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ABSTRACT

Marine oil spills occurring as a result of anthropogenic activity pose a threat to marine
birds, mammals, fish, and human health due to the toxicity of the compounds present in crude
oil. Petroleum hydrocarbons are one of the most widespread organic contaminants impacting
marine ecosystem, and contamination of marine sediments or coastal environments by
hydrocarbons presents a major threat and challenge for remediation. Hydrocarbons in the marine
environment are degraded abiotically by wave action, wind, and currents, and biotically by
marine microorganisms. The bacterial genera Vibrio, Alteromonas, Bacillus and Pseudomonas
are examples of species that have been identified as having hydrocarbon degrading metabolic
capabilities.

The genus Vibrio is extremely diverse and can be found in a wide variety of
environments. Several environmental isolates of Vibrio spp. have been identified as
hydrocarbon-degraders. Due to their widespread presence and adaptability, it is worthwhile
studying the characteristics and metabolic traits of locally isolated Vibrio to understand their
potential interaction with crude oil that is introduced into the marine environment.

Here, I investigate the genomic, phylogenetic, and biochemical properties of a
hydrocarbon-degrading marine bacterium isolated in Logy Bay, Newfoundland. Additionally, I
determine the transcriptomic profile of this bacterium in crude oil exposure conditions and
conduct an experiment to determine the chemical composition of chemically dispersed crude oil

over time when it is incubated with a culture of this bacterium.
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1. CHAPTER I: General Introduction



1.1  Oil Exploration in the Northeast Atlantic

The expansion of the offshore oil and gas industry in the North Atlantic comes with
economic benefits and environmental risks for the region. Drilling and production operations of
offshore oil companies in Atlantic Canada are associated with both regulated discharge and
accidental spills of oil into the ocean [1]. In Newfoundland and Labrador, the offshore oil and
gas industry has been a significant contributor to the local economy since major development
and oil exploration began in the 1960s.

The Grand Banks off Newfoundland are home to four of the eleven most significant oil
discoveries in North America, estimated to contain >16 million cubic meters of recoverable
hydrocarbon reserves [2]. The first exploratory wells located on the Grand Banks off the
southeast coast of the island were drilled in 1966-1967 [3]. Hibernia, a concrete gravity-based
structure which became operational in 1997, is located 170 nautical miles from St. John’s and is
the world’s heaviest offshore oil platform [4]. The Hibernia platform is predicted to continue
operations until 2036 [5].

Increases in oil and gas activity on the Grand Banks have been accompanied by an increase
in the amount of oil spilled from offshore oil platforms, with as many as 381 small (<7.95 m?) oil
spills reported by the Husky, Terra Nova, and Hibernia oil platforms between 1997 and 2010,
with 126 of these spills identified as crude oil or mixed hydrocarbons and the remainder as diesel
or other oil-based products [5]. The risk associated with oil spills is heightened in this region due
to the cold and harsh climate conditions, which can impact the effectiveness of prevention,

control and cleanup strategies used in the case of a spill [4,6].



1.2 Risks Associated with Offshore Oil and Gas Exploration and Spill Response

Oil spills in the ocean pose a direct threat to marine birds, mammals, and fish due to the
toxicity of the oil and the formation of oil slicks. A single ton of spilled oil can form an oil slick
covering 5 x 10° m? of sea surface [7]. The lightest components of the oil slick evaporate into the
atmosphere, while the heavier components float on the sea surface where they undergo physical
and photochemical weathering or become incorporated into aggregates and sink to the ocean
floor [8]. These oil containing aggregates can become adsorbed into sediments and re-deposited
into the water column through currents and wave action, creating a slow-release secondary
source of pollution [9].

