment in the event of a shipping accident in Hudson Bay. Comparisons of 

oil spill response by the microbial communities of two subarctic locations will give insight into 
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oil spill vulnerability on a larger scale and may determine whether biostimulation is an effective 

“global” response strategy within Canada’s subarctic.  

The objective of this research was to (i) demonstrate the response of oil-degrading 

microorganisms in Hudson Bay using microcosm-simulated oil spills by comparing microbial 

response to diesel fuel and crude oil under ambient and biostimulated nutrient concentrations, 

and (ii) compare Hudson Bay and Labrador Sea sediments as it relates to HCB and their response 

to hydrocarbon and nutrient amendment.  

It is hypothesized that HCB are present in Hudson Bay sediments and poised to respond 

to and degrade hydrocarbons at 4°C. Amendment with Nitrogen and Phosphorus will result in 

initial increases in the degradation of hydrocarbons when compared against ambient nutrient 

levels. Hudson Bay and the Labrador Sea are connected by ocean circulation of similar water 

masses and their sediments are hypothesized to share some hydrocarbon responsive 

microorganisms. The Labrador Shelf is known for oil slicks and potential oil reserves (Carter et 

al., 2013; Jauer and Budkewitsch, 2010) and its sediment microbial community is hypothesized 

to exhibit an increased rate of degradation when compared to the Hudson Bay sediment 

community likely due to pre-exposure of the community to regional hydrocarbon seepages.  
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4.3 Materials and methods 

 

 

4.3.1 Sample collection 

 

Sediment samples from Hudson Bay (Figure 4.3) used in incubation experiments were 

collected July 7, 2017 aboard the Canadian Coast Guard Ship Amundsen. Sediment was collected 

from three separate box cores at station 732 (55°23.339 N, 77°59.123 W) offshore of 

Kuujjuarapik, Québec in Hudson Bay. Coordinates and metadata for all samples collected are 

found in Figure 2.1 and Table 2.1. From the first box core, a push core of ~30 cm depth was 

collected and allocated into material stored at both 4°C and -80°C. Sediment and water samples 

were collected according to section 2.1.2.  

 

4.3.2 Hydrocarbon- and nutrient-amended incubations 

 

Microcosms were created as described in section 2.2 with the following modifications. 

Microcosms using station 732 sediments were set up on board the CCGS Amundsen immediately 

following collection (2017-07-08). Both diesel- and crude oil-amended microcosms were set up 

at the same time and shared the same unamended (no-hydrocarbon) controls. For all microcosms, 

40 mL of media and 10 mL of sediment inoculum were added, with on of two concentrations of 

hydrocarbons used (0.1% or 0.01% v/v; 50 or 5 µL added, respectively). All bottles were 

pressurized using 120 mL of filter sterilized air to provide enough oxygen for the duration of the 

experiment. Killed controls were sterilized once using a pressure cooker on board the ship. This 

experiment was maintained at 4°C and monitored for 241 days of incubation. Incubation time for 

station 732 experiments (241 days) was substantially longer than station 640 experiments (71 

days) in order to observe changes in microcosms amended with 0.01% hydrocarbons, a 

concentration that was not included for station 640 incubations.  
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4.3.3 Gas chromatography measurements 

 

Gas Chromatography (GC) using an Agilent 7890B gas chromatograph was used to 

monitor concentrations of O2 and CO2 within the headspace of all microcosms over the duration 

of the incubations, as described in section 2.3.  

 

4.3.4 Hydrocarbon profiles 

 

Hydrocarbon extraction via dissolution in dichloromethane (DCM) followed by analysis 

on GC-MS using an Agilent 7890B Gas Chromatograph and 5977A Mass Selective Detector at 

the PRG laboratory at the University of Calgary, was implemented as described in section 2.4.  

  

4.3.5 16S rRNA gene amplicon library preparation, sequencing and analysis 

 

Sequencing of 16S rRNA gene amplicon libraries from extracted DNA was used to 

monitor changes in community composition with hydrocarbon amendment and biostimulation 

within station 732 incubations, and used to compare the genetic fingerprints of HCB between 

stations. DNA was extracted from sediment microcosms and water samples preserved on 

membrane filters as described in section 2.6.1, and amplicon libraries were prepared as described 

in section 2.6.2. Primer pairs 341F (S-*-Univ-0341-b-S-17) and 806R (S-D-Bact-0787-b-A-20) 

were used. Libraries were sequenced using an in-house Illumina Miseq benchtop sequencing 

platform, at the EBG laboratory, University of Calgary as described in section 2.6.3, and 

analysed using MetaAmp Version 2.0 as described in section 2.6.4.  

 

4.3.6 Data and statistical analysis  

 

To compare treatment and control groups, statistics were obtained using various 

programs within R (R core team, 2019) for gas, microbial community, and hydrocarbon GC-MS 

data as described in section 2.7. Gas data analysis involved the use of pairwise t-tests and two-
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way ANOVA. To assess the difference in microbial communities, NMDS was used to visualize 

the dissimilarity, followed by ANOSIM to calculate the dissimilarity between any two groups of 

interest. Select groups with ANOSIM results that showed high dissimilarity were further 

investigated using SIMPER to understand which OTUs were contributing to the dissimilarity 

observed. Hydrocarbon GC-MS data analysis involved the use of pairwise t-tests. Venn diagrams 

were made using the R package “VennDiagram” (Chen and Boutros, 2011) to illustrate shared 

OTUs between conditions. 

 

4.3.7 Phylogeny 

 

Phylogenetic analysis of 10 putative HCB OTUs obtained through MetaAmp that were 

most abundant or co-occurred between both station incubations after addition of petroleum 

hydrocarbons were aligned using the web-based SINA aligner (Pruesse et al., 2012) and 

imported into the ARB-SILVA database SSU Ref NR 132 (Quast et al., 2013) using the ARB 

software environment (Ludwig et al., 2004). Nearest neighbors of these OTUs were determined 

by BLASTn searching (Johnson et al., 2008). A phylogenetic tree of maximum likelihood 

(phyML) was calculated using near-full-length (>1,262 bp) 16S rRNA reference sequences from 

closest cultured and some closest uncultured relatives calculated based on 1228 alignment 

positions using positional variability and termini filters for bacteria. The topology of the tree was 

validated with bootstrap support (100 re-samplings). Sequences of the HCB OTUs and their 

nearest neighbors were added to the phylogenetic tree using the ARB Parsimony function and 

applying positional variability filters for bacteria along 343 alignment positions. Phylogenetic 

trees were visualized and annotated using iTOL version 4.4.2 (Letunic and Bork, 2006). 
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4.4 Results 

 

 

4.4.1 CO2 as a proxy for hydrocarbon-driven microbial respiration in sediment microcosms 

 

The microbial response to diesel fuel or crude oil was measured by respiration activity, 

CO2 generation and O2 consumption, and used as a proxy for respiration associated with the 

degradation of hydrocarbon compounds. Figure 4.3 (Hudson Bay station 732) provides 

compositional information for CO2 the gaseous headspace of microcosms for both diesel fuel and 

crude oil-amended microcosms while O2 data is available in Figure S4.1. The three treatment 

groups (LN-0.1%, HN-0.1%, and HN-0.01%: where LN and HN refer to low or high nutrient 

concentrations, respectively, and 0.1% and 0.01% refer to the concentration of hydrocarbons 

added v/v) are compared to their unamended (no-hydrocarbon) controls.  

Panels E and F of Figure 4.3 present data for the sediment free and killed (autoclaved) 

controls and show slight increases in CO2 values between day 0 and 10, an artefact of using 3mL 

vacutainers for the collection and transportation of the T0 gas samples. Since the T0 timepoints 

for the controls are not in line with the remaining timepoints, given that they should be stable, it 

can be assumed that the measurements for T0 treatments are also different. Measurements are 

expected to be higher for CO2 within panels A and B, but this is not important when considering 

the Δ value in panels B and C because the difference between unamended controls and 

treatments would remain the same. 
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Figure 4.3: Amounts of CO2 in diesel fuel-amended (left) and crude oil-amended (right) 

microcosms incubated with station 732 (Hudson Bay) sediment over 241 days at 4°C. Data 

points represent the mean of three environmental replicate microcosms that were established 

with samples taken from three separate sediment core casts. Error bars indicate the standard 

deviation of the mean. Legend: Unamended (U), Low Nutrient (LN), High Nutrient (HN), 0.1% 

and 0.01% refer to the volume of hydrocarbons added. Panels A and B show absolute values of 

gases within the headspace of microcosms over the incubation, comparing the hydrocarbon and 

nutrient amended microcosms (solid lines) against their unamended control microcosms (dashed 

lines). In panels C and D, gas values from the unamended control microcosms have been 

subtracted from those of their corresponding treatment bottles, showing gas data attributed to 

hydrocarbon degradation by eliminating the background respiration associated with sediment-

associated substrates. The Δ in panels C and D thus represents the difference between 

unamended and treated microcosms. Panels E and F present gas data from the sediment free (SF) 

and killed (K) control microcosms, whereby no change was observed over the duration of the 

incubations.  

 

Station 732 diesel and crude oil amendments 

The treatments with the highest concentration of hydrocarbons and added nitrogen and 

phosphorous (HN-0.1%) resulted in the greatest overall increases in CO2 (mmol) over 241 days 

of incubation (Fig. 4.3 A and B) (Diesel: 0.58 mmol CO2, Crude Oil: 0.62 mmol CO2). The low 

nutrient treatments with the same hydrocarbon concentrations (LN-0.1%) did not increase as 

much (Diesel: 0.36 mmol CO2, Crude Oil: 0.40 mmol CO2). The biostimulated treatments (HN-

0.1%) had produced 1.5 (Diesel) and 1.4 (Crude Oil) times the CO2 by 241 days than that of the 

low nutrient treatment LN-0.1%.  

Nutrient amendment had a significant effect, as shown by pairwise t-tests, on the 

generation of CO2 and, possibly, the degradation of diesel and crude oil. There was no significant 

difference in CO2 values between any treatment or control group (Diesel: all comparison p-

values > 0.32, Crude Oil: all comparison p-values > 0.7) at day 0. After 241 days of incubation, 

the high nutrient treatments (HN-0.1%) had generated significantly more CO2 than the low 
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nutrient treatments (LN-0.1%) (Diesel: p-value = 0.00163, Crude Oil: p-value = 0.00334). The 

addition of hydrocarbons to sediment microcosms in combination with nutrients resulted in 

significantly more CO2 generation than nutrient addition alone. Both high and low nutrient 

treatments at 0.1% diesel or crude oil obtained significantly higher amounts of CO2 after 241 

days than their unamended (no-hydrocarbon) controls (Diesel: p-values < 0.01836, Crude Oil: p-

values = 0.00731).  

Additionally, nutrient amendment resulted in a greater initial rate of CO2 production than 

microcosms with ambient nutrient levels. High nutrient treatments at 0.1% diesel or crude oil 

gave rise to the greatest initial increases in ΔCO2 within the first 89 days of incubation in relation 

to any other treatment (Fig. 4.3 C and D). When background respiration associated with 

sediment substrates is excluded, the amount of CO2 generated by treatment HN-0.1% (Diesel: 

0.141 ± 0.064 mmol, Crude Oil: 0.172 ± 0.068 mmol) was found to be 2.4 (Diesel) and 2.2 

(Crude Oil) times greater than that of the low nutrient treatment LN-0.1% (Diesel: 0.058 ± 0.037 

mmol, Crude Oil: 0.078 ± 0.059 mmol), its greatest difference, at 89 days. The effect that 

nutrient amendment had on these rates eventually subsided, and ΔCO2 values of both high and 

low nutrient treatments at 0.1% diesel or crude oil diverged between 89 and 241 days (Diesel: 

0.13 mmol, Crude Oil: 0.16 mmol).  

Microcosms with nutrient amendment applied to a smaller volume of diesel or crude oil 

(0.01% v/v) showed no difference in CO2 generation from high nutrient unamended controls. 

The high nutrient treatments at the lower hydrocarbons concentrations (HN-0.01%) increased in 

CO2 (Fig. 4.3 A and B) by 0.47 (Diesel) and 0.45 (Crude Oil) mmol over the incubation period 

but showed no significant difference from their unamended controls (Diesel: p-value = 0.78250, 

Crude Oil: p-value = 0.95138), resulting in no change in ΔCO2 over the incubation period (Fig. 

4.3 C and D).  

The concentration of hydrocarbons and nutrients added to sediment microcosms were 

individually shown to have significantly influenced the amount of CO2 generated by the end of 

the 241-day incubation. As expected at the onset of the experiment, neither nutrient 

concentration (Diesel: p-value = 0.139, Crude Oil: p-value = 0.163), hydrocarbon concentration 

(Diesel: p-value = 0.279, Crude Oil: p-value = 0.534), nor their combined interaction (Diesel: p-
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value = 0.750, Crude Oil: p-value = 0.474) influenced the measured CO2 value when performing 

a two-way ANOVA with interaction effect on day 0 results. After 89 days of incubation 

hydrocarbons concentration was the only variable found to significantly influence the amount of 

CO2 (Diesel: p-value = 0.00651, Crude Oil: p-value = 0.00331). After 241 days both nutrients 

(Diesel: p = 4.47e-05, Crude Oil: p = 0.000283) and hydrocarbon concentration (Diesel: p-value 

= 0.00149, Crude Oil: p-value = 0.000858), but not their interaction (Diesel: p-value = 0.85482, 

Crude Oil: p-value = 0.996) significantly influenced the amount of CO2 observed.  

Sediment free and killed (autoclaved) controls that were amended with the same 

concentrations of hydrocarbons and nutrients showed no significant changes in CO2 over the 

duration of the 241-day incubation (Fig. 4.3 E and F). There were no significant differences 

between any of the killed controls or between any of the sediment-free controls at the start 

(Diesel: day 0 p-value > 0.31, Crude Oil: day 0 p-value = 0.76) or end (Diesel: day 241 p-value > 

0.06, Crude Oil: day 241 p-value > 0.06) of the experiment. There were also no significant 

differences in CO2 (Diesel: p-value = 0.16, Crude Oil: p-value = 0.23) between the same control 

groups after 10 and 241 days. These comparisons excluded day 0 results because the use of 

vacutainers lowered those values such that they were not compatible with all subsequent 

timepoints.  

 

Stations 732 and 640 comparisons 

Station 732 (Hudson Bay) and station 640 (Labrador Sea data obtained from Chapter 3 

results in section 3.3) sediment microbial communities were compared (Fig. 4.4) in terms their 

response to diesel fuel and crude oil (0.1% v/v only), under high and ambient nutrient levels 

(treatments HN-0.1% and LN-0.1%), using ΔCO2 (treatment – no-hydrocarbon control values) 

and rates of accumulation (mmol CO2/day) as proxies for degradation. 

Station 640 microcosms produced more CO2, within an earlier time interval, and at rates 

twice as high compared to station 732 (Fig. 4.4), indicating differences in the response of 

sediment communities to hydrocarbons. Trends in ΔCO2 accumulation for station 732 treatments 

were consistent between diesel and crude oil amendments, whereas station 640 experienced 

lower CO2 generation when amended with diesel compared to crude oil. For diesel-amended 
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(0.1%) microcosms, the high nutrient treatment (HN-0.1%) for station 640 generated more CO2 

than station 732 over 71 days, whereas CO2 for the low nutrient treatment (LN-0.1%) was 

similar between both stations and showed similar rates of CO2 generation (Fig. 4.4 E) over the 

same intervals of time. Crude oil-amended microcosms exhibited the greatest differences in 

ΔCO2 between stations, with station 640 showing elevated trends in ΔCO2 generation for both 

high and low treatments over the same interval of time. The amount of ΔCO2 generated by both 

nutrient treatments, for station 732 at day 89, did not even meet the levels exhibited by station 

640 treatments after only 71 days.  

During the first 10-11 days of incubation, microcosms from both experiments 

experienced a lag phase in ΔCO2 generation when amended with both diesel fuel and crude oil. 

Station 732 microcosms experienced a longer lag phase than station 640, showing no increases 

or deviation in the two treatments until after 32 days (Fig. 4.4 A and B). This extended lag phase 

for station 732 is also reflected in the rates of CO2 generation (Fig. 4.4 C and D). The highest 

rates of CO2 generation for station 640 occurred during interval 2 (11 to 28 days) whereas the 

highest rates for station 732 occurred later during interval 3 (32 to 89 days), for both diesel and 

crude oil experiments. Station 640 also yielded higher maximum rates (Diesel = 0.005, Crude Oil 

= 0.007), with station 732 maximums (Diesel = 0.002, Crude Oil= 0.003) never reaching even 

half that of station 640 maximums.  
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Figure 4.4: Panels A and B present comparisons in the ΔCO2 (treatment - unamended control) 

values of station 732 (solid lines) and station 640 (dashed lines) for high nutrient treatments HN-

0.1% (green) and low nutrient treatment LN-0.1% (black). Data from station 640 was imported 

from Figures 3.4C (diesel) and 3.11C(crude oil) of Chapter 3. Experiments for station 640 ran for 

71 days, whereas values for station 732 are presented up to 89 days for this comparison. Panels C 

through F present the rates of CO2 production (mmol/day) within four intervals of time within 

the experiments, where intervals differ slightly between stations due to different sampling 

intervals during the experiments. Intervals for station 732: 1 = day 0 to 10, 2 = day 10 to 32, 3 = 

day 32 to 89, 4 = day 89 to 241. Intervals for station 640: 1 = day 0 to 11, 2 = day 11 to 28, 3 = 

day 28 to 71, 4 = nd (no data). Panels C and D present the rate data for the treatment HN-0.1%, 

and panels E and F show the rate data for treatment LN-0.1%.  

 

4.4.2 GC-MS analysis of diesel fuel and crude oil degradation  

 

To assess the extent of diesel fuel and crude oil degradation, the n-C17/pristane ratio was 

used as a comparative measure of degradation between incubated treatment groups and non-

degraded, day-zero frozen sacrificed microcosms. The same diesel and crude oil was used for 

both experiments, therefore, ratios are comparable between the two station experiments. It is 

important to note that the two incubations ran for different lengths of time, 241 days for station 

732 (Hudson Bay) microcosms and 71 days for station 640 (Labrador Sea) microcosms.  

Nutrient amendment applied to both station microcosms was successful at significantly 

degrading both diesel and crude oil when incubated at 4°C for their respective incubation 

periods. For all four high nutrient treatments amended with 0.1% hydrocarbons (HN-0.1%), the 

ratios decreased significantly (all p-values < 0.05) relative to starting conditions at day 0 

(T0_Frozen) (Fig. 4.5). Station 732 high nutrient treatments for both diesel and crude oil were 

significantly lower than their low nutrient treatment (LN-0.1%) ratios (p-values < 0.038) but this 

was not the case for station 640 (p-values > 0.140). Station 640 microbial communities 

responded well to diesel (decreased the ratio) under both high and low nutrient conditions but did 

not respond well to crude oil in either treatment. Station 732 microbial communities, however, 
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responded well to both diesel and crude oil when amended with nutrients but not under ambient 

nutrient conditions.  

Within only 71 days, station 640 diesel microcosms obtained a similar ratio for 

biostimulated treatment (HN-0.1%) and a lower ratio for the low nutrient treatment (LN-0.1%) 

than station 732 after 241 days. With regard to biostimulated treatments this would suggest that 

the station 640 microbial community responded to diesel degradation better and more efficiently 

than that of station 732, or that both stations reached a maximum extent of degradation at or 

before 71 days of incubation in both cases. With regard to the low nutrient treatments, more 

diesel degradation occurs among Labrador Sea sediments in <1/3 of the time, as compared to 

Hudson Bay sediments. Station 640 crude oil microcosms did not show as extensive of a change 

in the ratio for the high nutrient treatment (HN-0.1%) over 71 days as was observed in station 

732 microcosms after 241 days. This suggests that station 640 microbial communities are 

responding to crude oil degradation, but that the incubations require more time to allow for crude 

oil degradation comparable to what was observed in station 732 microcosms.   
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Figure 4.5: Ratios of n-C17/Pristane used as a comparative measure of hydrocarbon degradation 

(Top = Diesel Fuel, Bottom = Crude Oil) between treatments and stations (Left = Hudson Bay, 

Right = Labrador Sea). Each bar plot represents the mean ratio of three replicate microcosms 

with error bars as standard deviation from the mean. T0_Frozen bars represent microcosms that 

were prepared and frozen at day 0 to prevent degradation, serving as a starting point for 

comparison. Station 732 microcosms were incubated for 241 days and station 640 microcosms 

were incubated for 71 days. All treatments were amended with 0.1% hydrocarbons, and either 

low nutrient (LN) or high nutrient (HN) concentrations.   
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4.4.3 Microbial community response to biostimulation after hydrocarbon amendment 

 

Diesel fuel amendments 

Microbial community structure was influenced greatly by both diesel concentration and 

nutrient concentration as revealed in a NMDS analysis (Fig. 4.6) using a Bray Curtis distance 

matrix rarefied to 12,172 sequence reads. Original libraries ranged from 12,930 to 56,550 reads. 

Associated ANOSIM statistics are provided in Table 4.1. In Figure 4.6, prior to incubation (time 

zero) both unamended (white) and a subsample of treatment (grey) microcosm communities 

clustered together and revealed a greater dissimilarity within groups than between groups (R-stat 

= -0.2593). With increasing diesel and nutrient concentration, the microbial community became 

more dissimilar to the original population after 89 days, and even more so after 241 days. At 

both timepoints 89 and 241 days, high nutrient treatment HN-0.1% was highly dissimilar from 

day 0 treatment subsamples (R-stat = 1), from its no-diesel control (U-HN) at the same 

timepoints (R-stat = 1), and from the low nutrient treatment LN-0.1% at the same timepoints (R-

stat = 1). This indicates that both diesel exposure at 0.1% v/v and nutrient stimulation influenced 

community structure and dissimilarity. The high nutrient treatment for the lower diesel 

concentration (HN-0.01%) was the least dissimilar from day 0 treatment subsamples after 89 

days (R-stat = 0.5556) and showed little change after 241 days (R-stat = 0.2593). This indicated 

that community dissimilarity shares a positive correlation with the concentration of diesel to 

which communities were exposed. Community structure of both high nutrient treatments, HN-

0.01% and HN-0.1%, changed little between 89 and 241 days (R-stat < 0.4074), whereas the low 

nutrient treatment LN-0.1% was more dissimilar between these timepoints (R-stat = 0.8519). 