The initial stages of environmental recovery from large-scale marine oil spills in most cases
takes between two and ten years, with long-term impacts related to changes in ecosystem
structure persisting due to the longevity of some of the affected species [10]. The Deepwater
Horizon accident of April 2010 is a prominent and thoroughly studied example of a large-scale
oil spill occurring in a biodiversity-rich marine ecosystem. Up to 54% of macrofaunal and 38%
of meiofaunal diversity in the benthic environment within close range of the oil spill was lost and
estimates for recovery of the ecosystem are of at least several decades [11]. From a local
perspective, the Grand Banks are ecologically valuable and support an estimated 40 million
seabirds annually [5]. The region was also considered one of the most productive fishing grounds
in the world before heavy fishing and environmental shifts caused the collapse of the fish
biomass in the early 1990s [12]. Nevertheless, the Grand Banks still represents a critical
environmental and economic resource for the province. A large-scale oil spill in the Grand Banks
area would have devastating impacts on the marine biota of the region and on the economy of

Newfoundland and Labrador.



When an oil spill occurs in the ocean, the initial response is to collect as much of the oil as
possible and remove it mechanically using where weather and climate conditions allow [13].
Physical barriers used to control the spread of an oil spill include booms, skimmer and
absorbents. Booms are long rolls of adsorbent, buoyant material placed around a spill or the
source of a spill that prevent the oil from spreading further or forming a larger slick [14].
Skimmer are used to remove oil from the surface of the water. Skimmers can be categorized into
five types: sorbent surface, weir, suction, elevating and submersion [15]. Sorbent skimmers are
the most commonly used, and recovery is based on adhesion of the oil to an oleophilic sorbent
surface which then passes by a scraper or roller to remove and contain the oil [15]. Once oil has
been gathered, another technique, in-situ burning, is sometimes employed. In-situ burning
involves burning an oil slick, causing the vaporisation of the oil. The rate at which oil burns is a
function of the amount of available oxygen, the type of fuel and the area occupied by the slick
[16]. The residue from oil spill burning is largely unburned oil with some lighter and more
volatile compounds removed, although burning of heavier oils may produce some oil dense oil
residues that may sink in seawater [16].

If appropriate conditions prevail, chemical dispersants may be added to oil slicks to disperse
the oil, which is thought to make the hydrocarbons more bioavailable for biodegradation by
marine microorganisms [17]. Some of the most used commercially available oil dispersants
include Corexit 9500A, Finasol OSR52, Slickgone NS, Slickgone EW and Accell DWD [18].
These dispersants contain ingredients such as monopropylene glycol, sorbitan monooleate,
carboxylic acid derivatives, 2-butoxyethanol, surfactants like Span 80, Tween 80, and Tween 85,

dearomatized kerosene, and other light petroleum distillates [18].



The amount of chemical dispersant used to treat an oil spill is determined by estimating the
optimal dispersant/oil ratio (DOR) suggested by the manufacturer, which is designed to
maximize the effectiveness of the dispersant [19]. The main purpose of applying dispersant to a
surface oil slick is to break the oil down into smaller droplets. It is argued that the smaller the
droplets of oil, the higher the surface area available for microbial colonization, and thus the
higher the rate of biodegradation [20]. During the Deepwater Horizon oil spill, 65% of the 4.9
million barrels of oil spilled at a depth of approximately 1500 meters rose to the sea surface [21].
The resultant surface oil slick was treated with 2 million gallons of Corexit EC9500A and
EC9527A chemical dispersant, which was sprayed on the slick by a plane flying above it, for a
targeted 1:20-1:25 dispersant-to-oil ratio [22]. Additionally, dispersant was introduced near the
source of the oil spill on the seafloor. This was the first time that chemical dispersants were used
in deep water [23], and the dispersant added at the recommended 1:100 DOR successfully
prevented some of the oil from rising to the sea surface by creating small droplets, which
remained at depth. Since 2010, research into the effectiveness and environmental impacts of
chemical dispersants has continued and there are still many questions left to be answered.