This may indicate the role of nutrient amendment in the rapid recruitment of a hydrocarbon 

responsive community because degraders appear to establish and stabilize early when supplied 

with high nutrients. A grouping of all treatments of 0.1% diesel, both low and high nutrient, for 

both 89 and 241 days were significantly (p value = 0.001) dissimilar (R-stat = 0.7577) from a 

grouping of all day 0 samples. Unlike with station 640 communities that showed no change with 

nutrient addition alone (section 3.4), nutrient stimulation in the absence of hydrocarbons (U-HN) 

had a greater influence on station 732 community structure as seen by the high dissimilarity 

between low and high nutrient unamended controls at both 89 and 241 days (R-stat > 0.8889).  
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Figure 4.6: NMDS ordination plot where points are rank orders of a dissimilarity matrix 

generated using Bray Curtis with 16S rRNA gene sequences extracted from diesel-amended and 

unamended microcosms at 0 (squares), 89 (triangles), and 241 (circles) days of incubation at 

4°C. For this analysis, sequences were rarefied to 12,172 reads (original libraries ranged from 

12,930 to 56,550 reads). Treatment replicates, constituting the three original sediment casts used 

in microcosms, are similarly coloured. Group comparisons for dissimilarity based on ANOSIM 

are presented in Table 4.1. Legend: Low Nutrient (LN), High Nutrient (HN), 0.1% and 0.01% 

refer to diesel concentration (v/v). Neither nutrient nor diesel concentration contributed to 

community structure at day 0 so only a subsample of unamended (HN) or treatment (HN-0.1% 

Diesel v/v) microcosms were sequenced for the analysis. 
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Table 4.1: Group comparisons for dissimilarity between diesel-amended and unamended 

microcosms using ANOSIM. An R-stat close to 1 suggests dissimilarity between groups, 

whereas 0 suggests even distribution within and between groups (similarity). An R-stat below 0 

suggest greater dissimilarity within groups than between. 

Groups compared R-stat Significance 

Treatment subsamples T0 Unamended subsamples T0 -0.2593 1 

Treatment subsamples T0 LN-0.1% T89 0.8889 0.1 

Treatment subsamples T0 HN-0.1% T89 1 0.1 

Treatment subsamples T0 HN-0.01% T89 0.5556 0.1 

U-LN T89 U-HN T89 0.8889 0.1 

U-LN T241 U-HN T241 1 0.1 

U-LN T89 LN-0.1% T89 0.7778 0.1 

U-LN T241 LN-0.1% T241 1 0.1 

U-HN T89 HN-0.1% T89 1 0.1 

U-HN T241 HN-0.1% T241 1 0.1 

LN-0.1% 89 HN-0.1% T89 1 0.1 

LN-0.1% 241 HN-0.1% T241 1 0.1 

LN-0.1% 89 LN-0.1% 241 0.8519 0.1 

HN-0.1% 89 HN-0.1% 241 0.4074 0.1 

HN-0.01% 89 HN-0.01% 241 0.2593 0.5 

All day 0 subsamples and unamended 

samples 

All 0.1% samples, LN and HN (T89 & 

T241) 

0.7577 0.001 

 

Species richness within diesel-amended microcosms is expressed as the number of 

observed OTUs (Fig. 4.7) after libraries were rarified to 12,172 reads. The number of observed 

OTUs decreased with time in all samples, but higher nutrient and diesel concentrations resulted 

in the heaviest declines. Observed OTUs were greatest in day zero samples, before any influence 

from diesel or nutrient amendment. In the absence of diesel and high nutrients (U-LN), richness 

decreased the least with time during the incubation, coinciding with small community shifts (Fig. 

4.6). In the absence of diesel but with biostimulation (U-HN), richness decreased greatly, and 

observed OTUs were similar to that of treatments HN-0.01% and LN-0.1%, suggesting 

biostimulation in this case had similar effects as contaminant addition. The high nutrient 
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treatment HN-0.1%, exhibited the greatest decline in observed OTUs by ~4 fold, coinciding with 

the greatest community shifts observed in NMDS. In all treatments and controls, richness was 

also observed to decline with time, between 89 and 241 days. Similar to patterns in community 

structure, as diesel concentration increased, followed by nutrient concentration, there was a sharp 

decline in observed richness. The smallest library with 12,930 reads was one of the replicates of 

“T0_Unamended” and resulted in some of the highest observed OTUs, therefore, rarefication did 

not result in reduced observed OTUs. 

 

Figure 4.7:  OTU richness (observed OTUs) among all diesel-amended and unamended 

microcosms at 0, 89, and 241 days of incubation at 4°C. For this analysis, sequences were 

rarefied to 12,172 reads (original libraries ranged from 12,930 to 56,550 reads). Each box plot’s 

central band represents the median observed OTUs among replicates, where the box contains 

50% of observations, and whiskers extend to the lowest and highest datum point still within 1.5x 

the interquartile range. Groups are aligned in descending order of observed OTUs from left to 

right. Treatments are similarly coloured over timepoints 89 and 241 days. Legend: Timepoint 

(T), Low Nutrient (LN), High Nutrient (HN), and 0.1 or 0.01 refers to diesel concentration in % 
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(v/v). Neither nutrient nor diesel concentration contributed to community structure at day zero so 

only a subsample of the unamended (HN) or treatment (HN-0.1% Diesel v/v) microcosms were 

sequenced for the analysis. 

 

Crude oil amendments 

Microbial community structure was influenced greatly by both crude oil concentration 

and nutrient concentration as revealed in a NMDS analysis (Fig. 4.8) using a Bray Curtis 

distance matrix rarefied to 8,452 reads. Original libraries ranged from 8,990 to 48,088 reads but 

were rarified to the lowest read number to allow sample comparisons. Associated ANOSIM 

statistics are provided in Table 4.2. In Figure 4.8, prior to incubation (time zero) both unamended 

(white) and a subsample of treatment (grey) microcosm communities clustered together and 

revealed a greater dissimilarity within groups than between groups (R-stat = -0.2222). With 

increasing crude oil and nutrient concentration, the microbial community became more 

dissimilar from the original population after 89 days, and even more so after 241 days. At both 

timepoints 89 and 241 days, high nutrient treatment HN-0.1% was highly dissimilar from day 0 

treatment subsamples (R-stat = 1) and from its no-crude oil control (U-HN) at the same 

timepoints (R-stat = 1). High and low nutrient treatments at 0.1% crude oil, HN-0.1% and LN-

0.1%, showed little dissimilarity at 89 days (R-stat = 0.2593), and more so at 241 days (R-stat = 

0.7037); both low and high nutrient treatment communities responded more similarly to 0.1% 

crude oil than they did to 0.1% diesel. Unlike with diesel microcosms, the high nutrient treatment 

with the lower crude oil concentration (HN-0.01%) became highly dissimilar from day 0 

treatment subsamples after 89 and 241 days (R-stat > 0.8519), in addition to being highly 

dissimilar from treatment HN-0.1% (R-stat = 1). This indicates that exposure to smaller crude oil 

concentrations will still heavily influence community structure and that further exposure to 

higher concentrations will result in even greater community dissimilarity. The communities 

within treatments HN-0.1% and LN-0.1% changed little between day 89 and 241 (R-stat < 

0.4815) indicating that both treatments were well established after 89 days. A grouping of all 

treatments of 0.1% crude oil, both low and high nutrient, for both 89 and 241 days was shown to 

be significantly (p value = 0.001) dissimilar (R-stat = 0.9643) from a grouping of all day 0 and 
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unamended samples at day 89 and 241. Again, as with diesel microcosms, nutrient stimulation in 

the absence of hydrocarbons (U-HN) had a great influence on community structure as seen by 

the high dissimilarity between low and high nutrient unamended controls for both day 89 and 

241 (R-stat > 0.9259). 

 

Figure 4.8: NMDS ordination plot where points are rank orders of a dissimilarity matrix 

generated using Bray Curtis with 16S rRNA gene sequences extracted from crude oil-amended 

and unamended microcosms at 0 (squares), 89 (triangles), and 241 (circles) days of incubation at 

4°C. For this analysis, sequences were rarefied to 8,452 sequence reads (original libraries ranged 

from 8,990 to 48,088 reads). Treatment replicates, constituting the three original sediment casts 

used in microcosms, are similarly coloured. Group comparisons for dissimilarity based on 

ANOSIM are presented in Table 4.2. Legend: Low Nutrient (LN), High Nutrient (HN), 0.1% and 

0.01% refer to crude oil concentration (v/v). Neither nutrient nor crude oil concentration 

contributed to community structure at day 0 so only a subsample of unamended (HN) or 

treatment (HN-0.1% v/v Crude Oil) microcosms were sequenced for the analysis. 
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Table 4.2: Group comparisons for dissimilarity between crude oil-amended and unamended 

microcosms using ANOSIM. An R-stat close to 1 suggests dissimilarity between groups, 

whereas 0 suggests even distribution within and between groups (similarity). An R-stat below 0 

suggest greater dissimilarity within groups than between. 

Groups compared R-stat Significance 

Treatment subsamples T0 Unamended subsamples T0 -0.2222 0.8 

Treatment subsamples T0 LN-0.1% T89 1 0.1 

Treatment subsamples T0 HN-0.1% T89 1 0.1 

Treatment subsamples T0 HN-0.01% T89 1 0.1 

U-LN T89 U-HN T89 0.9259 0.1 

U-LN T241 U-HN T241 1 0.1 

U-LN T89 LN-0.1% T89 0.9259 0.1 

U-LN T241 LN-0.1% T241 1 0.1 

U-HN T89 HN-0.1% T89 1 0.1 

U-HN T241 HN-0.1% T241 1 0.1 

LN-0.1% T89 HN-0.1% T89 0.2593 0.2 

LN-0.1% T241 HN-0.1% T241 0.7037 0.1 

HN-0.01% T89 HN-0.1% T89 1 0.1 

LN-0.1% T89 LN-0.1% T241 0.1852 0.5 

HN-0.1% T89 HN-0.1% T241 0.4815 0.1 

HN-0.01% T89 HN-0.01% T241 0.8519 0.1 

All day 0 subsamples and unamended 

samples 

All 0.1% samples, LN & HN (T89 & 

T241) 

0.9643 0.001 
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Richness within crude oil microcosms is expressed as the number of observed OTUs 

(Figure 4.9), where sequences were rarified to 8,452 sequence reads. Observed OTUs decreased 

with time in all samples, but increases in nutrient and crude oil concentrations resulted in the 

heaviest declines. Observed OTUs were greatest in day zero samples, before any influence from 

crude oil or nutrient amendment. In the absence of crude oil and high nutrients (U-LN), richness 

decreased the least with time during the incubation, coinciding with small community shifts (Fig. 

4.8). In the absence of crude oil but with nutrient amendment (U-HN), richness decreased 

greatly, even more so than treatment HN-0.01%. High nutrients alone resulted greater decreases 

to observed OTUs than did exposure to 0.01% crude oil and nutrient amendment. High nutrient 

treatment HN-0.1% showed the greatest decrease in observed OTUs, a ~4-fold decrease after 241 

days, and was always lower than low nutrient treatment LN-0.1%. Similar to patterns in 

community structure, as crude oil concentration increased, followed by nutrient concentration, 

there was a steep decline in observed OTUs. The smallest library with 8,990 reads was one of the 

replicates of “T0_Treatment” and resulted in some of the highest observed OTUs, therefore, 

rarefication did not result in reduced observed OTUs. 
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Figure 4.9:  OTU richness (observed OTUs) among all crude oil-amended and unamended 

microcosms at 0, 89, and 241 days of incubation at 4°C. For this analysis, sequences were 

rarefied to 8,452 sequence reads (original libraries ranged from 8,990 to 48,088 reads). Each box 

plot’s central band represents the median observed OTUs among replicates, where the box 

contains 50% of observations, and whiskers extend to the lowest and highest datum point still 

within 1.5x the interquartile range. Groups are aligned in descending order of observed OTUs 

from left to right. Treatments are similarly coloured over timepoints 89 and 241 days. Legend: 

Timepoint (T), Low Nutrient (LN), High Nutrient (HN), and 0.1 or 0.01 refers to crude oil 

concentration in % (v/v). Neither nutrient nor crude oil concentration contributed to community 

structure at day zero so only a subsample of unamended (HN) or treatment (HN-0.1% v/v Crude 

Oil) microcosms were sequenced for the analysis. 
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Station comparisons (732 and 640) 

The microbial communities of both station 732 (Hudson Bay) and 640 (Labrador Sea) 

sediment microcosms were influenced greatly by origin of the sediment inoculum, hydrocarbon 

and nutrient concentration, with putative hydrocarbonoclastic bacteria (HCB) as the main 

contributors to dissimilarity between geographic locations. This was revealed in a NMDS 

analysis (Fig. 4.10) using a Bray Curtis distance matrix rarefied to 6,106 reads. Original libraries 

ranged from 6,548 to 89,088 reads. Only treatments with 0.1% hydrocarbon addition, HN-0.1% 

and LN-0.1%, were included in the analysis and compared between locations. Associated 

ANOSIM statistics are provided in Table 4.3 in addition to SIMPER results in Table 4.4. 

Together, these statistical methods revealed that the top OTUs that contributed most to 

dissimilarity between geographic locations were identified as putative HCB.  

 

Figure 4.10: NMDS ordination plot where points are rank orders of a dissimilarity matrix 

generated using Bray Curtis with 16S rRNA gene sequences extracted from diesel and crude oil-

amended and unamended microcosms from both station 732 (Hudson Bay) and 640 (Labrador) 

experiments. For this analysis, sequences were rarefied to 6,106 sequence reads (original 

libraries ranged from 6,548 to 89,088 reads). Station 640 samples are clustered at the top of the 
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NMDS plot, whereas station 732 cluster at the bottom. A dashed line is used to delineate this 

compositional separation. Squares are samples taken at day 0 for both stations, triangles for day 

28 (station 640) and day 89 (station 732), and circles for day 71 (station 640) and day 241 

(station 732). Solid filled markers indicate crude oil (C) microcosms and hollow markers indicate 

diesel (D) microcosms. For station 640, there are unamended samples for both diesel and crude 

oil because these experiments ran separately with their own unamended controls. Station 732 has 

one set of shared unamended controls. Treatment replicates, constituting the three original 

sediment casts from each station, are similarly coloured within their experiment. Legend: Low 

Nutrient (LN), High Nutrient (HN), 0.1% refers to the hydrocarbon concentration (v/v). Neither 

nutrient nor hydrocarbon concentration contributed to community structure at day 0 so only a 

subsample of unamended (HN) or treatment (HN-0.1% hydrocarbon v/v) microcosms were 

sequenced for the analysis. 

While the microcosm communities from both station experiments exhibited similar trends 

with time and amendment to hydrocarbons and nutrients, the origin of the sediment dictated the 

underlying community structure throughout the incubations and resulted in a visible separation 

of the two stations and their samples in a NMDS analysis (Fig. 4.10). The time zero treatment 

(grey) and unamended (white) samples of each station cluster together, and these “T0 clusters” 

are highly dissimilar between stations (R-stat = 1), indicating a high structural difference in the 

community composition of the two origin sediments. Overall, Hudson Bay station 732 treatments 

experienced a greater divergence throughout the incubation from the original community, due 

possibly to its longer incubation time (241 days) than that of station 640 (71 days), allowing for 

more dissimilarity. This could explain why the high nutrient unamended controls (U-HN: red 

circles) for station 732 became so dissimilar from other unamended controls at 241 days, 

whereas the 71-day incubation for station 640 microcosms resulted in little change in U-HN 

dissimilarity from other controls. All samples from each station were combined to form two 

station groups, where ANOSIM comparison revealed significant moderate dissimilarity (R-stat = 

0.5346, Significance = 0.001). Moderate dissimilarity implying some shared OTUs between 

stations as was shown in Table 4.4 (e.g. OTUs 1 and 3 have high average abundance in 

treatments from both stations). Station comparisons between the same treatments over similar 

timepoints (T71 for 640 and T89 for 732) revealed high significant dissimilarity (R-stat > 
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0.9111, Sig. = 0.004) explained by the major compositional differences of key OTUs presented 

in Table 4.4. SIMPER was used to calculate the contribution of each OTU to the dissimilarity 

observed between two groups, allowing for identification of the OTUs that were most important 

in creating the observed pattern in the NMDS analysis. When comparing all diesel- and crude 

oil-amended treatments between stations, OTUs 1, 3 and 4 were dominant primarily in Labrador 

(640) microcosms, and OTUs 12, 21 and 7 were dominant primarily in Hudson Bay (732) 

microcosms, and together these six OTUs explained more than 25% of the dissimilarity between 

the two stations. In fact, in all the SIMPER comparisons presented in Table 4.4, OTUs 1 

(Paraperlucidibaca), 3 (Cycloclasticus), 4 (Thalassolituus), and 14 (Marinobacter) are mostly 

prominent in Labrador 640 microcosms, whereas OTUs 7 (Pseudomonas), 12 (Pseudomonas), 

13 (Oleispira), and 23 (Pseudomonas) are prominent in Hudson Bay 732 sediments, and explain 

the majority of the dissimilarity between the station microcosms.   

Table 4.3: Group comparisons for dissimilarity between diesel- and crude oil-amended and 

unamended microcosms from both station 732 and 640 using ANOSIM. An R-stat close to 1 

suggests dissimilarity between groups, whereas 0 suggests even distribution within and between 

groups (similarity). R-stat below 0 suggest greater dissimilarity within groups than between. 

Highlighted rows show ANOSIM dissimilarities that were further investigated with SIMPER, 

results of which are presented in Table 4.4 under the same highlighted colour.   

Group comparisons R-stat Significance 

Labrador all samples Hudson Bay all samples 0.5346 0.001 

Labrador T0 Hudson Bay T0 1 0.001 

Labrador all unamended Hudson Bay all unamended 0.9475 0.001 

Labrador all HN-0.1% Hudson Bay all HN-0.1%  0.8656 0.001 

Labrador all LN-0.1% Hudson Bay all LN-0.1%  0.8743 0.001 

Labrador all 0.1% treatments Hudson Bay all 0.1% treatments 0.8242 0.001 

Labrador all diesel treatments Hudson Bay all diesel treatments 0.8981 0.001 

Labrador all crude treatments Hudson Bay all crude treatments 0.9556 0.001 

Labrador T71 all treatments Hudson Bay T89 all treatments 0.8606 0.001 

Labrador T71 all crude 0.1% Hudson Bay T89 all crude 0.1% 0.9973 0.004 

Labrador T71 all diesel 0.1% Hudson Bay T89 all diesel 0.1% 0.9111 0.004 
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Table 4.4: Summary of SIMPER results for ANOSIM dissimilarities highlighted in Table 4.3. In 

order, the columns report the ANOSIM dissimilarity R-stat, OTU#, the closest BLAST search of 

the NCBI database for reference RNA sequences at the genus level, average contribution to 

overall dissimilarity, standard deviation of contribution, average abundances1 in each compared 

group (highlighted to emphasise what group contributed more to that OTU’s dissimilarity), and 

cumulative contributions. Colours of the left bar match to the ANOSIM comparison in Table 4.3: 

comparison of all hydrocarbon amended treatments (green), comparison of all crude oil-amended 

treatments for one timepoint (orange), comparison of all diesel-amended treatments for one 

timepoint (blue). Within each of the SIMPER results, the top six contributors to dissimilarity are 

listed as these OTUs explain at least 25% of the dissimilarity between each of two groups.  

ANO- 

SIM 

OTU# BLAST ID AVG SD AA1 – 

Hudson 

Bay 

AA1 – 

Labrador 

Cumulative 

R-stat =  

0.8242 

1 Paraperlucidibaca 5.2e-02 6.0e-02   118.750  624.682   0.063 

3 Cycloclasticus 4.2e-02 5.1e-02   349.292 421.682   0.114 

4 Thalassolituus 3.3e-02 3.8e-02   45.542 396.636 0.154 

12 Pseudomonas 2.2e-02 3.5e-02   270.625    0.636   0.181 

21 Lutibacter 2.0e-02 2.4e-02   247.583   10.636   0.230 

7 Pseudomonas 1.9e-02 6.3e-02   236.250    0.000   0.253 

R-stat = 

0.9973 

 

3 Cycloclasticus 7.2e-02 7.8e-02   0.33 878.0   0.088 

1 Paraperlucidibaca 6.6e-02 4.2e-02   0.17 805.4   0.169 

14 Marinobacter 4.1e-02 4.6e-02   1.67 505.4   0.220 

7 Pseudomonas 3.8e-02 8.5e-02   466.33    0.0   0.267 

13 Oleispira 2.8e-02 5.9e-02   347.00    0.2 0.302 

23 Pseudomonas 2.7e-02 1.6e-02   372.67   88.0   0.334 

R-stat = 

0.9111 

 

4 Thalassolituus 6.3e-02 4.0e-02   0.00 764.00   0.079 

1 Paraperlucidibaca 4.8e-02 5.3e-02   317.50 431.67   0.139 

12 Pseudomonas 2.9e-02 3.5e-02   358.33    0.17   0.176 

17 Alkalimarinus 2.6e-02 2.3e-02   354.17   44.83   0.208 

3 Cycloclasticus 2.3e-02 1.9e-02   215.50 347.17   0.237 

41 Litorivivens 2.3e-02 2.4e-02 278.67    0.17   0.265 
1Average abundances are based off the original relative sequence abundance of each OTU in 

sample 
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For the purpose of identifying the most abundant OTUs in the microcosms of both 

stations that are most likely associated with hydrocarbon degradation and biostimulation, select 

criteria were applied to all non-rarefied/unsubsampled OTUs as presented in section 2.7.3. These 

OTUs are presented in Figure 4.11-A (diesel) and -B (crude oil), highlighting the changes in 

relative sequence abundance for the treatments LN-0.1% and HN-0.1% for both stations.  
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Figure 4.11: A (diesel) and B (crude oil). Bubble plots of the most abundant OTUs in each 

treatment group (LN-0.1% and HN-0.1%) following the selection criteria for Hudson Bay 

microcosms at 89 days and Labrador Sea microcosms at 241 days. In both Figures A and B, 

OTU identities are the same because all 16S rRNA sequences were included in the same 

MetaAmp submission, from which these Figures were generated. The size of the bubble 

indicates the relative sequence abundance (%) of each OTU in each sample. Replicates are 

ordered in the same sequence from left to right for each treatment. In Figure B, LN-0.1% for 

station 640 at day 71 contains only two replicates (1 and 2). Missing bubbles signify that there 

were no reads associated with a given OTU in that library. OTU identifications are based on 

BLAST searches of the NCBI database for reference RNA sequences using 16S rRNA gene 



 

119 
 
 

amplicon sequence data, paring hits with the most similarly matched genus. Legend: low nutrient 

(LN), high nutrient (HN).  