In contrast to the methods previously described where interventions were involved,
natural attenuation is an approach to oil spill remediation that involves relying on the metabolic
activity of indigenous microorganisms and natural abiotic conditions to degrade oil. Oil is
transformed by physical and chemical processes such as evaporation, dissolution, dispersion,
photooxidation, and formation of aggregates over the course of days to months in the
environment [24]. Microbial degradation can typically remove many low molecular weight
compounds within the first few weeks after an oil spill, with higher molecular weight compounds

persisting in the environment for a longer time [24]. It is important to develop an understanding



of the efficacy of natural attenuation in specific locations and conditions to determine whether
additional methods of control, removal and treatment would be required in the case of an oil

spill.

1.3 Crude Oil Composition

The composition of oil varies greatly depending on the source and the level of refining and
production which the oil has undergone. Unrefined crude oil is composed primarily of polycyclic
aromatic hydrocarbons (PAHs) and alkanes, but also contains sulfides, nitrogen-containing
pyrroles and pyridines, oxygen-containing phenols, acids, and furans [25]. Aliphatic compounds
are also known as saturates and are single-bond hydrocarbons classified as alkanes or
cycloalkanes based on their chemical structure and properties [26]. PAHs are organic pollutants
that are composed of two or more benzene rings and are released into the marine environment
through incomplete combustion of fossil fuels, petroleum refinery effluents and crude oil spills
[27]. Resins and asphaltenes include the non-hydrocarbon polar molecules present in oil and are
typically heavier and more recalcitrant compounds [26]. The degradation rate of oil in the marine
environment varies widely depending on its specific hydrocarbon composition; however, some
hydrocarbons found in crude oil are virtually non-biodegradable. It has been estimated that the
biodegradability of crude oils ranges from 70 to 97% [28].

Much of the degradation of oil in the marine environment can be attributed to weathering due
to exposure to abiotic conditions. When oil is leaked or spilled into the ocean, it undergoes
weathering processes such as evaporation, emulsification, dispersion, dissolution, photo-
oxidation, sedimentation, adhesion to minerals and biodegradation [29]. These processes alter the
chemical composition of the oil and may even render it more toxic to marine organisms.

Generally, the less complex compounds such as n-alkanes, isoprenoids, monocyclic



naphthalenes, polycyclic naphthalenes, diasteranes, and aromatic steroids are degraded first
[29,30]. Understanding the chemical changes that occur to oil once it is exposed to the elements
and weathered in the marine environment is critical to understanding its interactions with the

microorganisms present in the ecosystem.

1.4 Interaction of Marine Bacteria and Hydrocarbons in the Marine Environment

It is well established in scientific literature that many species of marine bacteria can degrade
a variety of hydrocarbons found in crude oil. Hydrocarbons are ubiquitous in the marine
environment, originating from natural oil seeps, natural gas deposits and from anthropogenic
sources. Prolonged exposure of marine bacteria to these sources has allowed some species to
develop a specialized metabolism to be able to degrade hydrocarbon compounds [31]. Many of
these specialized species are always present in seawater in low abundances but increase
significantly when a hydrocarbon source is introduced [32].

Crude oil present in the ocean can be in the form of dissolved petroleum hydrocarbons in the
aqueous phase, large hydrocarbon droplets, or small pseudosoluble or encapsulated hydrocarbon
droplets; all of which interact with marine bacteria [33]. The solubility and droplet size of the oil
can greatly impact its rate of biodegradation by microorganisms. Bacteria with higher
hydrophobicity experience increased absorption with oil droplets, therefore, the production of
surfactants by bacteria is a strategy that is commonly used to improve their hydrophobicity, and
thus increase their interaction with oil droplets in the marine environment [33]. Microorganisms
may metabolize hydrocarbons aerobically or anaerobically, through oxidation, reduction,
hydroxylation, and dehydrogenation reactions [26]. The main enzymes involved in hydrocarbon

degradation are oxygenases and dehydrogenases [34].