 Station 732 and 640 sediment microcosms share many of the same OTUs when exposed 

to hydrocarbons, many of which are putative HCB (Fig. 4.11). This is interesting because the 

two station communities were shown to be quite different and show high dissimilarity as 

revealed by an NMDS analysis (Fig. 4.10), yet these communities show similarity in what OTUs 

respond to hydrocarbons. Results from Figure 4.11-A and -B corroborate the results acquired 

through SIMPER (Table 4.4) and reveal not only what OTUs are contributing to the 

dissimilarities between timepoints, treatments, oil types, and stations, but what OTUs are shared 

and common between these groups as well.  

 

Community response to diesel fuel 

In diesel-amended microcosms, there were 16 OTUs identified as “rare” in day 0 

unamended samples that became highly abundant after exposure to the fuel. The greatest 

increases in relative sequence abundances occurred among OTUs 1 (Paraperlucidibaca: 36%), 

and 4 (Thalassolituus: 23%) in station 640 microcosms, and 12 (Pseudomonas: 16%) in station 

732 microcosms. Few OTUs were unique to a single station, including Pseudomonas (OTUs 291 

and 3494) in station 732 microcosms and OTUs 4 (Thalassolituus) and 718 (Oleispira) from 

station 640. Two OTUs, 21 (Lutibacter) and 15 (Sulfitobacter), were detectable across the board 

in all timepoints, treatments, and replicates for both stations. Some OTUs responded to diesel 

amendment but were not detectable in any day 0 replicates, including OTUs identified as 

Pseudomonas, Oleispira, and Arenicella. There were also many instances in the dataset where an 

OTU was undetectable in a microcosm in the day 0 library yet became largely abundant at the 

later timepoint. Together these findings highlight how zero detection should not be considered as 

an “absence” but instead reflect how low-abundant taxa are often missed due to detection limits 

of amplicon sequencing studies. Overall OTUs 12, 291, 3494 (Pseudomonas) and 41 

(Litorivivens) were most responsive in station 732 microcosms. OTUs 4 (Thalassolituus), 90, 

112 (Porticoccus) and 718 (Oleispira) were most responsive in station 640 microcosms. The 

remaining OTUs showed similar response to diesel in both station microcosms, including 1 
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(Paraperlucidibaca), 13 (Oleispira), and 3 (Cycloclasticus). Even though OTUs 1 and 3 

responded similarly to diesel in both station microcosms, these OTUs still contributed to the high 

dissimilarity observed between stations as shown in SIMPER Table 4.4. 

 

Community response to crude oil 

In crude oil-amended microcosms, 20 OTUs were identified as “rare” in day 0 

unamended samples that became highly abundant after exposure to the crude oil. The greatest 

increases in relative sequence abundances occurred among OTUs 7 (Pseudomonas: 46%), and 13 

(Oleispira: 32%) in station 732 microcosms, and 3 (Cycloclasticus: 44%) and 1 

(Paraperlucidibaca: 27%) in station 640 microcosms. All 20 OTUs were present in at least one 

replicate for station 732, even 4 (Thalassolituus) appeared in one sample present at 4% relative 

sequence abundance despite being undetectable in diesel microcosms for station 732. Of the 20 

OTUs, three were unique to station 732, 79 (Pseudomonas), 52 (Dasania), and 39 

(Pseudohodobacter). As with diesel microcosms, 15 (Sulfitobacter) was detectable in all 

timepoints, treatments, and replicates for both stations. 79 (Pseudomonas) was the only OTU not 

detectable in either stations’ day 0 samples, yet still responded to crude oil through increases in 

relative sequence abundance. Overall, Pseudomonas (OTUs 7, 12, 23 and 79), 39 

(Pseudohodobacter), 13 (Oleispira), 52 (Dasania), and 50 (Arcobacter) were most responsive to 

crude oil in station 732 microcosms. OTUs 3 (Cycloclasticus), 14 (Marinobacter), 54 

(Paraglaciecola), 1 (Paraperlucidibaca), and 5269 (Pseudomonas) were most responsive in 

station 640 microcosms. The remaining OTUs showed similar response to crude oil in both 

station microcosms, including 25 (Zhongshania), 37 (Neptunomonas), and 31 (Marinifilum). 

 

Community differences following crude oil and diesel amendment 

 Crude oil amendments resulted in 20 OTUs responding through increases in their relative 

abundance compared to 16 OTUs in response to diesel. Of these OTUs that increased in 

abundance, OTUs 4 (Thalassolituus), 15 (Sulfitobacter), 3 (Cycloclasticus), 13 (Oleispira), 1 

(Paraperlucidibaca) and 50 (Arcobacter) were shared/common among crude oil and diesel fuel. 
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For all the many Pseudomonas OTUs that were shown to respond, primarily for station 732, only 

OTU 12 was abundant in both hydrocarbon amendments, whereas OTUs 23, 5269, 7, and 79 

responded more to crude oil with 291 and 3494 responding to diesel. This may speak to the 

diversity of Pseudomonas and this genus’ response to hydrocarbons. Nine other OTUs were 

unique in their response to crude oil, including 8 (Amphritea), 52 (Dasania), 14 (Marinobacter), 

31 (Marinifilum), 37 (Neptunomonas), 54 (Paraglaciecola), 39 (Pseudohodobacter), 18 

(Siansivirga), and 25 (Zhongshania). Seven other OTUs responded only to diesel, including 17 

(Alkalimarinus), 718 (Oleispira), 90 and 112 (Porticoccus), 48 (Arenicella), 41 (Litorivivnes), 

and 21 (Lutibacter).  

 

Community differences between nutrient concentrations 

Nutrient amendment in the presence of hydrocarbons did not result in sweeping increases 

in the relative abundance of the hydrocarbon responsive community as predicted. Some OTUs of 

well documented HCB did show consistent increases in relative sequence abundance among 

replicates in high nutrient treatments (HN-0.1%) than low nutrient treatments (LN-0.1%), 

including: 13 (Oleispira), 1 (Paraperlucidibaca), 3 (Cycloclasticus), 14 (Marinobacter), 

Porticoccus (OTUs 90 and 112), and Pseudomonas (OTUs 12, 23, and 3494). Other OTUs, 

however, showed decreases in relative abundance in response to nutrient amendments, including: 

718 (Oleispira), 4 (Thalassolituus), 52 (Dasania), 54 (Paraglaciecola), and 7 (Pseudomonas).  

 

4.4.4 Hydrocarbonoclastic bacteria in the Canadian subarctic 

 

Hudson Bay (732) and Labrador Sea (640) sediment microcosms shared a large number 

of detectable OTUs, both in unamended (no hydrocarbon added) sediments and even after 

incubation with diesel fuel and crude oil. Station 732 microcosms together contained more OTUs 

than station 640 microcosms; 5,975 vs 4,613 (unamended) and 4,517 vs 2,658 (hydrocarbon-

amended) respectively (Figure 4.12). Without hydrocarbons, 51% (732) and 66% (640) of OTUs 

co-occurred in both station sediments, dropping to 37% and 63%, respectively, after incubations 

with hydrocarbons. Despite these OTU declines with hydrocarbon exposure, both stations still 
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shared a large portion of co-occurring OTUs (1,680) after amendment. Interestingly, Hudson 

Bay hydrocarbon-amended microcosms contained 461 OTUs, and Labrador Sea hydrocarbon-

amended microcosms contained 230 OTUs that were not originally present in the unamended 

sediments. Of these OTUs, 46 were found in common between the two station hydrocarbon 

amendments that were not detected at all in unamended sediments, highlighting how rare and 

undetectable OTUs can not only respond to hydrocarbon contamination but can be far reaching 

in their geographic extent.  

 

Figure 4.12: Venn Diagram generated from nonsubsampled OTU counts from Hudson Bay (red 

and blue) and Labrador Sea (green and yellow) microcosms, highlighting shared OTUs between 

stations and amendments. “Unamended” ovals combined OTU counts from all day zero 

microcosms (nine each station) whereas “Hydrocarbon-Amended” microcosms combine OTU 

counts from all 89 day (Hudson Bay) or 71 day (Labrador Sea) microcosms (12 each station) to 

which hydrocarbons (both diesel fuel and crude oil) were added at 0.1% v/v. Sequence reads in 

these original libraries ranged from 6,548 to 44,640 reads.  
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Putative HCB that responded to crude oil and diesel fuel in both station incubations were 

present in the environmental sediment samples from which microcosms were inoculated and also 

in surface waters and heavily in bottom waters along the Hudson Strait transect connecting 

stations. This would suggest that members of the hydrocarbon responsive community are 

ubiquitous within this subarctic region. 4,741 OTUs were detected in this sample dataset (Fig. 

4.13), with raw sequence reads ranging from 4,810 (Sample:732 Sed_3) to 146,108 (Sample:640 

Sed_1) in the original libraries. OTUs classified by SILVA as Oleispira, Porticoccus, and 

Colwellia are shown to be cosmopolitan HCB commonly detected in the waters of Hudson Strait 

(Fig. 4.1), often in the sediments of either station, and in high relative abundance in response to 

hydrocarbons during incubations. OTUs classified as Cycloclasticus, Thalassolituus, and 

Zhongshania also exhibited large increases in relative abundance in response to hydrocarbons 

but were not detected in any environmental sediment or water sample. Three individual OTUs 

identified as Woeseia were found to be particularly abundant in uncontaminated sediments and 

commonly present in bottom water. Other OTUs identified as Formosa, Ilumatobacter, 

Ulvibacter were detected in every single sample, both environmental and experimental, and 

highlight three cosmopolitan OTUs found throughout the marine environment.  
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Figure 4.13: Heatmap of the square root of OTU relative sequence abundances from sediment 

(SED), bottom water (BW), surface water (SW), and sediment microcosms amended with diesel 

fuel or crude oil. Genus names at the top are individual OTUs identified to that genus according 

to SILVA via MetaAmp. Station numbers listed on the far left are ordered according to the 

transect shown in Figure 4.3, leading from Hudson Bay station 732 to Labrador Sea station 640. 

The number of the MiSeq run from which a sample’s amplicons were sequenced is listed to the 

far right, followed by the number of raw sequence reads for that library. Crude oil and diesel fuel 

amendments at the bottom left are average abundances from triplicate microcosms. 

Hydrocarbon-amended samples were taken at 89 days for station 732 and 71 days for station 

640. The square root of the abundance values was used to generate a greater spread in the colours 

for values below 1 because this is where the majority of the data fell. All values of 0 were shaded 

white, whereas all higher values ranged between blue (0.001) and red (17.764) according to the 

scale. These OTUs are grouped according to the four categories discussed in the text.  

 

The HCB identified in this study are closely related to cultured bacteria and 

environmental sequences from marine sediments, seawater, and sea-ice found globally 

suggesting that putative HCB from this study may have broad habitats other than sediments 

restricted to the Canadian subarctic (Fig. 4.14). OTU 25 for example, closely related to 

Zhongshania, has been identified from sediment, water, and sea-ice in both polar regions and 

temperate ecoregions in addition to being responsive to crude oil at both study locations. Of the 

10 OTUs featured in Figure 4.16, six are closely related to bacteria found associated with 

petroleum contamination or enrichments (OTUs 31, 3, 7, 37, 4, 13), for example OTU 13 

(Oleispira) is closely related to seawater and sea-ice bacteria enriched with crude oil. Six OTUs 

are closely related to bacteria found in either the Arctic or Antarctic ecozones (OTUs 31, 25, 1, 

14, 37, 13) where OTUs 13 (Oleispira) and 14 (Marinobacter) have close relatives only in these 

polar regions. Eight OTUs were also found to be closely related to bacteria with more temperate 

to tropical ranges (OTUs 31, 3, 25, 1, 7, 37, 4, 718), where OTU 3 (Cycloclasticus) is closely 

related to bacteria in Gulf of Mexico sediments and those associated with the DWH spill. 

Interestingly, OTU 1 (Paraperlucidibaca) was found closely related to P. piscinae of a 

freshwater eutrophic pond, suggesting an affinity for high nutrients and an explanation for why 
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this OTU has higher abundances in microcosms that received nutrient stimulation (Fig. 4.14). 

These relationships suggest that some HCB can be globally dispersed yet restricted to habitat 

types, for example due to temperature restrictions, whereas others appear poised to respond to 

marine oil spills at any latitude. 
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Figure 4.14: Phylogenetic tree (maximum likelihood) of annotated 16S rRNA gene sequences 

from 10 putative HCB OTUs (in bold red) that group within the phylum Bacteroides (one OTU) 

or the phylum Proteobacteria (nine OTUs all affiliated with the Gammaproteobacteria). For 

each OTU, closest cultured relatives (bold blue), uncultured relatives (black), and nearest 

neighbors (NNOTU: identified by BLASTn searching with percent identity ranging from 98.6 

and 100%) are included. Bootstrap values greater than 80% after 100 re-samplings are indicated 

by black circles at the nodes. Boxes to the right of the HCB OTUs indicate the station where the 

OTU occurred in at least one replicate at >5% relative sequence abundance when treated with 

diesel fuel (brown drop) or crude oil (black drop) after 71 (station 640) or 89 (station 732) days 

of incubation. An empty drop indicates that the OTU was not identified or <5% abundance for 

that hydrocarbon type and station. The scale bar indicates 10% sequence divergence as inferred 

by PhyML. 
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4.5 Discussion 

 

 

4.5.1 Hudson Bay sediment community response to hydrocarbon amendment and 

biostimulation 

 

Ship traffic in Hudson Bay has been increasing in recent years (Dawson et al., 2018) and 

will continue to do so in response to a lengthening of the ice-free season in the bay (Andrews et 

al., 2018; IPCC, 2014). These increases in shipping and other activities represent a spill risk, 

where the impact of oil on marine wildlife (Stewart and Lockhart, 2004) and the traditional 

activities of local indigenous peoples are of major concern (Andrews et al., 2018; Kuhnlein and 

Chan, 2000). Although policies and safety measures are being modified to safeguard these 

environments, the remoteness, cold temperatures, and logistics of reaching the subarctic present 

unique challenges; fueling the question, who will respond to oil in the event of a spill? To answer 

this and assess the vulnerability of Hudson Bay to diesel fuel and crude oil spills in the marine 

environment, this study determined the response of a sediment microbial community to 

hydrocarbon contaminants and to biostimulation as a response strategy using microcosms 

incubated at 4°C.  

 

Hudson Bay microbial community response to petroleum hydrocarbons  

The sediment microbial community from station 732 responded to crude oil and diesel 

contamination in two ways: 1) through changes to its structure that saw decreases in observed 

diversity as putative HCB increased in relative abundance and dominated the community after 

the hydrocarbon exposure, and 2) through the degradation of both diesel fuel and crude oil as 

revealed through changes in gas composition and decreases to the internal n-C17/pristane ratio in 

hydrocarbon-amended microcosms. 

In response to both diesel and crude oil amendment at ambient nutrient levels 

(environmental condition), the sediment microbial community experienced a shift (Fig. 4.6 and 

4.8) associated with declines in observed diversity (Fig. 4.7 and 4.9) and increases in the relative 

abundance of putative HCB (Fig. 4.11). Microbial communities in soils and sediments respond to 
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oil contamination often resulting in decreases in microbial diversity and richness with increasing 

petroleum concentrations (Jiao et al., 2016; LaMontagne et al., 2004; Vinas et al., 2005). The 

results of the current study show species richness, measured as observed OTUs, decreases with 

increases to the concentration of hydrocarbons added in microcosms (e.g., from 0.01% to 0.1% 

v/v, Fig. 4.7 and 4.9). Additionally, the concentration of hydrocarbon significantly influenced 

how much CO2 was produced, suggesting increases in hydrocarbon concentration was met with 

increases in its degradation, a promising result.  The negative correlation observed between 

diversity and hydrocarbon concentration may occur due to, 1) toxic effects of oil and 

biodegradation products on sediment microbial community members resulting in die-offs 

(Röling et al., 2002), or 2) growth and an increase in the relative abundance among HCB to the 

point where many of the original sediment OTUs are undetectable such that diversity only 

appears to be reduced. In the marine environment we may expect that biodiversity after an oil 

spill is in fact maintained or at least quickly re-established and that the OTU loss observed in 

incubations was an artefact of the limitations associated with closed system microcosms. In fact, 

diversity has been shown to re-establish after oil perturbation (Röling et al., 2002). In any case, a 

decrease in observed OTUs was met with increases in the relative abundance of many members 

of Gammaproteobacteria in addition to Bacteroidales. 

Previous studies have reported on the dominance of Gammaproteobacteria as a 

characteristic of bacterial communities inhabiting environments contaminated with petroleum 

compounds (Hazen et al., 2010; Hernandez-Raquet et al., 2016; Greer et al., 2014; Yakimov et 

al., 2007). Indeed, this was observed in the present study where hydrocarbon-amended 

incubations (after 89 days) were dominated by members of the class Gammaproteobacteria that 

were rare (the genus Moritella had the highest abundance among all Gammaproteobacteria 

genera identified as HCB in T0 samples with 0.13%) or even undetectable (e.g. Thalassolituus) 

in the environmental sediments or unamended controls. Dominant bacterial genera were 

Pseudomonas, Oleispira, Shewanella, Zhongshania, Moritella, and Neptunomonas in crude oil-

amended microcosms, and Pseudomonas, Paraperlucidibaca, Alkalimarinus, Shewanella, 

Cycloclasticus, Colwellia, and Moritella in diesel fuel amended microcosms. In addition to these 

Gammaproteobacteria, OTUs affiliated with Marinifilum and Lutibacter within the phylum 
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Bacteroidetes exhibited notable increases in relative abundance following exposure to 

hydrocarbons.  

Pseudomonas showed the greatest increases in relative sequence abundance (from 0.02 to 

20%) in response to hydrocarbons and had the greatest variety of OTUs increase to > 5% (5 for 

crude oil, 2 for diesel, and 1 common to both). This diversity highlights the versatility of 

Pseudomonas in the degradation of petroleum hydrocarbons, a genus containing many species 

with capabilities to degrade short and long chain alkanes, PAHs, and BTEX compounds from 

diesel and crude oil (Barathi and Vasudevan, 2001; Das and Mukherjee, 2007; Obayori et al., 

2009; Wongsa et al., 2004; Wu et al., 2018). In a study by Vergeynst et al. (2018), the genus 

Pseudomonas was classified among psychrophilic hydrocarbon degraders, which may explain 

the high prevalence of Pseudomonas in response to hydrocarbons during 4°C incubations. 

Pseudomonas species may have advantages for survival in crude oil contaminated environments 

due to the prevalence of multiple alkane hydroxylase genes (Hashmat et al., 2019). The results of 

this study suggest that Pseudomonas was present and actively degrading hydrocarbons in both 

diesel and crude oil-amended microcosms.  

Oleispira showed major increases in relative sequence abundance (from 0.006 to 11%) in 

response to crude oil with a single OTU (13), with minimal change in response to diesel. This 

OTU shared 100% identity with Oleispira antarctica using reference RNA sequences of NCBI 

BLAST (Johnson et al., 2008). Oleispira antarctica is an obligate HCB with metabolism 

restricted to linear and branched aliphatic, saturated and non-saturated hydrocarbons, and has 

physiological features typical of psychrophilic organisms (Kube et al., 2013; Yakimov et al., 

2003). OTU 13 (Oleispira), as discussed below, is common throughout the Canadian subarctic 

locations studied here, and found at low abundance not only in sediments but also in bottom 

water (Fig. 4.13). Oleispira antarctica is common in cold, deep oceans and has strategies for oil-

spill mitigation in cold environments (Kube et al., 2013). The genus has been detected at high 

latitudes (Yakimov et al., 2007, Gontikaki et al., 2018) not only in marine sediments and sea 

water, but also at low abundance within sea ice (Greer et al., 2014), suggesting Oleispira may be 

positioned to respond to oil spills in a variety of environments, including spills on, in or 

underneath sea-ice. With such a ubiquitous nature in its distribution and response to oil, 

Oleispira is suggested as a robust bioindicator for seawater contaminated by petroleum in cold 
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water environments (Krolicka et al., 2019). The results of this study suggest that Oleispira was 

present in Hudson Bay sediments and responding to crude oil. 

Ratios of n-C17 to pristane suggested that alkane degradation was not occurring in either 

diesel or crude oil-amended microcosms in the absence of biostimulation (Fig. 4.5). Results 

pertaining to CO2 accumulation tell a different story, and when used as a proxy for hydrocarbon 

degradation, hydrocarbon-amended microcosms (both diesel and crude oil) had significantly 

higher concentrations of CO2 than unamended controls, suggesting that the presence of 

hydrocarbons led to enhanced respiration consistent with their biodegradation. Microbial 

communities were drastically different from the controls, suggesting that the increases in CO2 

did not result from metabolic activities of the same, original sediment community responding to 

more carbon substrate, but rather reflect development of a community that was metabolically 

very different and involved in hydrocarbon biodegradation. The significant increases in CO2 are 

likely the result of hydrocarbon degradation since the microbial community responding at 

ambient nutrient concentrations was representative of a hydrocarbon degrading consortium, i.e. 

large increase in Pseudomonas, Oleispira and other putative HCB, and not one involved in the 

degradation of necromass. 