Lighter more volatile compounds found in crude oil, such as low-molecular weight (LMW)
PAHSs, undergo adsorption, volatilization, photolysis, and chemical degradation when exposed to
the elements [34]. Microbial degradation is also responsible for breaking down PAHs into less
complex metabolites, although the extent and rate of biodegradation depends on environmental
factors such as pH, temperature, oxygen, microbial population, degree of acclimation, access to
nutrients, chemical structure of the compound and chemical partitioning in the growth medium
[34]. Aerobic biodegradation of PAHs is made up of upper and lower metabolic pathway
components. The upper pathway consists of the activation of the aromatic compounds by mono-
or dioxygenases, which transforms them into intermediates such as catechol [32]. In the lower
pathway, ring-cleaving dioxygenases produce intermediates, which are incorporated into the
tricarboxylic acid cycle for energy production [32].

Hydrocarbon degrading bacteria produce biosurfactants containing extracellular matrix, also
known as extracellular polymeric substances (EPS), which may function as natural dispersants
and reduce the oil-water interfacial tension [35]. EPS is primarily composed of amino acids,
sugars, or fatty acids linked to a functional group such as a carboxylic acid [32]. The EPS forms
a barrier at the oil-water interface to stabilize oil droplets, serves as an anchoring material for
microbes to attach to, helps regulate the movement of nutrients and waste, provides protection

from the environment, and adsorbs metals and organic compounds [35].

1.5 Research Gaps

While there is significant research published on biodegradation of oil in the marine
environment by bacterial species, there are fewer studies that examine the specific metabolic
capabilities of individual species and strains of bacteria. It is critical to study the interactions

between bacteria but is also important to develop a detailed understanding of individual species’



metabolism when it comes to biodegradation of hydrocarbons. In addition, there are a lack of
studies focused on species isolated from the Northwest Atlantic Ocean, although there is a lot of
offshore oil production and exploration in this region and therefore heightened risk of oil spills.
The objective of this thesis is to characterize a hydrocarbon-degrading species isolated in coastal
waters in Newfoundland and Labrador, which provides regionally relevant data and helps
develop the general understanding of the community of biodegrading microorganisms present in
the region.

This thesis combines a wide range of techniques and perspectives to generate a well-
rounded understanding of the metabolic capabilities of Vibrio sp. strain J502. While most studies
focus on either a genomic or chemical perspective on biodegradation of oil in the marine
environment, this thesis explores both. The research presented here provides a unique
perspective and valuable insight into how the genomic and chemistry components can inform
each other and provide a deeper understanding of marine microbial biodegradation of

hydrocarbons.

1.6 General Objectives

The general objective for Chapter II was to genomically, phylogenetically and phenotypically
characterize Vibrio sp. strain J502, as well as to determine the effect of exposure to crude oil on
its cellular functions and metabolism. The general objective for Chapter 11l was to determine the
ability of Vibrio sp. strain J502 to grow in the presence of chemically enhanced water
accommodated fraction (CEWAF) of crude oil, and to determine which type of hydrocarbons (if

any) it can biodegrade.



1.7 Specific Objectives

The specific objectives for Chapter II were to: 1) compare the genome of Vibrio sp. strain
J502 to other members of the genus Vibrio to determine its phylogenetic position within the
genus; i1) to genomically characterize Vibrio sp. strain J502 and identify genes related to
metabolism of aromatic compounds and hydrocarbons, stress and interactions with
environmental conditions; iii) to determine the impact of exposure to crude oil on the gene
expression of genes identified in the genomic profile of Vibrio sp. strain J502.

In Chapter III, the specific objectives were to: 1) determine the growth of Vibrio sp. strain
J502 when exposed to CEWAF and chemical dispersant compared to an artificial seawater
control; ii) to evaluate the ability of Vibrio sp. strain J502 to degrade hydrocarbons found in

crude oil through incubation with CEWAF and compositional analysis of oil over time.
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2. CHAPTER II: Comparative Genomic Analysis and Transcriptome of Vibrio sp. strain
J502, a Hydrocarbon-Degrading Marine Bacterium
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2.1 Abstract