 

Biostimulation as an oil spill mitigation strategy in Hudson Bay 

Biostimulation is an oil-spill mitigation technology aimed at stimulating oil-degrading 

microorganisms to speed the recovery of ecosystems after contamination. In the present study 

while biostimulation did not influence which OTUs responded to hydrocarbons it did result in a 

more rapid succession of those that responded, resulted in the greatest community dissimilarity 

from unamended sediments (Fig. 4.6 and 4.8), and the largest decreases in observed diversity 

among treatments (Fig. 4.7 and 4.9). Similar decreases in microbial community diversity with 

nutrient amendment have been reported by Röling et al. (2002). Biostimulation resulted in 

greater hydrocarbon degradation than low nutrient treatments over 241 days of incubation, 

revealed by significantly reduced n-C17/Pristane ratios and significantly higher CO2 values (Fig. 

4.3 and 4.5). More interestingly, biostimulation did indeed increase the initial rates of CO2 
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generation during the first 89 days of incubation (Fig. 4.4) despite a divergence in the amount of 

CO2 between the two treatments by the end (241 days) of the experiment.  

As previously discussed, 89-day communities in all hydrocarbon-amended microcosms 

were dominated by Proteobacteria (mostly members of the class Gammaproteobacteria, with 

some Alphaproteobacteria and Epsilonproteobacteria) as well as Bacteroidetes. Nutrient-

amended microcosms shared many of the same genera and high-abundance OTUs that were 

observed in low nutrient microcosms (Fig. 4.11 and 4.12). However, the combined relative 

abundances of putative HCB were greatest following biostimulation (Fig. 4.11). A recent study 

by Sun et al., (2018) showed that even when dramatic differences in oil biodegradation were 

observed, the biostimulated communities were not significantly different from those treated with 

oil alone, and nutrients simply influenced the succession of the responding bacterial community. 

Some genera in this study did exhibit increases of >5% relative sequence abundance after 

biostimulation, including Oleispira (+11.3%), Paraperlucidibaca (+10.0%), Alkalimarinus 

(+6.5%), and Lutibacter (+6.0%) but these increases could not be tied directly to biostimulation. 

In a study by Margesin et al. (2007) nutrient addition to oil contaminated soil was shown to 

facilitate the growth of some microorganisms while reducing overall diversity. Interestingly, 

OTU 1 (Paraperlucidibaca) had consistently higher relative abundance in response to nutrient 

amendment to both station sediments (Fig. 4.11). This Paraperlucidibaca was found to be 

closely related to bacteria isolated from a eutrophic pond (Fig. 4.14), which may suggest an 

affinity for high nutrients and a greater capacity to degrade hydrocarbons under nutrient 

amendment.  

GC-MS analysis revealed that n-C17, and essentially all n-alkanes – major components of 

crude oil and diesel fuel – were not significantly degraded in ambient nutrient treatments due to 

rapid depletion of available nutrients. Biostimulation with nutrients, however, resulted in a 

significant decrease in n-alkanes relative to pristane in diesel- and crude oil-amended 

microcosms after 241 days at 4°C (Fig. 4.5). This study finds that nutrient addition stimulated 

the biodegradation process of the hydrocarbon responsive microbial community. This finding is 

corroborated by a plethora of laboratory experiments and field studies reporting nitrogen and 

phosphorus addition as an effective means to increase the rates of hydrocarbon degradation for 

the improvement of habitat quality after an oil spill (Atlas and Bartha, 1972b; Crisafi et al., 2016; 
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Head et al., 2006; Leahy and Colwell, 1990; Lee, 2000; Röling et al., 2002; Varjani and Upasani, 

2017; Sun et al., 2018). While most laboratory studies have conducted experiments at 

temperatures (> 20°C) much higher than what is encountered in the marine environment, the 

current study found significant hydrocarbon degradation occurred at 4°C due in part to response 

by indigenous, cold adapted HCB such as Oleispira. 

Biostimulation resulted in a peak of ΔCO2 production at 89 days where CO2 values were 

2.2 (crude oil) to 2.4 (diesel) times greater than low nutrient treatments (Fig. 4.3). This is 

interesting because CO2 production in high nutrient treatments peaked earlier, yet both high and 

low nutrient treatments reached the same level of CO2 by the end of the incubation at 241 days. 

This finding suggests that the applicability of biostimulation to mitigate spilled oil is limited. 

Indeed, biostimulation is only effective as long as easily degradable compounds are available 

(Bragg et al., 1994). Whether biostimulated or not, the end result of degradation is the same, only 

faster through nutrient addition. This was reported after the Exxon Valdez oil spill, where the 

addition of limiting nutrients in the form of fertilizers accelerated the initial rate of oil removal 

on shorelines by a factor of five or more (Atlas, 1991; Bragg et al., 1994). Rates of CO2 

generation (Fig. 4.4) were fastest in microcosms following biostimulation (0.002 to 0.003 mmol 

CO2/day) between 32 and 89 days, much faster than the low nutrient maximum (0.001 mmol 

CO2/day). Nutrient amendment, therefore, must allow for a rapid recruitment of a hydrocarbon 

responsive community in order to see such a response. To support this, the present study found 

that nutrient-amended microcosms experienced less dissimilarity with time than low nutrient 

microcosms, suggesting hydrocarbon degraders (i.e. Pseudomonas, Oleispira, and 

Paraperlucidibaca) establish early and stabilize more rapidly within the community when 

nutrients are readily available. 
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4.5.2 Hydrocarbonoclastic bacteria and their response to hydrocarbons in the Canadian 

subarctic 

 

Biostimulation application in the Canadian subarctic 

Sediment microbial communities from both stations, 732 (Hudson Bay) and 640 

(Labrador Sea), responded to diesel and crude oil when biostimulated with nutrients and 

incubated at 4°C. The station 732 microbial community, however, was slower and less effective 

in its response to hydrocarbons despite sharing many of the same OTUs as station 640. Using 

CO2 as a proxy for hydrocarbon degradation, station 640 not only responded quicker to 

contaminants, as seen by increases in CO2 after 11 days as opposed to after 32 days (station 732), 

but yielded higher levels of CO2 after biostimulation over the same interval of time (Fig. 4.4). 

This lag phase, which is associated with the 1-2 week period proposed to be required for oil 

degraders to go from undetectable to abundant in response to oil (Head et al., 2006), appears to 

be longer for the station 732 sediment community. In addition, the maximum rate of CO2 

generation for the biostimulated treatment of station 640 occurred at an earlier time interval (11-

28 days) than for station 732 (32 - 89 days), with rates twice as high.  

Degradation of alkanes as represented specifically by decreases of n-C17 in relation to 

pristane, was significant in biostimulated treatments for both station incubations for both diesel 

and crude oil. Since the degradation profiles between stations were taken at different timepoints 

(732: 241 days, 640: 71 days) only some conclusions could be made. Firstly, both station 

incubations exhibited significant decreases in the ratios of biostimulated treatments with regard 

to low nutrient treatments, suggesting that nutrient stimulation does result in enhanced alkane 

degradation at both stations (Fig. 4.5). Secondly, while station 640 microcosms displayed higher 

increases in the amount CO2, they exhibited lower degradation ratios for crude oil after 71 days 

than station 732 after 241 days. This is likely due to the longer incubation time allowing for 

greater degradation of crude oil within station 732 microcosms and is not a reasonable 

comparison of the two station hydrocarbon profiles for crude oil. Lastly, despite having a shorter 

incubation time of 71 days, station 640 diesel-amended microcosms had a similar ratio for its 

biostimulated treatment and a lower ratio for its low nutrient treatment than station 732 after 241 

days. This would suggest that the sediment microbial community of station 640 requires less 
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time after biostimulation to attain a similar reduction in alkanes from diesel fuel, as corroborated 

from CO2 data.  

Ambient nutrient levels proved sufficient to allow partial degradation of diesel fuel in 

station 640 microcosms, whereas station 732 incubations exhibited no change in alkanes with 

low nutrients. The diesel-amended low nutrient treatment (LN-0.1%) for station 640 was the 

only low nutrient treatment to exhibit significant biodegradation according to n-C17/pristane 

ratios. This may be explained by the high relative abundance of OTUs 718 (Oleispira) and 4 

(Thalassolituus) because they were heavily abundant in the low nutrient treatment and not the 

biostimulated treatment for this station, and completely absent from the responsive community 

of station 732. In fact, OTU_718 (Oleispira) was the only OTU that was completely unique to 

station 640 while OTU_4 (Thalassolituus) was responsible for most of the dissimilarity between 

the two stations’ diesel amendments. As discussed earlier, Oleispira is an obligate, cold water 

hydrocarbon degrader and this particular OTU (718) matched to the species Oleispira lenta 

(BLAST of reference RNA sequences), which is known to prefer aliphatic hydrocarbons (Wang 

et al., 2012) and as shown by this present study may be adapted to alkane degradation in nutrient 

deficient environments.   

The two location sediment microbial communities were significantly dissimilar (R-stat = 

1, p-value = 0.001) from the start (Fig. 4.10). These sediments, however, responded similarly to 

hydrocarbon contaminants through a) decreases in observed diversity and b) increases in the 

relative abundance of similar OTUs in response to hydrocarbons (Fig. 4.7, 4.9, and 4.11). What 

is notably different between stations is the response time to hydrocarbons and biostimulation, 

with station 640 responding faster and with greater overall degradation. Key players from the oil 

degrading community associated with succession can be used as indicators of a more rapid 

response to oil. Cycloclasticus, an obligate HCB, is known to degrade aromatic compounds and 

PAHs in the marine environment (Kasai et al., 2002) and was a secondary responder after the 

DWH spill (Joye et al., 2014) in response to aromatic compounds (Mason et al., 2014). In fact, 

OTU_3 (Cycloclasticus) was found to be closely related to bacteria in Gulf of Mexico sediments 

and those associated with the DWH spill (Fig. 4.14). This genus can be used as an indicator of a 

later stage of degradation because increases in its relative abundance follow changes in the 

composition of spilled oil (Head et al., 2006). In the current study, OTU_3 was found to be 
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heavily abundant in station 640 microcosms amended with crude oil at 71 days and almost 

absent in station 732 microcosms at 89 days (Fig. 4.11). These differences in the response of 

OTU 3 contributed most to the dissimilarity between the two station’s crude oil microcosms 

(Table 4.4). This would suggest that station 640 microcosms reached a later stage of degradation 

long before station 732 microcosms. A recent genome and transcriptome study by Rubin-Blum et 

al. (2017) discovered a Cycloclasticus symbiont of deep-sea gas and oil seep invertebrates that 

lacked the genes needed for PAH degradation and instead relied on short-chain alkanes for 

carbon and energy. While free-living Cycloclasticus are primarily noted as degraders of aromatic 

hydrocarbons, without accurate GC-MS time series monitoring of the changes in aliphatic and 

aromatic hydrocarbons in relation to each other and the increases in abundance of Cycloclasticus, 

it cannot be soundly confirmed if the differences in abundance of OTU 3 between stations was in 

fact due to this state of hydrocarbon degradation.  

The microbial community of station 640 responded earlier to hydrocarbon contaminants 

by as many as 20 days, with higher rates of degradation. Prior exposure of microbial 

communities to hydrocarbons has been linked to increases in hydrocarbon degradation rates and 

earlier response (Leahy and Colwell, 1990). It is likely that the Labrador Sea community has 

been previously exposed to oil from seep systems in the area (Carter et al., 2013; Jauer and 

Budkewitsch, 2010). This previous exposure in the Labrador Sea is not evident from 

comparisons of the hydrocarbon responding microbial community between stations since they 

share many of the same responding OTUs, albeit at different abundances. It is important to note 

that microbial biogeography needs to be considered as a function of taxonomic resolution 

(Salazar and Sunagawa, 2017). The ability to detect the role of historical factors, such as past 

hydrocarbon exposures, on microbial communities requires more sensitive taxonomic resolution 

than standard 97% OTU definitions (Hanson et al., 2019). In this study, OTUs were grouped 

based on this 97% sequence identity standard using partial 16S rRNA gene sequences. Future 

work regarding HCB would benefit from the use of a 100% sequence identity using exact 

sequence variants (Callahan et al., 2017) recovered from high-throughput sequencing, whereby 

these “amplicon sequence variants” (ASV) are detected through recent methods (e.g. DADA2: 

Callahan et al, 2015). Using ASVs with recent methods may provide a more robust analysis of 

the diversity at different sediment locations across the subarctic, providing insights into historical 
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exposures of these communities to oil seepages currently unresolved with OTU clustering 

methods.  

The findings from the present study are important for future oil spill response predictions 

and policy implementation because they suggest the sediment microbial communities from these 

two subarctic locations, while sharing many of the same first responders to oil, do not respond 

identically to hydrocarbon contaminants or to biostimulation. The purpose of biostimulation is to 

increase initial rates of degradation, to eliminate the bulk of easily degraded hydrocarbon 

compounds from the environment quickly, and thus reducing exposure of the ecosystem to 

heightened toxicity. Biostimulated oil degradation is not equally applicable across this subarctic 

shipping route, considering the station 732 sediment community took three times longer (32 days 

compared to 11) to noticeably respond to hydrocarbon and nutrient stimulation, and resulted in 

less degradation than the station 640 community. To inform future vulnerability maps and 

policy, a much broader and in-depth assessment of the region should be made using a 

combination of ASVs and deeper sequencing to examine marine baselines for key oil degraders. 

This study suggests that areas of pre-exposure to natural hydrocarbon seepages may be primed 

for response and are also likely to be at highest risk of future spills by oil and gas developments 

(e.g. Labrador Sea). This has large implications in the successful utilization of biostimulation as 

an oil spill mitigation strategy in the Arctic as a whole because bioremediation is not similarly 

applicable in all cold marine environments. 

 

Rare hydrocarbonoclastic bacteria 

Determining the distribution of microorganisms and their response to oil contamination is 

important because the distribution of HCB in the Canadian subarctic will allow for more 

informed decision-making regarding ecosystem vulnerability and response options to spilled oil. 

The immigration of HCB via water currents and recruitment by local sediments is suggested as 

an explanation for the similarity of the oil degrading communities between stations 732 and 640, 

separated by over 1800 km of ocean. Results revealed that putative HCB taxa (e.g. Oleispira and 

Porticoccus) found in high abundance within oiled incubations were also detected in low 

abundance within water samples along Hudson Strait, consistent with the theory that marine 
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microorganisms are transported via ocean currents (Hamdan et al., 2013) among connected water 

masses in the Arctic (Galand et al., 2010). It was hypothesised that both stations shared some 

OTUs when responding to hydrocarbon contaminants, due either to immigration from the 

Transpolar Current, the Hudson Strait, or both. This hypothesis is supported because the majority 

of OTUs found to respond to hydrocarbons, increasing from <1% relative sequence abundance in 

unamended sediments to > 5% after amendment, were shared between stations. Indeed, of the 29 

OTUs that responded to hydrocarbon-amendment in both sediments (Fig. 4.11), 23 responded to 

hydrocarbons to some extent in microcosms from both stations, 4 OTUs responded to 

hydrocarbons in one station yet were still detected in unamended sediments from the other, and 2 

OTUs were not detected at all from libraries of the other station (0 reads in any sample from the 

other station): OTU_718 (Oleispira) in station 640 microcosms and OTU_52 (Dasania) for 

station 732.  

Interestingly, hydrocarbon-amended microcosms from both station incubations together 

contained 645 OTUs that were not originally detected in the unamended sediments. Even though 

most of these OTUs did not experience major increases of relative abundance (>5%), they 

represent a fraction of rare OTUs that still responded to hydrocarbon exposure. These 

observations are likely not the result of contamination because both killed and sediment-free 

control microcosms showed no detectable DNA present when analyzed (Qubit concentration). 

Instead these OTUs were present and undetectable in the sediment and responded (increased in 

abundance) only in the face of oil and diesel fuel amendment. Of these OTUs, 46 were found in 

common between the two station hydrocarbon amendments and indicate how very rare OTUs 

that respond to hydrocarbons can co-occur in sediments across these distances without being 

detected. This finding contrasts with the idea that the only organisms expected to be widely 

distributed among environments are those that are most abundant (Nemergut et al., 2011). The 

rare biosphere was integral to the microbial response to hydrocarbon contaminants in both 

incubations. Definitions of rarity, however, can influence how deeply the HCB community is 

explored. Cut-offs for HCB OTUs were set to include only those with <1% relative abundance in 

time-zero sediments that increased to >5% during oiled incubations, resulting in 29 OTUs. In 

reality the responding OTUs ranged in their “rareness” from 0.002% (or undetectable) to 0.7% in 

time-zero sediments. In fact, fewer OTUs met the criteria when cut-offs were increasingly 
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stringent, e.g. a 0.1% cut-off in T0 sediments resulted in 20 OTUs, and 0.01% resulted in only 4 

OTUs including OTUs 718 (Oleispira), 291 (Pseudomonas), 4 (Thalassolituus), and 52 

(Dasania). In this study, a consideration of rareness of <1% relative abundance allowed for a 

larger detection of HCBs, where no responding HCB was found to be more than 0.7% abundant 

at T0.  

The present study examined whether the community similarity of the two stations may 

have been the result of microbial transport and sharing of these rare OTUs between stations 

among the Hudson Strait waterway. OTUs classified as Oleispira, Porticoccus, and Colwellia 

were all detected in the waters of Hudson Strait (Fig. 4.13), in some instances within the 

sediments of either station and in high relative abundance in response to hydrocarbons. These 

OTUs are shown to be ubiquitous along this subarctic region and response to hydrocarbons. The 

Oleispira OTU is closely related to Oleispira antarctica, a robust bioindicator for seawater 

contaminated by petroleum in cold water environments due to its ubiquitous nature at high 

latitudes (Krolicka et al., 2019). The detection of Porticoccus in high abundance among surface 

water samples is interesting because this genus was discovered in recent years from the 

phycosphere of marine eukaryotic phytoplankton (Gutierrez et al., 2012). Evolution of HCB in 

response to utilizing the hydrocarbons produced by phytoplankton has been suggested (Lea-

Smith et al., 2015). Evidence suggests that Porticoccus, which was abundant among diesel 

incubations only, exhibits high abundance in surface waters where it may be utilizing the alkanes 

(C15 and C17) reported to be produced by phytoplankton (Lea-Smith et al., 2015). Porticoccus, 

therefore, may represent a key responder to diesel spills not only among sediments as shown in 

incubations, but also at the ocean surface along Hudson Strait where phytoplankton are expected 

to occur in vast numbers in the photic zone of the upper ocean. Other OTUs classified as 

Cycloclasticus, Thalassolituus, and Zhongshania, while exhibiting heavy increases in relative 

abundance in response to hydrocarbons in both station incubations, were not detected in any 

environmental sediment or water sample. This would suggest that HCB not detected in the 

environment with current detection limits are not necessarily absent from the environment. These 

rare taxa that are obviously present yet not detected have made microbial endemism difficult to 

confirm. Rare taxa that are not detected in a sample even when present at the location will falsely 
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suggesting a more restricted distribution (Hanson et al., 2012) when in fact these organisms have 

wide dispersal.  

One particular genus, Woeseia, within the class Gammaproteobacteria, was found to be 

particularly abundant in uncontaminated sediments and commonly present in bottom water along 

Hudson Strait. As suggested by Nemergut et al. (2011), the abundance of this genus in the 

sediments likely contributed to its wide dispersal, or at least made its detection easier. Woeseia 

was first isolated from coastal sediments and described as a facultative, chemoheterotrophic 

anaerobe (Du et al., 2016). The family Woeseiaceae/JTB255 (of which Woeseia belongs) has 

been shown to be the most abundant in diverse marine sediments (based on 16S rRNA gene 

sequences) with a broad range of energy-yielding metabolisms with unknown ecological 

functions (Mußmann et al., 2017). Recently Woeseia was reported from deep-sea sediments and 

through metagenomics was found to contain a nearly complete repertoire of genes for degrading 

BTEX compounds, and aliphatic and aromatic hydrocarbons (Bacosa et al., 2018). The high 

abundance of this genus in sediment and its potential to degrade hydrocarbons make this an 

interesting organism for future study because while it could make for an interesting contributor 

to oil degradation in sediment, it was not enriched in hydrocarbon-amendments in this study. 

Woeseia is heavily abundant in sediments and can be considered analogous to hydrocarbon 

degraders found in high abundance within sediments surrounding hydrocarbon seep systems 

(LaMontagne et al., 2004), where degraders too may benefit from bottom water currents for 

global distribution. Microbial studies commonly find evidence for ubiquitous distribution among 

the few most abundant taxa, and restricted distribution with the remaining majority (Pommier et 

al., 2007). With highly abundant organisms such as Woeseia detected in bottom waters, and with 

rare HCB not always detected initially until after incubations with hydrocarbon, it is likely that 

rare HCB are similarly transported and heavily distributed via bottom water currents within the 

subarctic. This may explain the high similarity in the response of rare taxa to hydrocarbons 

between the two stations of this study.  

This study suggests that current-associated distribution of both high and low abundant 

organisms may occur but that OTUs can still show restrictions to broad habitats such as the 

subarctic. For example, Oleispira antarctica has previously been shown to be limited to cold 

water environments at high latitudes (Yakimov et al., 2007). In fact, OTU 13 (Oleispira), which 
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is closely related to Oleispira antarctica, had only close relatives isolated from these polar 

regions as shown in Figure 4.14. Similarly, the present study has found Alcanivorax to be utterly 

lacking in its response during hydrocarbon-amendments despite its prevalence among other oil 

incubation studies (Cappello et al., 2007; Kasai et al., 2002), indicating a similar restriction, yet 

to warmer waters. This is not in opposition to Nemergut et al. (2011) that found the majority of 

microorganisms to be restricted to broad habitat types, suggesting a pattern of limited 

distribution.  

 

4.5.3 Conclusions  

 

Overall, this study provided a first account of key crude oil- and diesel-degrading bacteria 

and their response to biostimulation in sediments of Hudson Bay, an area of increasing ship 

traffic and growing resource extraction. What is notably different between the microcosms 

established with sediments from Hudson Bay and Labrador Sea stations is the response time to 

hydrocarbons and biostimulation, with station 640 sediments responding faster and with greater 

overall degradation. Patterns of similar increases in abundance among HCB between both station 

incubations indicate that rare OTUs in the environment may be cosmopolitan in the Canadian 

subarctic due to connecting waterways such as the Hudson Strait. To obtain a conclusive 

understanding of microbial ocean transportation and the ubiquitous nature of these HCB in the 

subarctic, a broader study capturing water and sediment communities from more locations with 

deeper sequencing is necessary. A future study to determine environmental factors in local 

sediments that promote recruitment of HCB would also be interesting because the use of 

sediment signatures could be useful for informing microbial response in the wake of a spill. 