Marine bacteria with the ability to degrade oil in cold environments may have bio-
technological applications. Vibrio sp. strain J502 is a Gram-negative marine bacterium, isolated
from North Atlantic seawater using marine minimal media supplemented with crude oil as the
sole carbon source. Here, we describe the phenotypic and genomic characteristics of this isolate
from surface seawater in Logy Bay, Newfoundland, Canada. Vibrio sp. strain J502 is motile,
halophilic, psychrotrophic, and O129 (vibrio-static agent used to identify Vibrios) susceptible,
matching with Vibrio sp. characteristics. The genome of Vibrio sp. strain J502 has two
chromosomes [chromosome [ — (NZ_CP104554) and chromosome II — (NZ CP104555)] and
one small plasmid [Plasmid pJ502 - NZ CP104556] for a total size of 4.55 Mb and 44.7% G+C
content. Whole genome genomic and phylogenetic analysis showed that Vibrio sp. strain J502 is
closely related to V. anguillarum, with an ANI of 93.27% for chromosome I and 98.87% for
chromosome II. The lipid profile and respiratory quinones identified from Vibrio sp. strain J502
do not match that of other members of the genus Vibrio, suggesting that this may be a novel
isolate. Additionally, based on genomic and phylogenetic characteristics, it is proposed that this
isolate represents a potential new species, and definitively represents a novel isolate. Vibrio sp.
strain J502 has genes related to the degradation of aromatic hydrocarbons, which we found were

upregulated when the bacteria was exposed to water accommodated fraction of oil (WAF).
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2.2 Introduction

Vibrio spp. are ubiquitous, Gram-negative, mesophilic, typically motile rod-shaped
bacteria belonging to the Gammaproteobacteria [36]. Vibrio spp. can be classified as either
halophilic or nonhalophilic, depending on their environment and salinity requirements for growth
[37]. Many members of the genus have a facultative fermentative metabolism and can grow on
marine agar [38]. The genus Vibrio contains over 130 confirmed species, which are found
primarily in aquatic environments such as estuaries, marine coastal water and sediments, and
aquaculture settings globally [36,39]. Various Vibrio spp. have also been isolated from marine
organisms such as corals, fish, and shrimp [38].

Species within the genus Vibrio can cause infections in humans, including V. cholerae, V.
parahaemolyticus and V. vulnificus [39]. Other pathogenic Vibrio sp. cause infection in marine
organisms, such as V. shilonii and V. coralliilyticus in corals and anemones, V. ordaii and V.
logei in scallops, and V. anguillarum and V. salmonicida in fish [38,40]. The genus Vibrio is
extremely diverse, and genomic events such as mutations, chromosomal rearrangements, loss of
genes by deletion or decay and gene acquisitions through duplication or horizontal transfer are
thought to drive the continuing evolution and speciation within the genus [38]. All previously
identified members of the genus Vibrio have two chromosomes, with chromosome I usually
being larger and encoding proteins for essential functions and chromosome II being smaller and
carrying genes related to more environment-specific functions [41]. In addition to the existence
of pathogenic strains, environmental isolates of Vibrio spp. have been associated with
hydrocarbon degradation [38,42].

Naturally occurring marine bacteria play a major role in recycling carbon in the ocean by

transforming organic pollutants into a variety of metabolites, many of which are ultimately
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recycled into inorganic carbon [43]. Many of these bacteria can utilize specific hydrocarbons as
an energy source [44]. The most common marine bacterial genera that include hydrocarbon-
degrading bacteria are Pseudomonas, Nocardia, Acinetobacter, and Vibrio [45]. The activity of
hydrocarbon-degrading marine bacteria depends on oil type and seawater conditions, including
temperature, oxygen, and nutrient availability, creating niches with site-specific microbial
communities [46].