While Hudson Bay and the Labrador Sea share many HCB, local historical factors such as past 

exposures to hydrocarbons may strongly influence a region’s biodegradation capacity and a 

higher taxonomic resolution using ASVs is suggested for future work.  
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Chapter 5: PCR primer pair comparisons for the detection of HCB in the 

baseline of marine environments  

 

 

5.1 Abstract 

 

Environmental baselines make it possible to monitor the effects of environmental change, 

document anthropogenic perturbations, and measure recovery after environmental disturbances. 

Microbial biodiversity baselines, however, are rarely established in regions at-risk of oil spills 

and a lack of this information has made it challenging for the scientific community to assess the 

recovery of the environment after major events such as the 2010 Deepwater Horizon oil spill. 

Identifying hydrocarbon degrading bacteria in the environment in advance of an oil spill for 

vulnerability assessments, recognizing community changes in response to contaminants, and 

using microbial data for diagnosing pollution sources are all ways in which microbial 

biodiversity baselines can and should be used in future environmental assessments. The objective 

of this study was to improve the detection of hydrocarbonoclastic bacteria (HCB) in the marine 

environment by selecting the most suitable PCR primers for future baseline development in 

regions at-risk of oil spills. Three Illumina MiSeq compatible primer pairs, A (341F/806R), B 

(341F/785R), and C (515F/806R), were assessed based on how well they detected 13 HCB 

groups as well as overall alpha diversity (Shannon diversity and species richness) within marine 

environmental samples and hydrocarbon-amended incubations. Primer pair C (515F/806R) 

captured the highest alpha diversity in environmental samples but detected the fewest OTUs 

among only six of the 13 HCB taxa in environmental samples. Primer pairs A (341F/806R) and 

B (341F/785R) both captured similar Shannon diversity and species richness among 

environmental samples and incubations. Primer pair A (341F/806R), however, detected 10 of the 

13 genera with a greater diversity of OTUs among environmental samples and is suggested as 

the preferred choice among those tested for assessing environmental baselines in areas at-risk of 

oil spills, i.e., where detection of aerobic HCB taxa is required for best possible vulnerability 

assessments. 
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5.2 Introduction 

 

 

5.2.1 The necessity for microbial biodiversity baseline development  

 

An environmental baseline is the collection of data used to capture a current state of 

parameters or conditions of a particular environment (e.g. microbial community composition 

within marine sediment), to be used as a reference in the face of sudden changes to that 

environment (i.e. anthropogenic developments, natural disasters etc.) and for monitoring changes 

that are too slow to be sensed directly (e.g. atmospheric rise in CO2). Baselines make it possible 

to monitor the effects of environmental change, document anthropogenic perturbations, and 

measure recovery after environmental disturbances. Of interest for this study, a lack of microbial 

biodiversity baselines has made it challenging for the scientific community to assess 

environmental recovery after major oil spills such as the 2010 Deepwater Horizon (DWH) (Joye, 

2015) and the 1989 Exxon Valdez (McNutt, 2014) events. The DWH incident has drawn 

attention to the necessity of more detailed baseline descriptions of naturally occurring microbial 

communities and their hydrocarbonoclastic bacteria (HCB) using high-throughput sequencing in 

at-risk areas (Cordes et al., 2016). These baselines continue to be lacking from the environmental 

assessment protocols of many industries globally, including the offshore oil and gas industry of 

Newfoundland and Labrador (AMEC, 2014; Paine et al., 2014). Exploitation of earth’s resources 

without monitoring of our actions and their consequences cannot be continued sustainably, and 

as stated by John Magnuson (1990), “Operating Space Ship Earth blind to the invisible present is 

unacceptable”.  

 

Environmental impact assessments are commonplace among oil and gas operations and 

required at the onset of most major projects. These often entail baseline descriptions of the 

environment with mitigation strategies in place for response to environmental impacts (Cordes et 

al. 2016). These baseline descriptions involve key bioindicator species, organisms used to screen 

the health of the natural ecosystem in the environment (Parmar et al., 2016). In the Labrador Sea, 

current environmental assessments used for monitoring regions of future oil production rely on 

sediment quality, water quality, and survival tests among biological factors known as “Valued 
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Environmental Components” (VECs) for assessment of environmental impact from oil pollutants 

(DeBlois et al., 2014; Sikumiut, 2008). VECs include certain invertebrates, fish, and marine 

birds that have societal value and are used heavily as indicators of oil pollution (Camphuysen 

and Heubeck, 2001; LGL Ltd. 2003; Suchanek, 1993; Van der Oost et al., 2003). The methods 

involved in collecting and processing this restricted group of organisms is often expensive, time 

consuming, and imprecise; with results offering only a simple binary diagnostic (impacted/non-

impacted) of the environment (Baird and Hajibabaei, 2012).  

 

The advent and advancement of next-generation sequencing (NGS) technologies (Quail 

et al., 2012) was a game changer for monitoring environmental diversity (Sogin et al., 2006). 

Studying microorganisms from the marine environment, their ecological roles in ocean 

biogeochemical processes, and their sensitivities to pollutants is now a more practical monitoring 

tool for the development of environmental baselines. These technologies in combination with 

16S rRNA gene taxonomic profiling methods have become easier, cheaper to use, and more 

reliable for informing environmental assessments than standard methods (Godoy-Lozano et al., 

2018; Tan et al., 2015). Microbial baseline data, including community composition and diversity, 

is important to collect prior to an environmental disaster in order to recognize ecosystem impacts 

and to monitor for recovery. Without this information, assessing acute and chronic impacts after 

a pollution event is nearly impossible (Joye, 2015). Changes in microbial community diversity 

and composition not only indicate that pollutants are present but can also be used as a tool for 

pollution diagnostic assessment because particular taxonomic groups (e.g. hydrocarbonoclastic 

bacteria) respond to particular pollutants (e.g. hydrocarbons) (Baird and Hajibabaei, 2012). In a 

study by Smith et al. (2015), statistical analysis of 16S rRNA gene data amplified from natural 

microbial communities in wastewater was used to accurately identify environmental 

contaminants such as uranium. Identifying hydrocarbon degrading bacteria in the environment in 

advance of an oil spill for vulnerability assessments, recognizing community changes in response 

to contaminants, and using microbial data for pollutant diagnostics are all ways in which 

microbial biodiversity baselines can and should be used in future environmental assessment. 

 

The DWH event resulted in an unprecedented discharge of hydrocarbons into the open 

ocean and remains the largest and most studied oil spill in American history (Murphy et al., 
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2016). A lack of basic assessment data made it difficult to track the ecological, environmental, 

and human impacts in the spill’s aftermath, including knowledge gaps in a) oil discharge rates, b) 

direct measurements of oil degradation rates, c) sedimentation rates, and d) microbial community 

baselines from regular long-term monitoring (Joye, 2015). In 2010 at the time of the spill, 41 

offshore oil rigs were active in the Gulf of Mexico (GoM); in 2019 there are more than 150 rigs 

in operation. Undertaking to discover and subsequently produce oil and gas from increasingly 

deeper water ecosystems without sufficient baseline information in the GoM and globally 

presents major challenges for environmental management (Cordes et al., 2016). Legislation to 

assess and monitor the deep-sea has not kept up with offshore oil and gas development 

worldwide, with most jurisdictions having minimal requirements for monitoring programs. 

Initiatives such as the Deep-Ocean Observing Strategy are attempting to fill major knowledge 

gaps regarding deep-sea microbial communities, such as how might natural and anthropogenic 

variations in climate and anthropogenic activities influence their functional importance (Levin et 

al., 2019). 

 

A simple understanding of microbial biodiversity in seawater and sediments of areas with 

oil development is highlighted as a key knowledge gap from oil producing regions globally 

(Turrell et al., 2014). The compilation of adequate microbial environmental baselines for all 

regions at risk is noted as a top priority for future oil spill preparedness (Lubchenco et al., 2012; 

McNutt, 2014). Despite this understanding, even after the DWH incident, microbial community 

data is still found to be lacking in impacted areas (Joye et al., 2016). Baseline data is regionally 

available in the GoM for deep-sea community macrofauna (Rowe and Menzel, 1971; 

Demopoulos et al., 2014), but rarely for microorganisms. Some scientific research consortia, 

however, are taking the initiative to obtain microbial baselines in areas where oil spill risk is 

increasing. In response to the government of Mexico opening its offshore oil industry, scientists 

maneuvered to develop a preliminary bacterial taxonomic baseline (Godoy-Lozano et al., 2018) 

in the southern GoM. This baseline is to be used for the evaluation of environmental impacts and 

for establishing contingency plans and mitigation activities in the event of large-scale oil spills 

(Godoy-Lozano et al., 2018). Additionally, others hope to provide a microbial biodiversity 

baseline in Canada’s Arctic for a point of reference as shipping traffic increases and climate 

change alters the local environment (Bhatnagar et al., in prep). Assessment programs of the 
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Newfoundland and Labrador offshore oil industry do not recognize microorganisms as oil spill 

response agents and have not incorporated microbiology in monitoring programs (DeBlois et al., 

2014; Sikumiut, 2008), despite more recent inclusion and demand for microbial biodiversity 

evaluations in the environmental assessment of oil and gas operations (Caruso et al., 2016; Joye 

et al., 2015; Krolicka et al., 2017; 2019). Oil and gas developments of the Labrador South 

offshore region have been postponed until 2023 to allow for the completion of the update to the 

2008 Labrador Shelf Offshore Area Strategic Environmental Assessment (SEA). It is unclear if 

this update will include microbial monitoring assessments. Further collaboration between the oil 

and gas industry and the scientific community is necessary to obtain this important baseline 

information, to understand local ecology, and to monitor for environmental impacts (Cordes et 

al., 2016).  

 

 

5.2.2 Improving the limits of detection of HCB in baselines 

 

Hydrocarbon degrading microbial taxa can serve as a targeted baseline to assess a 

region’s vulnerability to oil spills, to monitor for environmental impacts from oil spills, and to 

assess a return to pre-state conditions after an oil spill. In previous chapters this study has 

attempted to assess the vulnerability of subarctic sediments to hydrocarbon contamination using 

microcosm-simulated oil spills by observing the response of the microbial community. Detection 

of HCB in marine sediment or water by targeting the 16S rRNA gene using sequencing 

technologies could also be used as a method for assessing a region where oil spill risk is of 

concern either from oil production or increased shipping. The presence or absence of HCB taxa 

may provide insight into a region’s vulnerability to hydrocarbon contaminants.  

 

Taxonomic groups of interest are those noted by Berry and Gutierrez (2017) as HCB that 

use aliphatic or aromatic hydrocarbons almost exclusively as sole sources of carbon and energy, 

including: Gammaproteobacteria (Alcanivorax, Cycloclasticus, Marinobacter, Neptunomonas, 

Oleiphilus, Oleispira, Thalassolituus) and Alphaproteobacteria (Thalassospira). Any organism 

identified by 16S rRNA gene sequencing to be affiliated to any of these eight genera is likely to 

be capable of degrading hydrocarbons (Berry and Gutierrez, 2017). Results obtained in Chapters 
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3 and 4 of the present study also reveal several taxonomic groups that, although more generalist 

HCB, respond heavily to crude oil and diesel contamination, including: Gammaproteobacteria 

(Colwellia, Paraperlucidibaca, Porticoccus, Pseudomonas, and Zhongshania).  

 

Microbial diversity of the marine ecosystem can be determined through the sequencing of 

16S rRNA genes of environmental samples. The 16S rRNA gene is common to all prokaryotes 

and regions of the gene exhibiting slow rates of change (conserved regions) are used for accurate 

priming sites during PCR amplification, whereas the sequences of fast evolving regions 

(hypervariable regions) can be used to determine evolutionary relationships and taxonomy 

(Woese and Fox, 1977). DNA sequencing technologies have allowed us to explore microbial 

community profiles from marine systems more easily, but low abundant taxa that comprise the 

majority of diversity (Pedrós-Alió, 2006) are still often difficult to detect through sequencing. It 

is essential that that limits of detection of HCB in the environment be improved because as 

members of rare biosphere they are often “not detected” even when present (Hazen et al., 2010; 

Joye et al., 2016; Kleindienst et al., 2016). The detection of HCB in 16S rRNA amplicon-based 

sequencing surveys relies on high coverage by PCR primers and accurate taxonomic 

classification. A drawback of DNA amplicon sequencing is that primers are not universal in their 

ability to amplify the 16S rRNA gene from all microorganisms (Baker et al., 2003) and some 

primers are better than others at detecting a higher proportion of bacterial taxonomy.  

 

PCR-based methods offer the ability to rapidly detect microbial groups and changes in 

their diversity, but the choice of primer pairs will ultimately influence the detection of specific 

groups. Primer pairs used in environmental studies are often selected based on their ability to 

capture a high diversity of all bacteria (Klindworth et al. 2013; Wang and Qian, 2009). Primers 

can also be chosen based on their ability to amplify specific taxonomic groups of interest (Berry 

and Gutierrez, 2017; Blackwood et al., 2005). For this study, a primer pair with sufficient 

coverage of specific taxonomic groups containing known hydrocarbon degraders should be 

considered for environmental screening.  
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5.2.3 Objective 

 

Choosing a primer pair that can best detect the majority of HCB taxonomic groups within 

environment samples would be ideal for environmental assessment and monitoring programs in 

areas at-risk of oil spills. The purpose of this study was to compare three Illumina MiSeq 

compatible PCR primer pairs that target the V3-V4 hypervariable region of the 16S rRNA gene 

for their ability to detect the aforementioned HCB groups (eight genera presented by Berry and 

Gutierrez (2017), and five additional genera shown to increase heavily in abundance in response 

to hydrocarbons in Chapters 3 and 4 of this study), and for their ability to capture a broad range 

and high alpha diversity of Bacteria in general. The three combinations of primers include:  

 

A) 341F/806R (targeting the V3-V4 region of 16S rRNA gene): used for the entirety of this 

study for its high in silico coverage of bacterial sequences (97.4%) from the Ribosomal 

Database Project (Takahashi et al., 2014).  

 

B) 341F/785R (targeting the V3-V4 region of 16S rRNA gene): one of 10 primer pairs to 

generate medium length amplicons* (400-1000 bp) with >95% coverage for all target 

hydrocarbon degrading taxa (in silico) out of 252 primer pairs examined by Berry and 

Gutierrez (2017) for that amplicon length. This primer pair is also reported to capture a 

high bacterial diversity in complex microbial communities (Thijs et al., 2017) and shown 

to be ideal for overall bacterial coverage (Klindworth et al., 2013). *Medium length is the 

amplicon length required in the present study using the Illumina MiSeq 600-cycle kit 

with read lengths up to 2 x 300 base pairs. 

 

C) 515F/806R (targeting the V4 region of the 16S rRNA gene): modified from Caporaso et 

al. (2011) and adapted by the Earth Microbiome Project (EMP) for the standardization of 

the collection and characterization of earth’s microbial data (Thompson et al., 2017). This 

primer pair was not included in the study by Berry and Gutierrez (2017) despite its wide 

recognition and use in obtaining microbial diversity data from a variety of environments 

globally, therefore, the detection of HCB by this primer pair is of interest. 
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It was hypothesized that primer pairs A (341F/806R) and B (341F/785R) will have a 

similar coverage of the taxonomic groups of interest. Both pairs share the same forward primer, 

the reverse primers target very similar sequences of the V5 (conserved) region (gene base pair 

positions: A = 787-806 and B = 785-803), and many of the taxonomic groups are similarly 

covered by the two when tested in silico (Table 5.1) against the SILVA database using TestPrime 

(Klindworth et al., 2013). Primer pair A (341F/806R) has already been shown to detect certain 

HCB taxonomic groups at low abundance in sediments (Chapter 3 and 4) and it is hypothesized 

that B (341F/785R) will fare the same if not better for certain groups because of its better in 

silico coverage of the genera Colwellia, Neptunomonas, Oleiphilus, and Porticoccus (Table 5.1). 

Primer pair C (515F/806R) has successfully amplified DNA from hydrocarbon degraders in high 

abundance within oil contaminated GoM sediments in addition to detecting the same organisms 

in low abundance in uncontaminated sediments (Mason et al., 2014b). Primer pair C also 

exhibits the lowest coverage of HCB genera in silico (Table 5.1) and is hypothesized to have the 

lowest detection among the 13 taxonomic groups when tested on environmental samples.  
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Table 5.1: An in silico PCR was run with each primer pair on the SILVA database to evaluate 

their performance coverage (% coverage within the database) for each taxonomic group of 

interest using TestPrime (Klindworth et al., 2013). The in silico PCRs were conducted with zero 

primer mismatches against the SILVA RefNR database for all taxonomies offered by SILVA. 

Coverages of the 13 taxonomic groups of interest were then inspected using the taxonomy 

browser. Red indicates the primer pairs with the highest coverage for that taxa and blue indicates 

the lowest coverage. Interestingly, primer pair C has the highest coverage for the three domains 

Bacteria, Archaea, and Eukaryota but the lowest coverage among most of the 13 taxa.  

 

Taxonomic Group A (341F/806R) B (341F/785R) C (515F/806R) 

Alcanivorax 87 86 88 

Colwellia 92 93 91 

Cycloclasticus 97 97 92 

Marinobacter 92 92 92 

Neptunomonas 95 97 92 

Oleiphilus 91 93 91 

Oleispira 89 89 89 

Paraperlucidibaca 88 88 75 

Porticoccus 89 91 89 

Pseudomonas 92 92 92 

Thalassolituus 95 95 95 

Thalassospira 93 93 90 

Zhongshania 94 94 94 

Bacteria 84 84 88 

Archaea 47 47 85 

Eukaryota 0 0 0.01 
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5.3 Materials and Methods 

 

5.3.1 Sample collection 

 

Sediment and seawater samples used in incubation experiments and for environmental 

microbial community analysis were collected from the coordinates shown in Figure 2.1, with a 

list of samples with associated metadata found in Table 2.1.   

 

5.3.2 16S rRNA gene amplicon library preparation, sequencing and analysis 

 

Sequencing of 16S rRNA gene amplicon libraries from extracted DNA was used to 

obtain taxonomic diversity data from environmental samples and hydrocarbon-amended 

incubations. The 16S rRNA gene was targeted by PCR using three combinations of primers 

modified to include Illumina forward and reverse adapter sequences, including A (341F/806R), 

B (341F/785R), and C (515F/806R) as presented in Table 2.2. For use with primers A 

(341F/806R) and B (341F/785R), DNA from the samples of all three stations was extracted from 

sediment microcosms, sediments, and/or water samples preserved on membrane filters as 

described in section 2.6.1, with amplicon libraries prepared as described in section 2.6.2. All 

libraries were sequenced using an in-house Illumina MiSeq benchtop sequencing platform at the 

EBG laboratory, University of Calgary as described in section 2.6.3, and analysed using 

MetaAmp Version 2.0 as described in section 2.6.4. To minimize the false inflation in abundance 

of rare HCB in environmental samples due to carryover or cross-talk during the MiSeq 

sequencing runs, all environmental samples were run separately from incubation samples, were 

always run first before the incubation samples, and if-possible were separated by a separate 

MiSeq run in between. Primer pair C (515F/806R) was used with samples that could only be run 

on MiSeq with sensitive baseline environmental samples destined for inclusion within the Earth 

Microbiome Project and thus was not used with incubation samples (i.e., to prevent cross-

contamination of high abundance HCB sequences from incubations with baseline samples). To 

obtain complete coverage of the 13 taxonomic groups, the “unclassified” data from MetaAmp 

results were explored for OTUs with high relative sequence abundance in hydrocarbon-amended 
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incubations and then identified with NCBI BLAST (Altschul et al., 1990). No unclassified OTU 

was found to be related to any of the 13 taxonomic groups via this approach.  

 

Processing baseline samples with primer pair C (515F/806R) required several 

modifications in accordance with the protocol described by Caporaso et al. (2011, 2012) and 

used by the Earth Microbiome Project (Thompson et al., 2017: earthmicrobiome.org/emp-

standard-protocols/16s/). These included substituting “Solution C6” during DNA extraction with 

water as the final elution buffer, and using PowerLyzer 24 settings of 5500 rpm for 45 s. 

Changes to PCR amplification involved normalization of starting DNA concentrations to 5 

ng/µL and the addition of a positive control of a known mock community (20 strain even mix 

genomic material: ATCC® MSA-1002TM). Thermal cycler conditions for PCR were set as 

follows: initial denaturing at 95°C for 3 min followed by 10 cycles of denaturing at 95°C for 30 

sec, annealing during a touchdown procedure between 60°C and 55°C for 45 seconds, and 

extension at 72°C for 1 min. This PCR contains a second round of 20 cycles of denaturing at 

95°C for 30 sec, annealing at 55°C for 45 seconds, and extension at 72°C for 1 min with a final 

extension at 72°C for 5 min. The touchdown used in the first round of cycling is used to favour 

amplicons with higher primer-template complementarity by commencing the annealing stage at 

higher temperatures. Preparation for Illumina MiSeq sequencing differed from Sharp et al., 2017 

through the use of Macherey-Nagel NucleoMag NGS Clean-up and Size Select beads for 

purification. Indexing PCR specifications also differed with initial denaturing at 95°C for 3 min 

followed by 10 cycles of denaturing at 95°C for 30 sec, annealing at 55°C for 45 seconds, 

extension at 72°C for 1 min, and final extension at 72°C for 5 min. Sample were also run on 

MiSeq using a 2x250 Illumina MiSeq sequencing kit. 

 

 

5.3.3 Statistical analysis  

 

The three primer pairs were assessed based on their ability to detect the 13 taxonomic 

groups, diversity of OTUs within those groups, and overall alpha diversity, the mean species 

diversity of a location. For all taxonomic assessments, the OTU taxonomy table (non-rarefied, 

containing full sequence reads) was extracted from MetaAmp output files and imported to 
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Microsoft Excel to determine the relative sequence abundance of the 13 taxonomic groups of 

interest and the number of OTUs detected within each taxon. Statistically significant differences 

in the total abundances of these taxa between the three different primer pairs was tested using an 

Analysis of Variance (ANOVA) within R studio (R core team, 2019). Alpha diversity of marine 

sediment and hydrocarbon-amended incubations was assessed using the Shannon diversity index 

and total observed OTUs (species richness). For alpha diversity comparisons, all sediment or 

incubation samples were grouped together, regardless of their geographic location, to compare 

differences in amplicon libraries between the different PCR primer pairs used. Shannon diversity 

and species richness were calculated from the subsampled/rarefied amplicon libraries during the 

MetaAmp analysis, extracted from the output files, and analysed in R Studio for statistical 

comparison. MetaAmp does not allow the user to select a cut-off of sequence reads between 

samples and does this automatically by rarefying to the sample with the lowest sequence read. To 

obtain similar sequence read numbers among primer pair datasets, certain low read samples were 

excluded from rarefaction analysis with primer pair B (sediment samples 640_2 and 732_1 and 

incubation sample HB_D_2), and primer pair A (incubation sample L_D_3). Amplicon libraries 

were rarified to similar sequence reads (A:7,451, B:7,657, and C:7,292) by eliminating these low 

read samples from the analysis. Shannon diversity and species richness were tested for 

statistically significant differences between the three different primer pairs using ANOVA. Any 

sample eliminated for rarefaction was removed from every primer pair dataset with alpha 

diversity comparisons. For all statistical tests, a p-value of 0.05 was the threshold for 

significance based on a 95% confidence interval. All bar graphs conveying relative sequence 

abundance data were generated using Microsoft Excel, whereas boxplots were generated in R 

studio using ggplot2 (Wickham, 2016).  
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5.4 Results  

 

The three primer pairs were evaluated in two ways, 1) by their ability to detect the 13 

taxonomic groups based on OTU counts and relative sequence abundance in non-rarefied 

amplicon libraries of both environmental and incubation samples, and 2) by their ability to 

capture overall alpha diversity through Shannon diversity and species richness using rarefied 

libraries of the same samples.  

 

5.4.1 Primer pair comparisons for the detection of HCB  

 

A case study of primer pair coverage of HCB within station 640 marine sediment samples 

and hydrocarbon-amended incubations inoculated with station 640 sediments is presented in 

Figures 5.1 and 5.2. Primer pair A (341F/806R) detected 15 OTUs from six of the HCB groups 

within the sediments, the most among all primer pairs, and was the only primer pair to detect 

Paraperlucidibaca and Pseudomonas in the baseline in addition to two Oleiphilus OTUs vs one 

with the other primers (Fig 5.1). Primer pair B (341F/785R) had the highest relative sequence 

abundance among the detected taxa (Fig 5.2), but fewer OTUs detected (12) than primer pair A 

(Fig 5.1). Primer pair C (515F/806R) detected only eight OTUs from four of the target taxa 

within the sediments, detected only five Colwellia OTUs while the others picked up nine, and 

had the lowest relative sequence abundance of the combined taxa among primer pairs. The 

differences in relative sequence abundance among sediments (Fig. 5.2-left) were not significant 

between primer pairs as indicated by ANOVA (df=2, p-value = 0.558). Within the incubation 

samples, both tested primer pairs (A and B) detected all 13 HCB taxa. Primer pair B 

(341F/785R) detected more individual OTUs than primer pair A (341F/806R) within the genera 

Colwellia, Cycloclasticus, Marinobacter, and Pseudomonas. The difference in relative sequence 

abundance among incubations (Fig. 5.2-right) was not significant between primer pairs as 

indicated by ANOVA (df=1, p-value = 0.597). All OTUs detected in the sediment samples were 

also detected in the incubations, at higher abundance, except for those identified as Colwellia and 

Oleiphilus. Colwellia OTUs detected in sediments were either absent or reduced in abundance 

within incubation samples, indicating a potential sensitivity to hydrocarbons used in the present 

study. Oleiphilus OTUs detected in the sediments were not detected in incubations and vice 
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versa, indicating that OTUs responding to hydrocarbons were not the same OTUs detected in the 

environment. The differences in relative sequence abundance and OTU numbers between primer 

pairs was not due to differences in the number of sequence reads of individual amplicon libraries. 

Primer pair B had the lowest overall sequence reads within the station 640 sediment samples 

(Table S5.1) yet did not have the lowest OTU count and in fact had the highest aggregate relative 

abundance of putative HCB (Fig. 5.2-left). Additionally, primer pair A had the highest aggregate 

relative abundance of putative HCB among the incubations (Fig. 5.2-right) but did not have the 

highest number of sequence reads among these samples (Table S5.1). 
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Figure 5.1: Detection of the 13 taxonomic groups within station 640 sediment samples and 

incubation samples (crude oil and diesel combined) according to primer pair. Empty circles 

indicate non-detection of that taxa and full circles indicate detection and present the number of 

OTUs detected. The TOTAL row contains the count of all OTUs detected within that sample 

type by that primer pair. Figure generated from supplementary table S5.2.  
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Figure 5.2: Primer pair detection of 13 genera (putative HCB) within environmental sediment 

(station 640) and hydrocarbon-amended incubations inoculated with station 640 sediments, 

comparing primer pairs A (341F/806R), B (341F/785R) and C (515F/806R). The left axis 

corresponds to the range in relative sequence abundance of environmental samples and the right 

axis corresponds to those of the incubations, note the difference in scale. Each bar is an average 

of three replicate microcosms. No incubation samples were assessed with primer pair C. 
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Primer pair A (341F/806R) detected the most OTUs (25) from 10 taxa when comparing 

primer pair coverage with all environmental samples (Table 5.2), and detected the most OTUs 

from the genera Alcanivorax, Marinobacter, Neptunomonas, Oleispira, Paraperlucidibaca, 

Pseudomonas and Zhongshania. Primer pair B (341F/785R) detected 17 OTUs from six taxa in 

all environmental samples, was the only primer pair to detect Cycloclasticus in these samples, 

but was unable to detect five taxa detected by primer pair A (Alcanivorax, Marinobacter, 

Neptunomonas, Paraperlucidibaca and Zhongshania). Primer pair C (515F/806R) detected only 

12 OTUs from six taxa. Primer tests using all incubation samples revealed primer pairs A and B 

detected OTUs from all 13 taxa, with B (341F/785R) detecting five OTUs belonging to the 

genera Cycloclasticus, Marinobacter, and Pseudomonas not detected by A, and A (341F/806R) 

detecting one Oleiphilus OTU not detected by B (Table 5.3).  

 

Table 5.2: OTU counts from the 13 taxonomic groups detected in either the combined 

environmental (ENVR) samples (three sediment locations and two water samples), or the 

combined incubation (INC) samples according to primer pair used. The TOTAL columns contain 

the count of all OTUs of each genus/sample type detected by that primer pair.  

 
Primer Pair A (341F/806R) B (341F/785R) C 

(515F/806R) 

Genus ENVR INC TOTAL ENVR INC TOTAL ENVR  

Alcanivorax 1 2 2 0 2 2 0 

Colwellia 9 6 9 9 6 9 5 

Cycloclasticus 0 1 1 1 3 3 0 

Marinobacter 2 3 3 0 4 4 1 

Neptunomonas 1 2 2 0 2 2 0 

Oleiphilus 2 3 3 2 2 2 1 

Oleispira 2 2 2 1 2 2 1 

Paraperlucidibaca 1 1 1 0 1 1 0 

Porticoccus 1 2 2 1 2 2 2 

Pseudomonas 5 7 7 3 9 9 2 

Thalassolituus 0 1 1 0 1 1 0 

Thalassospira 0 1 1 0 1 1 0 

Zhongshania 1 2 2 0 2 2 0 

TOTAL 25 33 36 17 37 40 12 
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5.4.2 Primer pair comparisons for alpha diversity 

 

The three primer pairs tested on marine sediment samples yielded no statistically 

significant difference in Shannon diversity using ANOVA (df=2, p value = 0.697: Figure 5.3A). 

Primer pair C (515F/806R) captured a higher Shannon diversity according to its median and 

exhibited the highest variability of its data as indicated by the larger interquartile range (green). 

The two primer pairs tested on hydrocarbon-amended incubation samples (primer pair 

C:515F/806R was not included) yielded no statistically significant difference in Shannon 

diversity using ANOVA (df=1, p value = 0.326: Figure 5.3B).   

 

Figure 5.3: Shannon diversity of A) marine surface sediments (the same 7 samples used for each 

primer pair) and B) hydrocarbon-amended incubations (the same 10 samples used for each 

primer pair). Amplicon libraries were rarified to similar sequence reads (A:7,451, B:7,657 and 

C:7,292) by eliminating low read samples from the analysis. Samples excluded from one primer 

pair dataset for rarefaction were excluded from all datasets for alpha diversity analysis. The 

central horizontal line in the box indicates the median Shannon diversity and the box indicates 

the interquartile range. The vertical lines indicate the upper and lower quartile ranges and extend 

to the highest and lowest observation in the dataset. 
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Primer pair C (515F/806R) exhibited the highest species richness among primer pairs 

when tested on marine sediment samples, but any difference in richness between primer pairs 

was not found to be significant using ANOVA (df=2, p-value = 0.276: Figure 5.4A). Both primer 

pairs A and B exhibited similar species richness within hydrocarbon-amended incubation 

samples and were not found to be significantly different using ANOVA (df=1, p value = 0.322: 

Figure 5.4B).   

 

Figure 5.4: Species richness (observed OTUs) of A) marine surface sediments (the same 7 

samples used for each primer pair) and B) hydrocarbon-amended incubations (the same 10 

samples used for each primer pair). Amplicon libraries were rarified to similar sequence reads 

(A:7,451, B:7,657 and C:7,292) by eliminating low read samples from the analysis. Samples 

excluded from one primer pair dataset for rarefaction were excluded from all datasets for alpha 

diversity analysis. The central horizontal line in the box indicates the median observed OTUs, 

and the box indicates the interquartile range. The vertical lines indicate the upper and lower 

quartile ranges and extend to the highest and lowest observation in the dataset. 
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5.5 Discussion 

 

 

In the present study, three universal 16S rRNA gene-targeted primer pairs were analyzed 

for their detection of eight HCB taxa recognized as key players in the biodegradation of oil 

hydrocarbons in the marine environment (Berry and Gutierrez, 2017), and five other more 

generalist HCB taxa. These primers were selected based on their high coverage of the bacterial 

domain (Table 5.1) and their targeting of the V3-V4 hypervariable regions of the 16S rRNA 

gene, where the V4 sub-region has been shown to be the most reliable region for representing the 

full-length 16S rRNA sequences in the phylogenetic analysis of most bacteria (Yang et al., 

2016). Sequenced 16S rRNA gene amplicon libraries prepared through PCR with these three 

primer sets were analyzed based on primer pair detection of the 13 taxa and overall alpha 

diversity in environmental and hydrocarbon-amended incubation samples.  

 

 

5.5.1 Primer pair performance 

 

The number of different OTUs, and how evenly their abundances are distributed within a 

community, constitutes a sample’s alpha diversity. The most frequently used index of alpha 

diversity is a derivative of Shannon's Information Theory of Communication (Shannon and 

Weaver, 1949), the Shannon diversity index, which accounts for both abundance and evenness of 

the species present and is a commonly used index among sediment microbial diversity studies 

(Godoy-Lozano et al., 2018; Rasuk et al., 2016). Species richness, another measure of alpha 

diversity, is simply a count of the different OTUs and is widely used for microbial diversity 

studies of marine systems (Walsh et al., 2016). Many marine microbial studies have indicated 

that sediment communities are highly diverse (Hewson et al., 2007; Schauer et al., 2010) and it is 

common that 16S rRNA gene profiling results in high alpha diversity values in the range of 

thousands of OTUs (Salazar and Sunagawa, 2017). Indeed, species richness measures for 

sediment samples of the present study ranged from 1,060 to 1,794 OTUs, depending on the 

primers used, with rarefication to ~7,500 reads.  
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Berry and Gutierrez (2017) evaluated 449 16S rRNA gene-targeted bacterial PCR primer 

pairs for their coverage of HCB taxa, but they did not include primer pair C (515F/806R) despite 

its global use by the EMP for the standardization of the collection and characterization of earth’s 

microbial data (Thompson et al., 2017). These primers were not originally tested so their 

inclusion in the present study was important not only to improve on previous work but to 

understand how well such broadly used primers detect HCB in environmental studies. Primer 

pair C (515F/806R) was shown in silico using TestPrime and the SILVA database to be the 

primer pair with the highest coverage of the bacterial domain (88%) albeit with the lowest 

coverages among the individual HCB taxa (Table 5.1). Indeed, results revealed this primer pair 

detected the fewest OTUs from the HCB taxa in the environmental samples (12 OTUs compared 

to 25 and 17 with the other primers, Table 5.2). The genus Porticoccus, discovered in recent 

years from the phycosphere of marine eukaryotic phytoplankton (Gutierrez et al., 2012), was the 

only genus with more OTUs detected in the environment by these primer pairs. Interestingly, 

samples analyzed with primer pair C (515F/806R) exhibited the highest Shannon diversity and 

species richness (Fig. 5.3 and 5.4) as hypothesized using Table 5.1. These primers have the 

broadest coverage among the bacterial domain and understandably why they are included and 

useful for EMP diversity studies. Primer pair C could not detect several taxa that were covered 

by the other primers (Alcanivorax, Cycloclasticus, Neptunomonas, Paraperlucidibaca and 

Zhongshania) and, therefore, should not be used when establishing a baseline in areas at-risk of 

future oil spills that require a more robust assessment of HCB taxa during monitoring programs.  

 

Primer pairs A (341F/806R) and B (341F/785R) performed similarly in silico, with the 

same coverage of the bacterial domain’s known 16S rRNA diversity (84%), but with slightly 

higher coverage among HCB taxa using primer pair B. When these primers were tested on real 

environmental samples, no significant difference existed in their capture of alpha diversity, 

however, primer pair A (341F/806R) resulted in slightly higher measures of Shannon diversity 

and species richness with greater variability in the data when tested on environmental samples. 

The two primer pairs performed differently in their detection of HCB taxa and number of OTUs 

associated to those taxa in both environmental and incubation samples. Primer pair A 

(341F/806R) detected 25 OTUs from the combined environmental samples, capturing 10 of the 

13 taxonomic groups whereas primer pair B (341F/785R) detected only 17 OTUs of six groups 
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(Table 5.3). Primer pair A (341F/806R) not only detected more OTUs from the environment, but 

detected the taxa Alcanivorax, Marinobacter, Neptunomonas, Paraperlucidibaca and 

Zhongshania that went undetected by primer pair B (341F/785R) (Table 5.3). In fact, 

Cycloclasticus was the only genus detected by B (341F/785R) that was not detected by A 

(341F/806R) from the environment. When tested on hydrocarbon-amended incubation samples 

both primer pairs detected OTUs from all 13 taxa, with primer pair B detecting 37 OTUs 

compared to 33 with primer pair A due to higher OTU coverage within the genera 

Cycloclasticus, Marinobacter, and Pseudomonas. Primer pair B (341F/785R) has been shown by 

several studies to capture a high bacterial diversity in complex microbial communities 

(Klindworth et al., 2013; Thijs et al., 2017) and performed well in capturing obligate HCB 

(Berry and Gutierrez, 2017). Primer pair B did not, however, capture the greatest diversity 

among HCB using real environmental samples in the present study, where the detection of high 

alpha diversity and high coverage among HCB in the environment is considered imperative for 

environmental assessments. Primer pair A (341F/806R) captured more OTUs from 

environmental samples and higher Shannon diversity and species richness, therefore, it is 

suggested as an ideal primer pair for the assessment of environmental baselines in areas at-risk of 

oil spills. Additionally, primer pair A (341F/806R) detected several OTUs in low abundance 

within the environmental samples associated with Marinobacter, Oleispira, Paraperlucidibaca, 

Porticoccus, Pseudomonas, and Zhongshania that increased heavily in abundance in response to 

hydrocarbon amendments during incubations (Table S5.3). This highlights the ability of this 

universal primer pair to detect these potentially relevant OTUs and taxonomic groups prior to 

pollution exposure.  

 

 

5.5.2 Detection of rare genera 

 

It is important to note that any instance where a genus or OTU was not detected from the 

environmental samples does not indicate that it was absent from that sample, rather it may 

simply have been below the limits of detection using the methods presented (i.e. sampling depth, 

and sequencing depth). This is clearly the case as shown in Figure 5.1 in instances where OTUs 

were not detected in the environmental samples but were detected in the incubation samples that 
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were inoculated with those sediments. Additionally, the taxonomic groups apparent in the 

incubations derived from station 640 sediments in Figure 5.2 on the right are very different and 

almost completely absent from the sediment samples on the left. Hydrocarbon degrading 

microorganism can be detected from environmental samples through an enrichment approach, 

introducing the community to hydrocarbons and observing increases in the relative abundance of 

HCB. While this approach has been insightful in Chapters 3 and 4 for assessing the microbial 

response to hydrocarbons, it is a time-consuming and inefficient way to assess HCB in a 

baseline.  

 

The genus Thalassolituus was not detected by any primer pair in environmental samples, 

despite its increase in relative sequence abundance in incubations. In fact, few primer pairs 

covered this genus when tested in silico (Berry and Gutierrez, 2017). This genus was discovered 

as being a major contributor to diesel fuel degradation in Labrador Sea sediments (Chapter 3). 

Thalassospira was also not detected in the environment by any primer pair despite having at 

least one OTU present as indicated by its increase in abundance in incubations (Fig. 5.1). The 

non-detection of low abundance taxa in the environment that are key players in the degradation 

of hydrocarbons makes it difficult to accurately assess regional vulnerability to oil spills.  

 

The genus Colwellia was detected by all primer pairs within marine sediment and bottom 

water samples throughout this study’s subarctic sites. OTUs identified as belonging to Colwellia 

were shown to decrease in their relative sequence abundance within hydrocarbon amended 

incubations to the point of non-detection among many of the OTUs (Fig. 5.1). This is interesting 

because Colwellia was previously reported as succeeding Oceanospirillales within the oil plume 

in the aftermath of the DWH spill (Dubinsky et al., 2013). Previous studies have reported that 

Colwellia from the DWH deep-sea plume incorporated labeled ethane, propane, and benzene 

(Redmond and Valentine, 2012) and that Colwellia is capable of gaseous and aromatic 

hydrocarbon degradation (Mason et al., 2014). Colwellia was also found to feed on surfactant 

and its increase in abundance during the DHW oil spill was believed to be in response to 

chemical dispersant use (Hamdan and Fulmer, 2011; Kleindienst et al., 2015). This would 

suggest that decreases in the abundance of OTUs associated with this genus observed in the 

present study may be the result of a lack of gaseous or aromatic hydrocarbons present at the time 



 

165 
 
 

of subsampling for community analysis, or more realistically could indicate that the OTUs 

normally abundant in the sediments are less able to respond to hydrocarbons and instead 

primarily target surfactants such as those used during the DWH oil spill. This is potentially 

problematic in assessing regional vulnerability to oil spills if the OTUs associated with HCB that 

are detected in baselines are not ultimately responding to oil.  

 

The genus Oleiphilus has been suggested as having a restricted distribution in the 

environment because it has rarely been detected in sequencing surveys (Berry and Gutierrez, 

2017) and is currently represented by only a single isolate (Toshchakov et al., 2017). All three 

primer pairs, however, detected this genus in the environment. In fact, primer pair A 

(341F/806R) detected two of three Oleiphilus OTUs present within the environment at all three 

sediment locations across the subarctic region of the present study. This would suggest a much 

broader environmental distribution of this genus than was previously believed. Interestingly, the 

genus Oleiphilus had two OTUs detected by primer pair A in sediments that were not detected in 

incubations, and one OTU detected in incubations that was not detected in the sediments (Fig. 

5.1). Oleiphilus is suggested to be an obligate HCB (Toshchakov et al., 2017), yet the OTUs 

detected in the environment were absent from oiled incubations while a previously undetected 

OTU from the environment (identified as 94.03% Oleiphilus messinensis via NCBI BLAST of 

the refseq_rna database) was noted as increasing minimally to 0.01 and 0.34% relative sequence 

abundance in response to crude oil and diesel amendments, respectively. Oleiphilus messinensis 

was originally isolated and described from an n-hexadecane enrichment culture of 

seawater/sediment samples collected in the harbour of Messina, Italy and found to posses the 

gene for alkane hydroxylase (AlkB) (Golyshin et al., 2002). Again, this is problematic for 

environmental assessments if the OTUs detected in the environment belonging to putative HCB 

taxa believed to contribute to hydrocarbon degradation are not, in fact, degrading hydrocarbons.  
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5.5.3 Conclusions  

 

PCR primers used for amplicon sequencing can target indicator species of hydrocarbon 

contamination and be used to monitor changes in the abundance of just a few key organisms. For 

example, the genus Oleispira is suggested as a robust bioindicator for seawater contaminated by 

petroleum in cold water environments (Krolicka et al., 2019) and primers that best detect this 

genus in the environment should be valuable for oil spill monitoring programs. While there are 

many primer pairs that are genus-specific, these primers are not suggested for use in 

environmental monitoring or assessments because there exists value in monitoring entire 

communities and their changes in response to perturbations. For example, monitoring changes of 

relative sequence abundance in relation to different taxa is important for recognizing a state of 

impact, for understanding patterns of community succession in response to contaminants, for 

recognizing the source of environmental impact, and because targeted primer pairs might detect 

specific taxa that could otherwise be absent from a location.  

 

The use of specific primer pairs may improve the coverage of HCB taxa in the 

environment, but if key players of degradation such as Thalassolituus or Cycloclasticus remain 

undetectable, then assessing regional vulnerability to oil spills via the detection of rare taxa 

requires improvement. HCB are often members of the rare biosphere (Pedrós-Alió, 2006), 

therefore, it is essential that the limits of their detection in the environment be improved through 

the sequencing methods. To best identify these rare taxa, both deep sequencing and deep 

sampling of the environment are recommended (Lynch and Neufeld, 2015). One of the many 

benefits to using Illumina sequencing technologies is the ability to pool samples via multiplex 

sequencing, which allows many libraries to be sequenced simultaneously in a single run without 

drastically increasing cost or time. The number of samples sequenced can be adjusted based on 

need, to allow for a deeper sequencing when there is a requirement for greater exploration into 

rare organisms. In the present study, amplicon sequencing was performed with up to 288 samples 

sharing 20 million sequencing reads during each MiSeq run. It is recommended that in order to 

detect rare target taxa, the sample number per run should be decreased to allow for more reads 

per sample. Additionally, other Illumina platforms such as the Hi Seq 2500 offer two orders of 
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magnitude more sequence reads (4 billion vs 25 million) per run with a substantially higher cost 

for the machine (740k vs 125k) and per run (29k vs 1.4k). 