Biodegradation of hydrocarbons by marine bacteria is the result of oxidative processes
carried out by oxygenases and peroxidases, which convert organic pollutants into intermediates
of the tricarboxylic acid cycle [11]. Many n-alkanes and PAHs, especially the smaller molecules,
have been shown to be degraded effectively by aerobic marine bacteria [12]. For instance, V.
alginolyticus strain MF15 isolated from diesel-contaminated seawater can degrade up to 26.78%
of diesel in 10% dilution in seawater within 14 days [49]. Similarly, V. cyclotrophicus strain P-
2P44T, isolated from creosote contaminated marine sediments can degrade three and four-ring
PAHs [42]. Bioremediation of oil spills via natural attenuation with hydrocarbon-degrading
marine bacteria is a well recognized as a cleanup strategy in many areas of the world as it may
save between 50 and 70% of the costs of oil spill cleanup compared to physical and chemical
methods [7,50]. There are many other additional benefits to bioremediation, including reduced
environmental impact, sustainability and its suitability to be used alongside other cleanup
methods.

Four of the eleven most significant oil deposits found in North America are in the
Newfoundland offshore [2]. There is a heightened risk of oil spills in this coastal region due to
the cold and harsh climate, and potential oil spill cleanup measures are challenging to execute in

adverse weather conditions [6]. Isolation and characterization of local marine microbes with
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hydrocarbon-degrading potential is critical to understanding the impacts of an oil spill in this
region, and for developing local oil spill response plans. Although there are many studies on oil-
degrading marine bacteria, there is generally a lack of information on species found in the North
Atlantic, and there is very little information available on the bacteria found in the ocean around
Newfoundland and Labrador. This study focuses on a hydrocarbon-degrading marine bacteria
isolated from the coastal surface waters of Newfoundland, which provides new insights into the
marine bacterial diversity found in this ecosystem.

In this study, we isolate a marine bacteria strain in marine minimal media using crude oil
as the sole source of carbon and describe its complete genome and phenotypic characteristics.
We found that the hydrocarbon-degrading marine Vibrio sp. strain J502, isolated from surface
waters in Logy Bay, Newfoundland, Canada, is a novel isolate. We determined that Vibrio sp.
strain J502 is a Gram-negative, psychotropic, hydrocarbon degrading marine bacterium.
Functional analysis of the genome of Vibrio sp. strain J502 determined that this bacterium might
possess resistance to some heavy metals and antibiotics and is capable of aerobically
metabolizing aromatic compounds. Its ability to grow in the presence of crude oil and chemical
dispersant makes this strain a potential tool for ecofriendly bioremediation of oil spills in

Atlantic Canada.

2.3 Materials and Methods

2.3.1 Vibrio sp. strain J502 Isolation

Vibrio sp. strain J502 was isolated and purified in 2017 from sea water (Logy Bay, NL)
using enrichment with crude oil (un-weathered Hibernia crude oil). Sterile flasks of 350 mL
containing 100 mL of raw sea water were inoculated with 1 mL of crude oil and incubated at

15°C with aeration (180 rpm) for 60 days (d). After this period marine M9 minimal media agar
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(M9 salts [51] without MgSO4 and CaCls, 1.5% noble agar, 50% filtered sterilized seawater)
containing 100 pL of crude oil as the only carbon source was inoculated with bacteria enriched
seawater. The plates were incubated at 15°C for up to 2 weeks, until solid bacterial colony
growth appeared. A single colony was repurified in Trypticase Soy Agar (TSA, 1.5% agar,
Difco, Franklin Lakes, NJ, USA) supplemented with up to 2% NaCl using a streaking technique
[52]. Vibrio sp. strain J502 was stocked in peptone 1% (Difco) and glycerol 10% (Sigma) at -

80°C according to established protocols [53].

2.3.2 Bacterial Culture Conditions

Vibrio sp. strain J502 was grown routinely in 3 mL of Trypticase Soy Broth (TSB, Difco,
Franklin Lakes, NJ, USA) supplemented with 2% NaCl at 15°C in a 16 mm-diameter glass tube
and placed in a roller drum (TC7, New Brunswick, MA, USA) for 24 h with aeration (180 rpm).

When required, the media was supplemented with 1.5% bacto-agar (Difco).

2.3.3 Biochemical, Enzymatic and Physiological Characterization

Vibrio sp. strain J502 growth was evaluated at 4, 15, 28 and 37°C, and 0, 0.5 and 2%
NaCl concentrations. The biochemical profile of Vibrio sp. strain J502 was characterized using
API20E, API20NE, and API ZYM systems (BioMerieux, Marcy-I’Etoile, France) according to
the manufacturer’s instructions. The strips were incubated at 15°C for 48 h. Vibrio sp. strain
J502 antibiogram profile was determined for tetracycline (10 pg), oxytetracycline (30 pg),
ampicillin (10 pg), sulfamethoxazole (25 pg), chloramphenicol (30 pg), colistin sulphate (10
ng), oxalinic acid (2 pg) and O-129. Antibiotic sensitivity discs (Difco) were placed onto the
surface of TSA 2% NaCl agar plates inoculated evenly with routinely grown bacterial culture

following standard methods [54]. Resistance to each antibiotic was determined based on the
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diameter of the zone of inhibition [55,56]. Motility, hemolytic activity (Figure S1), and catalase

activity were determined using standard methods [55].

2.3.4 DNA Extraction and Sequencing

Vibrio sp. strain J502 was grown as described in 2.2. Bacterial cells were harvested at
mid-log phase, at an optic density (ODe00~0.7; 2.5 x 108 CFU/mL). Total DNA extraction was
conducted using a Wizard Genomic DNA Purification Kit (Promega, Madison, WI, USA)
according to the manufacturer’s instructions. The DNA integrity and purity were evaluated using
gel electrophoresis (agarose gel 0.8%) and spectrophotometry based on the 260/280 and 260/230
ratios value (Genova-Nano Spectrophotometer, Jenway, UK). Libraries and sequencing were
conducted at Genome Quebec (Montreal, QC, Canada) using long-read PacBio SMART whole

genome sequencing and short-read MiSeq [llumina next-generation sequencing platform.

2.3.5 Genome Assembly and Annotation

PacBio sequences were assembled at Genome Quebec using Celera Assembler (August
2013 Version). [llumina sequences were examined using FastQC version 12
(http://www .bioinformatics.babraham.ac.uk/projects/fastqc/). The MiSeq sequences were
trimmed and assembled using the CLC Genomics Workbench (CCGW) version 20.0 (Qiagen) de
novo tool. The assembled sequences were annotated by the NCBI Prokaryotic Genome

Annotation Pipeline (https://www.ncbi.nlm.nih.gov/genome/annotation_prok; last accessed

January 20, 2024). Annotation was completed using the Rapid Annotation Subsystem

Technology pipeline (RAST) (http://rast.nmpdr.org/ last accessed January 20, 2024).
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2.3.6  Whole Genome Comparison and Phylogenetic Analysis

The genomes utilized are listed in Table S1. Whole genomes were aligned to calculate
the average nucleotide identity (ANI) using CGWB v22.1 (Qiagen) whole genome analysis tool.
A comparative heat map was constructed using the heat map tool with default parameters.
Phylogenetic analysis was performed using CGWB and MEGA 11 [57]. Evolutionary history
was calculated using the neighbor-joining method and with a bootstrap consensus of 1000
replicates, and evolutionary distance was computed using the Jukes-Cantor method.

Photobacterium damselae strain AS-16-0555-7 was used as an outgroup (GCF_014775695.1).

2.3.7 Genomic Islands Analysis
Detection of genomic islands (GIs) was carried out using IslandViewer 4 pipeline

(https://www.pathogenomics.sfu.ca/islandviewer; last accessed June 10, 2023), which integrates

integrate IslandPath-DIMOB, SIGH-HMM, and IslandPick analysis tools into a single analysis

[4]. This analysis was performed on both chromosomes and the plasmid.