 

Although sequencing with benchtop platforms such as MiSeq offers a fairly quick and 

cheap method for characterizing microbial communities, these technologies do not come without 

drawbacks. Two separate issues are particular to Illumina sequencing systems that make it 

difficult to assess low abundance taxa. For one, carryover contamination occurs when sequences 

from a sample in one MiSeq run appear in the samples of subsequent runs, artificially suggesting 

the presence of low abundance OTUs that are not truly present. This occurs when sequences 

from a previous run persist in the fluidics lines of the system and become mixed with new 

samples when identical barcodes or index adapters are used in consecutive sequencing (Illumina, 

2013). Secondly, cross-talk occurs when one sample’s sequences are improperly assigned to 

another sample due to signal overlap on the flow cell during emissions and base pair calling. 

These are both problematic when assessing the abundance of rare taxa in environmental samples 

because high abundance OTUs from one sample can be found in low abundance in other 

samples, a common phenomenon with Illumina sequencing runs (Dong et al., 2017; Nelson et 

al., 2014). In fact, the sequence contamination rate within MiSeq can be more than 2% of all 

sequences (Dong et al., 2017), which makes interpreting the results of any rare OTUs, often <1% 

relative sequence abundance in the environment, suspect. The fact that the three primer pairs 

assessed in the present study detected similar OTU numbers in similar abundance among 

environmental samples while being run on different MiSeq runs gives some confidence that 

these low abundance taxa were not the result of contamination and were real. 

 

Identifying hydrocarbon degrading bacteria in the environment in advance of an oil spill 

for vulnerability assessments, recognizing community changes in response to contaminants, and 

using microbial data for diagnosing environmental impacts are all ways in which microbial 

biodiversity baselines can and should be used in future environmental assessment. To assess the 

presence of HCB in the environment, more information is required regarding what genera 

contain the pathways necessary to degrade hydrocarbons of different compound classes. For this, 

more genomic studies that target putative and ill-characterized HCB taxa are needed. Beyond 

amplicon sequencing, metagenomic analyses of environmental microbial communities could 
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reveal the genetic capabilities of HCB, the functional potential of key organisms, and the 

mechanisms for biodegradation of contaminants (Joye et al., 2016; Tan et al., 2015). While the 

selection of a primer pair with high coverage of HCB taxa and alpha diversity can and should be 

used in future studies to develop a regional fingerprint and reference baseline of unperturbed 

sediments in regions at-risk of oil spills, there are many other ways in which the limits of 

detection of rare microbial taxa should be improved.  
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Chapter 6: Summary and Outlook 
 

 

6.1 Summary and main conclusions 

 

This study explores the microbial response and vulnerability of Canada’s subarctic 

marine environment to hydrocarbon contaminants by a) monitoring for the presence and 

diversity of hydrocarbonoclastic bacteria (HCB) in subarctic marine sediments, b) observing 

their response to hydrocarbon contaminants using microcosm-simulated oil spills, and c) 

assessing microbial response to the application of biostimulation as an oil spill mitigation 

strategy under in situ temperature conditions. Additionally, this study touches on themes of 

distribution of HCB along a subarctic shipping route and methods by which rare HCB can be 

better detected, and baselines better developed, in areas at risk of oil spills from future increases 

in marine shipping and oil production.  

Chapters 3 and 4 explored the utility of biostimulation as an oil spill mitigation 

technology in the Labrador Sea and Hudson Bay using microcosm-simulated oil spills of diesel 

or crude oil inoculated with sediment from either of the two regions. Microbial communities 

within all biostimulated treatments revealed i) the most dissimilarity from original sediments, ii) 

the largest decreases in observed diversity, iii) the highest increases in relative sequence 

abundance among putative HCB, iv) the heaviest degradation of alkanes among diesel and crude 

oil as indicated by n-C17/pristane and alkane/C30-Hopane ratios, v) the greatest generation of CO2 

used as a proxy for biodegradation, and iv) higher and earlier maximum rates of CO2 

accumulation by approximately five fold. Common to both the Labrador Sea and Hudson Bay 

sampling locations, hydrocarbon-amended incubations were dominated by 

Gammaproteobacteria with the highest increases in relative sequence abundance of OTUs 

belonging to the genera Cycloclasticus, Marinobacter, Oleispira, Paraperlucidibaca, 

Pseudomonas, Thalassolituus, and Zhongshania. Together these OTUs represent a diverse 

consortium of genera capable of aliphatic, aromatic, and polycyclic aromatic hydrocarbon (PAH) 

degradation. Alkanes within heavy crude oil amendments (1% v/v) were not degraded despite 

significant increases in CO2, suggesting the microbial community was degrading compounds 
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other than alkanes within the oil and that high concentrations of crude oil may supress the 

dominance of alkane degraders such as Oleispira, Paraperlucidibaca, and Thalassolituus. 

Biostimulated microcosms experienced less Bray-Curtis dissimilarity with time than low nutrient 

microcosms, suggesting HCB established early and stabilized more rapidly within the 

community when nutrients were readily available. Since the same OTUs were found to increase 

in abundance in both high and low nutrient treatments, biostimulation was found to increase 

initial rates of biodegradation by accelerating the succession and dominance of HCB and not by 

selecting for an alternate community of responders. Increases in the relative sequence abundance 

of Cycloclasticus, a typical aromatic hydrocarbon degrader, was noted as signifying succession 

in response to hydrocarbon degradation, suggesting this genus can be used as a bioindicator of 

advanced bioremediation and successful biostimulation.  Overall, these studies provided a first 

account of key diesel- and crude oil-degrading bacteria and their potential response to 

hydrocarbon contamination in the face of biostimulation among regions of the Labrador Sea and 

Hudson Bay, areas of increasing ship traffic and growing resource extraction. 

The motivation behind the comparisons made in Chapter 4 was to compare the presence 

and response of low-abundant HCB at two sites in Canada’s subarctic. This was done to 

determine what taxonomic groups within marine sediments are involved in the degradation of 

oil, both locally and distributed across the region, in order to inform decision-making regarding 

oil spill response. Notable differences in Labrador Sea sediments compared to Hudson Bay 

sediments included greater oil degradation over a shorter time noted by n-C17/pristane ratios, a 

higher production of CO2 within an earlier time interval, and CO2 production rates that were 

twice as rapid. Together these results indicated differences in the response of sediment microbial 

communities to oil across the subarctic. Increases in relative abundance of the same OTUs in 

response to hydrocarbons at both locations indicates that initially rare HCB OTUs may be 

cosmopolitan in the Canadian subarctic due to connecting waterways such as the Hudson Strait. 

While the Labrador Sea and Hudson Bay share many HCB, local historical factors such as past 

exposures to hydrocarbons may strongly influence a region’s biodegradation capacity. Therefore, 

greater taxonomic resolution by grouping OTUs with a 100% identity cut-off rather than 97% 

(i.e. using amplicon sequence variants: Callahan et al., 2015) or metagenome sequencing is 

suggested for future work. Porticoccus and Oleispira are suggested as robust bioindicators for 
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cold seawater environments contaminated by diesel or crude oil, respectively, due to their 

ubiquitous nature and distribution across the subarctic, their ability to be detected in sediment 

and water baselines without incubation, and their enrichment in response to incubation with 

diesel or crude oil. Changes in the abundance of these taxa in relation to established microbial 

baselines should be included for environmental effects monitoring of hydrocarbon 

contamination. 

PCR primers targeting the 16S rRNA gene were analyzed in Chapter 5 for their detection 

of HCB taxa recognized as key players in the biodegradation of oil hydrocarbons in the marine 

environment. Primer pair A (341F/806R) captured the most OTUs (25) and taxa (10) from within 

the 13 genera of interest and higher Shannon diversity and species richness from environmental 

sediment and water samples. Primer pair A detected the most HCB OTUs from the environment 

that were also shown to increase heavily in abundance in response to hydrocarbons, highlighting 

the primer pair’s ability to detect these potentially relevant OTUs and taxonomic groups prior to 

pollution exposure. Primers 341F/806R are suggested as the preferred choice among those tested 

for assessing environmental baselines in areas at-risk of oil spills, i.e., where detection of HCB 

taxa is required for best possible vulnerability assessments.  

 

6.2 Study limitations and future directions 

 

6.2.1 Sediment microcosms 

 

Microcosm experiments presented in Chapters 3 and 4 provided an experimental system 

for addressing relevant questions concerning HCB and their response to hydrocarbon 

contaminants and biostimulation. At the same time, this approach has limitations which future 

studies could improve on through employing other methods. Results from experiments are 

promising in that hydrocarbon degrading taxa are present in sediments from the Labrador Sea 

and Hudson Bay and shown to respond to hydrocarbons at 4°C. Whether these results translate 

into a similar response in the environment is still unknown. Microcosm experiments have been 

the standard for testing microbial oil spill scenarios (Garneau et al., 2016; Schreiber et al., 2019) 

and while they are not fully representative of the environment, they enable a multitude of 
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questions to be answered without studying in situ oil spills (Hazen et al., 2010; Kimes et al., 

2013; Lee, 2000) or impacting natural systems through controlled release experiments (Lee, 

1987; Sergy and Blackall; Venosa et al., 1996). Many of the features observed in laboratory 

microcosms have also been observed under field conditions, including selection for specific 

hydrocarbon-degrading organisms (Head et al., 2006). Rates of aerobic hydrocarbon degradation 

are usually higher in microcosms compared to the field (Head et al., 2006), representing an ideal 

maximum for bioremediation resulting from hydrocarbons, nutrients, and microorganisms 

confined together without impedance by geologic, meteorological, or oceanographic factors.   

While microcosm experiments allow specific hydrocarbon degradation mechanisms to be 

studied, they exclude environmental complexities. Marine sediments supply environmental 

niches for microbial communities that cannot be fully simulated in the lab, therefore, certain 

biological processes may not occur. To understand the true fate of hydrocarbons among 

sediments and the ecological role of sediment microbial communities it is considered crucial to 

take into account sediment characteristics including physical and chemical factors, nutrients, 

availability of co-metabolites, and bioturbation activity that irrigates the top few cm with oxic 

seawater (Cravo-Laureau and Duran, 2014). Strategies should be developed to create 

experiments that recreate as closely as possible the environmental conditions for studying natural 

microbial communities and their response to oil pollution. This can be accomplished by using 

facilities such as the planned Churchill Marine Observatory (CMO), a state-of-the-art research 

facility with a 1,600m2 pool for controlled mesocosm oil spill experiments under in situ 

conditions using natural seawater from Hudson Bay. While the focus of the CMO is to develop 

mesocosm experiments using natural sea water and ice, a similar design allowing for mesocosm-

style simulated oil contamination of sediments would be beneficial.  

Future studies that aim to understand hydrocarbon degradation at the sediment-water 

interface should also incorporate anoxic experiments, or incubations that are designed to monitor 

the transition from oxic to anoxic conditions. While it is uncommmon for seawater to become 

completely anoxic, it is a normal feature of shallow marine sediments (Overton et al., 2016). 

When marine snow and hydrocarbons are deposited on the seabed, aerobic oil-degrading 

bacterial communities are often displaced by anaerobic bacteria as oxygen gets more rapidly 

depleted via oil biodegradation (Joye et al., 2014). An increase in the abundance of genes 
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associated with anaerobic alkane oxidation was noted near the Deepwater Horizon (DWH) 

wellhead in the aftermath of the 2010 spill (Kimes et al. 2013). In areas of anoxia, hydrocarbon 

degradation is often very slow (Coates et al., 1998) and so a determination of rates and microbial 

responders under these conditions will better inform the fate of oil among sediments.  

 

6.2.2 Hydrocarbon concentrations influencing microbial response 

 

Response by HCB to a variety of oil spill scenarios and mitigation strategies has been 

studied extensively in the literature. Despite such a vast amount of literature published on the 

topic of oil spills (Murphy et al., 2016) there is no consensus on rates of oil biodegradation in the 

ocean (Prince et al., 2017). This has been attributed to inconsistencies in oil concentration used 

among experiments (Prince et al., 2017). In the present study, diesel or crude oil was added to 

microcosms in concentrations of 0.01, 0.1, or 1% v/v (5, 50, or 500 µL respectively) depending 

on the experiment. It has been suggested that oil concentrations over 2.5ppm (0.00025%) are 

even considered above those measured in dispersed oil slicks and plumes shortly after release 

(Prince et al., 2017). Experiments that use higher oil concentrations are suggested as not taking 

into account the rapid dispersal of oil in the open oceans to sub-parts-per-million within short 

time periods (Lee et al, 2013). This rapid dispersal ultimately influences the rate of 

biodegradation of oil as reduced oil concentrations allow native microbial populations to utilize 

perpetually low concentrations of essential nutrients without their heavy depletion (Moore et al., 

2013; Redfield, 1958; Rosenberg and Ron, 1996).  

There is no doubt that open ocean dispersal of oil can be fast, resulting in low 

concentrations in the environment. In fact, the release of 250,000 L of crude oil into the ocean by 

Newfoundland’s SeaRose production vessel in 2018 (C-NLOPB, 2019a) and its rapid dispersal 

by stormy weather prevented scientists from even assessing the spill and its impact (Cecco, 

2018). There are, however, many scenarios whereby oil could go undispersed in the environment 

after a spill, leading to accumulations with higher than predicted concentrations. These include 

shoreline accumulations in instances were chemical dispersant is not applied within a required 

time frame, or among ice-impacted environments where oil can pool in high concentrations and 

dispersal is limited by reduced wave action. These scenarios are all possible in subarctic 
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environments due to their remoteness, inaccessibility, weather and temperature, occurrences of 

heavy ice, and lack of oil spill response infrastructure. In fact, over 2000km of shorelines were 

oiled in Prince William Sound in the aftermath of the Exxon Valdez spill due to limited access, 

the decision not to use chemical dispersants, and high winds at the time (Atlas and Hazen, 2011). 

This ultimately resulted in oil pooling on shorelines in high concentrations that required the use 

of biostimulation. The potential risks associated with high oil concentrations, their environmental 

impact, and response by local microbial communities should not be overlooked. 

 

6.2.3 Deeper sequencing and deeper environmental sampling 

 

Marine HCB are often members of the rare biosphere (Pedrós-Alió, 2006), therefore, it is 

essential that detection limits for their monitoring in the environment be improved through the 

methods involved in DNA sequencing. To best identify these rare taxa, both deep sequencing 

and a deep geographic sampling of the environment are recommended (Lynch and Neufeld, 

2015). With Illumina sequencing technologies, the number of samples sequenced per run can be 

adjusted. Fewer samples means that the 25 million sequence reads gets divided among a smaller 

cohort of samples, allowing for a deeper sequencing (more reads) from each sample. When there 

is a requirement for greater exploration into rare organisms either for future baseline work or if 

detection of rare HCB is the objective, it is recommended that if/when using Illumina platforms, 

the sample number per run should be decreased to allow for more reads per sample. 

Additionally, other Illumina platforms such as the Hi Seq 2500 offer two orders of magnitude 

more sequence reads per run (4 billion vs 25 million) and offer a greater coverage of the rare 

biosphere, albeit at substantial cost and with shorter read lengths (longer reads allow for more 

sequence overlap and inform more accurate taxonomic classifications). Carryover and cross-talk 

contamination associated with Illumina platforms are issues that need to be managed when 

assessing the abundance of rare taxa in environmental samples, and can be done by recognizing 

inconsistencies among mock communities used during each sequencing run (Dong et al., 2017). 

These errors can cause high abundance OTUs from one sample to be found in low abundance in 

other samples (Dong et al., 2017; Nelson et al., 2014) and result in sequence contamination up to 



 

175 
 
 

2% (Dong et al., 2017). Interpreting the results of any rare OTUs from amplicon data using these 

technologies must be approached cautiously. 

During 2017 field work aboard the CCGS Amundsen, heavy ice packs around 

Newfoundland and Labrador caused major safety and transportation issues that required the 

diversion of the research vessel for coast guard responsibilities (Barber et al., 2018). Original 

plans for this cruise involved extensive sediment sampling of the central Hudson Bay shipping 

route between Churchill, Manitoba and Hudson Strait, the most heavily trafficked shipping route 

of the region (Judson, 2010). With the cancellation of this original expedition, new plans were 

formed for a second expedition that same year involving an equally ambitious program to sample 

sediments along the entire coastal shipping route between Kuujjuarapik, Quebec and the 

Labrador Sea. Due to the rocky nature of the ocean floor and limitations with using a box corer, 

sediment was obtained from only one of eight stations in Hudson Bay (Station 732). This 

severely limited the objectives of the project to characterize the response of the benthic microbial 

community to contaminants along this entire shipping route. A deeper geographic coverage 

through sampling is required to uncover patterns among rare microbial taxa within this region 

and would have provided a more substantial dataset for biogeographic comparisons in Chapter 4, 

and for primer pair testing in Chapter 5. 

Reduced sampling resulted in the two-station comparison of Chapter 4, from which there 

were many limitations in extrapolating findings for explaining regional oil degradation potential 

since these two experiments were not originally planned to be compared in this way. 

Inconsistencies between the two experiments made comparisons difficult and could have been 

improved by a) using one common and realistic hydrocarbon concentration (0.1% was applied 

consistently, whereas 1% and 0.01% were not used with both sediments), and b) subsampling for 

microbiology, gas composition, and hydrocarbon data at the same timepoints, and at a greater 

frequency of timepoints, to monitor for comparable microbial succession and hydrocarbon 

degradation. Future microcosm experiments intended for biogeographic comparisons should 

adopt these strategies and limit experimental variation as much as possible.  

A more regionally comprehensive sampling coverage of Hudson Strait would benefit 

from water and sediment samples obtained from the northern shore along Baffin Island. Samples 
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analyzed from Hudson Strait in Chapter 4 were collected from the southern region known to 

have a strong current flowing east to the Labrador Sea and it would be beneficial to compare 

these results with samples taken from the northern shore where the current flows west into 

Hudson Bay. This increase in regional sampling combined with deep sequencing and the use of 

higher taxonomic resolution amplicon sequence variants (ASVs) could be used to more 

accurately determine the biodiversity among the HCB OTUs at stations 640 and 732. This may 

indicate how these OTUs are transported along this subarctic corridor and why the two stations 

respond differently to hydrocarbons and biostimulation. It is hypothesized that HCB OTUs may 

be transported along the stronger southern current but not from east to west along the northern 

current because Hudson Bay sediments seemed to be lacking an undetectable diversity that 

allowed the Labrador Sea sediment community to respond more rapidly to inputs of 

hydrocarbons.  

 

6.2.4 GC-MS and hydrocarbon profiling 

 

Use of GC-MS data of this study to draw associations between hydrocarbon degradation 

and specific taxonomic groups was limited. In Chapter 3 it was discovered that biostimulation 

among 1% crude oil-amended microcosms resulted in significantly higher amounts CO2 than all 

other treatments and controls and a striking shift in the microbial community composition 

indicating an enrichment of HCB. Neither n-C17/pristane nor C30Hopane-normalized alkane 

concentrations convincingly showed degradation of alkanes in these crude oil incubations. This 

reveals a major limitation of solely analyzing alkanes, which were the main focus of this study 

because they are 1) commonly expected to be efficiently degraded by many microorganisms 

(Rojo, 2009), and 2) easily identifiable for beginner GC-MS analysts. Results from this study 

suggest alkanes are not always the first to be degraded among complex crude oils. Future GC-

MS analysis should explore other compound classes within crude oil, such as aromatic 

hydrocarbons. Analyzing other compounds might uncover compounds that are being 

preferentially degraded in biostimulated 1% crude oil microcosms and contributing to the high 

values of CO2 observed in GC measurements.  
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There are also limitations to relying on a single ratio in GC-MS data, particularly the n-

C17/pristane ratio, to inform about whether alkane degradation occurred as was done in Chapter 

4. By relying solely on the ratio of n-C17/pristane, every other compound in the hydrocarbon 

mixture is overlooked. If for some reason the microbial community did not metabolise n-C17 as a 

carbon source, but instead utilises shorter or longer n-alkanes or other compounds, then this one 

ratio would not reveal any degradation. Quantification using added standards or normalization of 

compounds using internal standards, as can be done with C30-Hopane normalization in crude 

oils, will eliminate the need for ratios in determining degradation.  

As the first responders to oil (e.g. Oceanospirillales) degrade alkanes, the more 

recalcitrant aromatic hydrocarbons become more abundant to secondary degraders like 

Cycloclasticus (Dubinsky et al., 2013; Mason et al., 2014). Succession of one taxa by another 

during oil spill remediation (i.e. increases in abundance of Cycloclasticus) can inform on the 

state of oil degradation. In both Chapters 3 and 4, Cycloclasticus is noted as an indicator of 

succession. Assessing the succession of Cycloclasticus in response to aromatic hydrocarbons in 

the present study cannot be truly confirmed unless its increase in abundance is tied to decreases 

in aliphatic hydrocarbons leading to a greater abundance of aromatics. Conclusions are limited 

by the extent of GC-MS analysis for this study because aromatic hydrocarbons were not 

investigated and a time series of GC-MS analyses was not performed. More time points with 

bottles sacrificed for hydrocarbon extraction would be required to capture such changes in 

microcosm studies. By adding subsampling for hydrocarbon and microbial community profiling 

during a time-series experiment, key timepoints of succession could be observed. Improved GC-

MS analysis in combination with metagenomics (discussed below) would further answer 

questions regarding what microorganisms were present, what compounds were they feeding on, 

and what metabolic pathways might have been involved.  

 

6.2.5 ASVs vs OTUs 

 

To obtain a better understanding of microbial diversity in Chapter 4, the use of ASVs is 

suggested. In Chapter 4 it was shown that the Labrador Sea and Hudson Bay share many of the 

same responsive HCB OTUs, but local historical factors were suggested as influencing regional 
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biodegradation capacity. Are the same bacteria present at both stations as indicated, or is this a 

feature of the sensitivity of the approach used to observe diversity? In this study, OTUs were 

grouped based on a 97% sequence identity standard using partial 16S rRNA gene sequences. 

Microbial diversity studies have been inconsistent among their defining OTUs, using 1 to even 

5% differences for OTU sequence identity cut-offs and limiting comparability among these 

studies (Martin, 2002). This sequence relatedness to define cut-off values places bacteria into 

groups, where 97% sequence identity is suggested as capturing a 70% DNA-DNA hybridization 

between bacterial strains whereby the compared bacteria are considered the same species (Fraser 

et al., 2009). It is important to note that microbial biogeography needs to be considered as a 

function of taxonomic resolution (Salazar and Sunagawa, 2017) because the ability to detect the 

role of historical factors, such as past hydrocarbon exposures, on microbial communities requires 

more sensitive taxonomic resolution than standard 97% OTU definitions (Hanson et al., 2019).  

Future studies of HCB biogeography in the marine environment will benefit from the use 

of a 100% sequence identity using exact sequence variants known as “amplicon sequence 

variants” (ASVs). Some have argued that ASVs should replace OTUs in marker gene analysis 

(Callahan et al., 2017). A drawback to using individual sequences has been distinguishing true 

biological sequences from those generated by sequencing error. OTUs are clusters of similar 

sequences intended to correspond to some taxonomic rank, used to estimate diversity, and to 

account for some degree of sequencing error. A recent method that resolves these issues using 

ASVs is DADA2, which works by identifying the errors generated within individual sequencing 

runs to distinguish true sequences from false ones (Callahan et al, 2015). Using ASVs with 

recent error correction methods may provide a more robust analysis of the diversity at different 

sediment locations across the subarctic, providing insights into historical exposures of these 

communities to oil seepages currently unresolved with OTU clustering methods.  

 

6.2.6 Metagenomics 

 

In Chapter 5 the selection of a primer pair with high coverage of HCB taxa and resulting 

in higher alpha diversity was suggested for future studies for developing a reference baseline of 

unperturbed sediments in regions of oil spill risk. While this is fine for amplicon surveys based 
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on the diversity of a single marker gene (e.g. 16S rRNA gene), use of metagenomics would 

further provide access to the metabolic genes within the microbial communities. It is problematic 

to assess regional vulnerability to oil spills based on a list of what we infer “might be” oil-

degrading taxa. This was shown in Chapter 5 with OTUs identified as Colwellia and Oleiphilus, 

believed to be putative HCB, despite these OTUs showing no response to hydrocarbon 

amendment. Instead of making these metabolic inferences based on OTUs present in the 

baseline, metagenomics can provide information not only on taxonomy but also on the metabolic 

potential, often linking the two. More information is required regarding what genera contain 

genetic pathways necessary to degrade hydrocarbons belonging to different compound classes. 

For this, more genomic studies that target putative and ill-characterized HCB are needed. 

Metagenomic analyses of environmental microbial communities could reveal the genetic 

capabilities of HCB, the metabolic potential of key organisms, and the mechanisms for 

biodegradation of contaminants (Joye et al., 2016; Tan et al., 2015).  

Metagenomics also offers the advantage of a less biased diversity analysis through direct 

sequencing of a sample’s extracted DNA, enabling PCR independent verification of community 

composition and more accurately identifying abundant organisms within enriched communities. 

A metagenomics approach that does not heavily depend on sample manipulations such as PCR 

amplification is considered valuable since it does not bias towards any particular taxonomic 

group, as can be the case with any PCR primer choice (see Table 5.1 for examples of how primer 

pairs can bias results). While the present study’s PCR-based approach does work well for 

obtaining preliminary environmental data regarding HCB, PCR is known to bias sequence 

amplification, which reduces the reliability of the output data in accurately capturing the 

complexity and relative abundance of organisms within original samples (Head et al., 2014). 

Metagenomic studies, therefore, provide excellent opportunities for finding new microbial strains 

and genes involved in the bioremediation of hydrocarbon contaminants. Additionally, 

metagenomics enables and can be complemented with metatranscriptomic or metaproteomic 

approaches to describe expressed activities with the potential to link the genetic diversity and 

activities of microbial communities with their impact on ecosystem function and processes 

(Bharagava et al., 2019).  
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Indeed, metagenomics would be useful for identifying the degradation pathways among 

biostimulated 1% crude oil microcosm communities that contributed to high CO2 increases with 

no alkane degradation, serving as another tool in addition to GC-MS for addressing relevant 

questions. Additionally, other omics methods that observe activity among Woeseia would be 

valuable since this genus it highly abundant in marine sediments (Mußmann et al., 2017), has the 

potential to degrade hydrocarbons (Bacosa et al., 2018), yet shows no enrichment in 

hydrocarbon-amendments in the present study or any other study. 

 

6.2.7 Informing policy and preparedness  

 

Biostimulation as a mitigation strategy 

It has been suggested for decades that the contribution of local microbial communities to 

oil spill biodegradation needs to be more heavily researched in order to inform on the fate of oil 

during marine accidents. Dr. Kenneth Lee in 2000 suggested: 

“Future applied research is also needed to construct a database for decision making that 

includes information on the type of oil, application methodologies, environmental 

conditions (availability of nutrients, bacteria, oxygen, temperature, and wave or tidal 

immersion), and defining treatment endpoints” 

The present study has attempted to simulate subarctic marine oil spills using microcosms 

under in situ temperatures and with environmental inoculate to inform this decision making for 

oil spill treatment endpoints in Canada’s subarctic regions. Bioremediation should serve as a 

response tool for oil spills in this region. Results from this study reveal biodegradation of diesel 

and crude oil does occur at 4°C among indigenous microbial communities. Whether 

biostimulation should be used as a response to spilled hydrocarbons will depend on the spill 

scenario (e.g. environment, hydrocarbon type, volume spilled) and the mitigation resources 

available for response.  

Diesel is the primary fuel used for medium to high speed vessel transport in the region, is 

set to replace bunker fuel in larger cargo ships in the years to come (Ronan, 2018), and a high 

volume of diesel is shipped by sea for northern community resupply of heating fuel each year. 



 

181 
 
 

Diesel fuel contains a high fraction of volatile hydrocarbons and depending on the size of the 

spill, a microbial response in combination with natural processes such as evaporation, 

photooxidation, and wave action should allow for rapid dispersal and biodegradation with 

minimal environmental impact.  

Crude oil contains a fraction of recalcitrant hydrocarbons that are not easily eliminated 

from the environment and should be dealt with as rapidly as possible. Instances where crude oil 

becomes pooled and wave action is limited, for example if washed ashore or accumulated on or 

among ice sheets, may present ideal scenarios for biostimulation. Oleophilic forms of N and P 

sources would be the most effective nutrient application method since they remain dissolved in 

the oil fraction and are available to oil-degrading microbial populations at the oil-water interface 

(Nikolopoulou and Kalogerakis, 2008). Access to the necessary volumes of fertilizers is also a 

major challenge, since stockpiles would need to be carried on ships or stored in remote northern 

locations in advance of a spill to be accessible in emergencies.  

Environmental assessments in the oil and gas industry 

A simple understanding of microbial biodiversity in seawater and sediments of areas with 

oil development is highlighted as a key knowledge gap from oil producing regions globally 

(Caruso et al., 2016; Joye et al., 2015; Turrell et al., 2014). The compilation of adequate 

microbial environmental baselines for all regions at risk is noted as a top priority for future oil 

spill preparedness (Lubchenco et al., 2012; McNutt, 2014). Despite this need for microbial 

baselines to be included in future environmental effects monitoring, the potential of the microbial 

community is neither discussed as an oil spill response recommendation or incorporated in the 

environmental assessments of Newfoundland and Labrador’s current offshore oil and gas 

industry (DeBlois et al., 2014; Sikumiut, 2008). 

In the aftermath of the DWH oil spill it was suggested that a lack of basic assessment 

data made it difficult to track the ecological, environmental, and human impacts of the spill, 

including a lack of information regarding a) direct measurements of oil degradation rates, c) 

sedimentation rates, and d) microbial community baselines from regular long-term monitoring 

(Joye, 2015). Determining the fate of oil by microbial degradation in the ocean and at the 

sediment surface is necessary and microcosms experiments can help to inform rates of 
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degradation with in situ conditions. Microbial community profiling should also be included in 

future environmental assessments by government and industry since this information provides 

useful insight into the condition of marine habitats and can be used to monitor for recovery in the 

event that an oil spill does occur. Future vulnerability mapping requiring genomic screening is 

suggested to improve regional understanding of HCB within this marine microbiome.  

 

6.3 Concluding remarks 

 

Declines in pollutants within the Arctic environment (e.g. persistent organic pollutants) 

due to restrictions enforced by circumpolar countries has demonstrated the power of monitoring 

programs and international regulations to protect this fragile environment (AMAP, 2010a). As 

ocean drilling for oil and gas expands into ever deeper waters and as climate change melts the ice 

that has held back shipping traffic from infiltrating the Arctic, will increases in oil spill risk also 

be met with increased policies to protect northern oceans, peoples, and wildlife? There has been 

an outcry by the scientific community to include more comprehensive evaluations of local 

microbial diversity into the environmental assessment and monitoring programs of environments 

at heightened risk of oil spills (Caruso et al., 2016; Joye et al., 2015; Krolicka et al., 2017; 2019; 

Lubchenco et al., 2012; McNutt, 2014; Turrell et al., 2014). The potential of the microbial 

community to act as an informative marine baseline for environmental effects monitoring 

(Godoy-Lozano et al., 2018) and as primary responders to anthropogenic hydrocarbon sources in 

marine environments is widely recognized (Head et al., 2006). Unfortunately, there is still a gap 

between what is strongly suggested by the scientific community and what is adopted by industry. 

The oil and gas industry of Newfoundland and Labrador currently does not include microbial 

evaluations in its environmental assessment programs (DeBlois et al., 2014; Sikumiut, 2008). By 

understanding the microbial potential in Canada’s subarctic marine environment for oil spill 

response, we can hopefully inform decision makers and stakeholders of the vulnerabilities and 

also resilience of our Arctic environment. Biostimulation offers a useful, if not sometimes 

overlooked, response to a variety of oil spill scenarios and is shown here to be successful at 

improving oil degradation by subarctic microbial communities. Research into the fate of oil in 

sediments should not be overlooked, since this ecozone represents an area of increasing 
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relevance during large scale oil spills. Identifying hydrocarbon-degrading bacteria in the 

environment is important for assessing regional vulnerability to contaminants, recognizing 

environmental impacts, and monitoring ecosystem recovery after oil spills. The Canada-

Newfoundland and Labrador Offshore Petroleum Board is currently updating its Strategic 

Environmental Assessment of the Labrador Shelf in response to future expansion of oil and gas 

developments in the region and is to be completed by 2023 (Sikumiut, 2008). The hope is that 

new policies will reflect the current state of knowledge informing oil spill preparedness and 

include microbial biodiversity assessments of the Labrador Shelf in all future oil production 

zones.  
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Supplementary Tables 
 

Table S5.1: Quality controlled sequence reads of environmental and incubation samples 

according to primer pair. HB = Hudson Bay station 732 incubation, L = Labrador station 640 

incubations. C = Crude, D = Diesel.  

 

Sample ID A (341F/806R) B (341F/785R) C (515F/806R) 

640_1 (Sediment) 70335 7700 27236 

640_2 (Sediment) 32442 4239 7292 

640_3 (Sediment) 67810 12516 21323 

647_1 (Sediment) 73705 55094 19114 

647_2 (Sediment) 51705 52433 58482 

647_3 (Sediment) 68928 43933 17892 

732_1 (Sediment) 27927 5659 25147 

732_2 (Sediment) 19647 8269 44090 

732_3 (Sediment) 78896 18204 66342 

732_BW (Water) 28265 106922 68411 

732_SW (Water) 62472 153132 44736 

HB_C_1 (Incub.) 30473 122123 
 

HB_C_2 (Incub.) 24773 106183 
 

HB_C_3 (Incub.) 30704 64199 
 

HB_D_1 (Incub.) 40344 45051 
 

HB_D_2 (Incub.) 33340 478 
 

HB_D_3 (Incub.) 41549 103436 
 

L_C_1 (Incub.) 24882 9149 
 

L_C_2 (Incub.) 25725 126868 
 

L_C_3 (Incub.) 17660 92794 
 

L_D_1 (Incub.) 9942 195763 
 

L_D_2 (Incub.) 10685 103711 
 

L_D_3 (Incub.) 5911 142415 
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Table S5.2: OTU counts from the 13 taxonomic groups detected in station 640 sediment samples 

and incubation samples (crude oil and diesel combined) according to primer pair used.  

The TOTAL columns contain the count of all OTUs of each genus/sample type detected by that 

primer pair. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Primer Pair A (341F/806R) B (341F/785R) C (515F/806R) 

Genus SED INC TOTAL SED INC TOTAL SED 

Alcanivorax 0 2 2 0 2 2 0 

Colwellia 9 4 9 9 6 9 5 

Cycloclasticus 0 1 1 0 3 3 0 

Marinobacter 0 2 2 0 4 4 0 

Neptunomonas 0 2 2 0 2 2 0 

Oleiphilus 2 1 3 1 1 2 1 

Oleispira 1 2 2 1 2 2 1 

Paraperlucidibaca 1 1 1 0 1 1 0 

Porticoccus 1 1 1 1 1 1 1 

Pseudomonas 1 5 5 0 7 7 0 

Thalassolituus 0 1 1 0 1 1 0 

Thalassospira 0 1 1 0 1 1 0 

Zhongshania 0 2 2 0 2 2 0 

TOTAL 15 25 32 12 33 37 8 
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Table S5.3: Relative sequence abundance of all putative HCB OTUs detected by primer pair A 

(341F/806R) within environmental and incubation samples. Sediment and incubation samples 

are averages of three replicates whereas surface water (SW) and bottom water (BW) are single 

samples. Highlighted OTUs were detected at <1% abundance in the environment but >1% 

abundance in incubations. HB = Hudson Bay station 732 incubation, LS = Labrador Sea station 

640 incubations. C = Crude, D = Diesel.  

 Environmental Samples Incubation Samples 

Genus:OTU ID 640 647 732 732_BW 732_SW HB_C HB_D LS_C LS_D 

Alcanivorax:OTU_123   0.44216    0.28973 0.69194 0.16588 

Alcanivorax:OTU_3881        0.22767  
Colwellia:OTU_22 0.31686 0.17397 1.88183 0.11734  0.21473 1.74867 0.78644 0.21218 

Colwellia:OTU_257 0.63649 0.48626 0.59914 0.35547  0.38849 0.15694  0.58716 

Colwellia:OTU_544 0.81644 0.81830 0.51347 0.16641  0.79815 0.32479 0.13259  
Colwellia:OTU_564 0.78616 0.65818 0.51852   0.57649 0.88383 0.25774 0.69483 

Colwellia:OTU_697 0.27823 0.81797 0.75526 0.18129 0.16123  0.31796   
Colwellia:OTU_3523 0.15474 0.81469 0.67995 0.71934  0.13572    
Colwellia:OTU_4784 0.16867 0.29143 0.39175 0.13577 0.16123     
Colwellia:OTU_5306 0.27885         
Colwellia:OTU_5909 0.11174  0.12531 0.16641      
Cycloclasticus:OTU_3      0.19336 4.92213 19.28822 6.45548 

Marinobacter:OTU_7   0.44216   0.37518 0.44291 13.15544 1.85183 

Marinobacter:OTU_33   0.12562   2.33987 1.45740 0.91277 0.54159 

Marinobacter:OTU_253      0.14886 0.93379   
Neptunomonas:OTU_28      3.67561 0.22288 1.15533 0.31293 

Neptunomonas:OTU_321   0.44216   0.29826 0.54163 0.23179 0.19437 

Oleiphilus:OTU_324      0.58242 0.12552 0.11383 0.34252 

Oleiphilus:OTU_460 0.22539 0.85182 0.46142 0.35547   0.21197   
Oleiphilus:OTU_1771 0.37788 0.65818 0.15798 0.35547   0.46553   
Oleispira:OTU_6 0.12968 0.11533 0.94767 0.28437  11.63822 0.33473 0.26518 4.91295 

Oleispira:OTU_2468   0.44216     0.53128 1.47228 

Paraperlucidibaca:OTU_1 0.53174      1.77176 19.34656 14.73485 

Porticoccus:OTU_130 0.16645 0.28417  0.28437 0.12898 0.33655 0.31950 0.33634 1.42997 

Porticoccus:OTU_2430      0.37859 0.83128   
Pseudomonas:OTU_4 0.53174  0.88433   3.68426 1.93891 0.27289 0.35889 

Pseudomonas:OTU_16      8.47415 0.18242 2.59198  
Pseudomonas:OTU_44   0.44216   0.47133 0.36494 3.29326 0.12763 

Pseudomonas:OTU_50    0.35547  2.67835 0.62761   
Pseudomonas:OTU_273        0.63598 0.73946 

Pseudomonas:OTU_311  0.96943    0.41768 0.27236   
Pseudomonas:OTU_2773  0.45347    0.11279 6.14718 0.18972  
Thalassolituus:OTU_13      1.36118  3.36772 9.18355 

Thalassospira:OTU_301        0.25651  
Zhongshania:OTU_26   0.39514   4.27725 0.15364 4.52536 0.31377 

Zhongshania:OTU_4332        0.66151  
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Supplementary Figures 
 

 

 

Figure S3.1: Ratios of [Alkanes: C12-C32]/[Alkanes: C12-C32 + C30-Hopane] used as a 

comparative measure of crude oil degradation between treatment groups. Each bar plot 

represents the mean ratio of three replicate microcosms with error bars as standard deviation 

from the mean. Day 0 bars for 0.1 and 1% crude oil concentration represent microcosms that 

were prepared and frozen at day 0 to prevent degradation. All four treatment groups were 

incubated for a duration of 71 days. Treatment HN-0.1% showed the largest decrease 

(0.9982±0.0002) in the ratio, followed by LN-0.1% (0.9984±0.0004), and small decreases in 

both HN-1% (0.9986±7.05E-05) and LN-1% (0.9986±1.39E-05). The only treatment that 

significantly decreased with regard to day 0 ratios was HN-0.1% (p-value = 0.005). No 

significant difference was found between LN-1% and HN-1% (p = 0.259) or from their day 0 

ratio. 
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Figure S3.2: Values of O2 (mmol) within diesel-amended (left) and crude oil-amended (right) 

sediment microcosms obtained using GC over 71 days of incubation at 4°C. Data points 

represent the mean of three environmental replicate microcosms that were established with 

samples taken from three separate sediment core casts. Error bars indicate the standard deviation 

from the mean. Legend: Unamended (U), Low Nutrient (LN), High Nutrient (HN), 1% and 0.1% 

refer to the volume of hydrocarbon (either diesel or crude oil) added. Panels A and B show 

absolute values of gases within the headspace of microcosms over the incubation, comparing the 

hydrocarbon and nutrient amended microcosms (solid lines) against their unamended control 

microcosms (dashed lines). In panels C and D, gas values from the unamended control 

microcosms have been subtracted from values in corresponding treatment bottles, thus only gas 

data attributed to hydrocarbon degradation is presented by eliminating the background 

respiration associated with sediment-associated substrates. The Δ in panels C and D represents 

the difference between unamended and treated microcosms. Panels E and F present gas data 

from the sediment free (SF) and killed (K) control microcosms, whereby no change was 

observed over the duration of the incubations.  
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Figure S3.3: DNA concentrations within treatments and controls at 0, 28, and 71 days of 

incubation within diesel fuel (left) and crude oil (right) amended microcosms. Triplicate 

microcosms are averaged with error bars showing standard deviation from the mean. Legend: 

Unamended (U), High Nutrient (HN), Low Nutrient (LN), and the concentration (0.1 or 1%) of 

either diesel or crude oil. In both experiments, treatments that were biostimulated were also 

found to have high concentrations of DNA after 28 (pink) and 71 (green) days.  
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Figure S3.4: Ammonium concentrations within treatments and controls at 0, 28, and 71 days of 

incubation within diesel fuel (left) and crude oil (right) amended microcosms. Triplicate 

microcosms are averaged with error bars showing standard deviation from the mean. Legend: 

Unamended (U), High Nutrient (HN), Low Nutrient (LN), and the concentration (0.1 or 1%) of 

either diesel or crude oil. In both experiments, low nutrient treatments were rapidly depleted of 

ammonium whereas only treatment HN-1% of the high nutrient treatments showed loses in 

ammonium. Note that the concentrations are reported differently for high (mM) and low (µM) 

nutrient amendments.  
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Figure S3.5: C30Hopane-normalized alkane concentrations within crude oil-amended 

microcosms. Each bar plot represents the mean of three replicate microcosms. Day 0 bars for 0.1 

and 1% crude oil concentration represent microcosms that were prepared and frozen at day 0 to 

prevent degradation. Treatment groups are divided between graphs by crude oil concentration 

with 0.1% at the top and 1% at the bottom. All four treatment groups were incubated for a 

duration of 71 days. Alkanes were considerably more degraded in 0.1% crude oil amendments.  
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Figure S4.1: Amounts of O2 in diesel fuel-amended (left) and crude oil-amended (right) 

microcosms incubated with station 732 (Hudson Bay) sediment over 241 days at 4°C. Data 

points represent the mean of three environmental replicate microcosms that were established 

with samples taken from three separate sediment core casts. Error bars indicate the standard 

deviation of the mean. Legend: Unamended (U), Low Nutrient (LN), High Nutrient (HN), 0.1% 

and 0.01% refer to the volume of hydrocarbons added. Panels A and B show absolute values of 

gases within the headspace of microcosms over the incubation, comparing the hydrocarbon and 

nutrient amended microcosms (solid lines) against their unamended control microcosms (dashed 

lines). In panels C and D, gas values from the unamended control microcosms have been 

subtracted from those of their corresponding treatment bottles, showing gas data attributed to 

hydrocarbon degradation by eliminating the background respiration associated with sediment-

associated substrates. The Δ in panels C and D thus represents the difference between 

unamended and treated microcosms. Panels E and F present gas data from the sediment free (SF) 

and killed (K) control microcosms, whereby no change was observed over the duration of the 

incubations.  

 