2.3.8 Identification of Genes Associated with Metabolism, Virulence and Environmental
Adaptation in Vibrio sp. strain J502

Analysis of the genome of Vibrio sp. strain J502 using the Rapid Annotation Subsystem

Technology pipeline (RAST) (http://rast.nmpdr.org/) revealed the distribution of the coding

sequences in various subsystem functions. The Vibrio sp. strain J502 chromosome was examined
for metabolism, virulence, and environmental adaptation-related genes using the analysis from
the NCBI Prokaryotic Genome Annotation Pipeline

(https://www.ncbi.nlm.nih.gov/genome/annotation_prok).
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2.3.9  Plasmid profile

The plasmid profile of Vibrio sp. strain J502 was determined by alkaline lysis and gel
electrophoresis [59]. Briefly, 1.5 mL of Vibrio sp. strain J502 exponential culture was transferred
to an Eppendorf tube and centrifuged for 5 minutes at 10,000 rpm at room temperature. The
pellet was resuspended in 200 pL of TAE1 buffer (Tris acetate 2M, 20 mL; EDTA 0.5M, 4 mL;
ddH»0, 976 mL), and 400 uL of lysis solution (SDS 20%, 1.5 mL; NaOH 10M, 64 uL; Tris 1M,
0.5 mL; ddH»0, 7.9 mL) was added and mixed gently. The sample was incubated for 45 min at
37°C. After incubation, 600 pl of acid phenol-chloroform was added, mixed and centrifuged at
6,000 rpm for 15 minutes at 15°C. The supernatant was collected and 50 pLL was loaded in a
0.5% agarose gel separated for electrophoresis at 45V for 18 h. The gel was stained in 200 mL of
TAE]1 buffer with 6 ul of ethidium bromide (0.05%) for 1 h, then washed 3 times for 15 minutes

in distilled water prior to visualization in a gel doc unit (iBraght, Thermo fisher) (Figure S2).

2.3.10 Lipid Content and Quinolone Analysis

A 1L flask containing 500 mL of TSB 2% NaCl was inoculated with Vibrio sp. strain
J502 and grown at 15°C with aeration (180 rpm) for 24 h. The culture was centrifuged for 10
min at 10,000 rpm. The pellet was washed twice with 10 mL of PBS and then twice with 5 mL of
filtered sterilized cryoprotectant Reagent 18 (TSB 7.5 g; BSA [Bovin Serum Albumin] 25 g;
sucrose 50 g). The pellet was then resuspended in 15 mL of cryoprotectant Reagent 18,
transferred to a 50 mL falcon tube and stored at -80°C. Vibrio sp. strain J502 culture was freeze
dried (Labonco Freezone 12) overnight and shipped for analysis. Cellular fatty acid content and
quinone analysis were carried out at Leibniz-Institut DSMZ (Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH, Braunschweig, Germany). Cellular fatty acid content

was determined by gas chromatography and a flame ionization detector according to established
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protocols [60—65]. Respiratory quinones profile was determined by HPLC and according to
stablished methods [61,66].

2.3.11 Bacterial Growth and Metabolic Activity in the Presence of Sea Water and Water
Accommodated Fraction of Crude Oil Transcriptomic Experiment Setup

Six flasks of 250 mL containing 50 mL of TSB 2% NaCl were inoculated with Vibrio sp.
strain J502 and incubated at 15°C with aeration (180 rpm) to ODgoo~ 1.0 (= 5.6 x 10! CFU/mL).
The contents of each flask were transferred to 50 mL tubes and centrifuged at 6000 rpm for 10
minutes. The supernatant was removed, and the cells were washed twice by adding 10 mL of
filtered sterilized seawater, centrifuging at 6000 rpm for 10 minutes and pouring off the
supernatant. The cells were then resuspended in 50 mL of filtered sterilized seawater and
transferred into dialysis bags (Molecular weight cut off 3.5 kDa; Spectra/Por, Cole Parmer,
Laval, Quebec, Canada). Dialysis bags were checked for leaks at the beginning and end of the
experiment. Initial cell counts were determined via flow cytometry using LIVE/DEAD stain
(BacLight Bacterial Viability and Counting Kit, Invitrogen, USA) in three randomly selected
dialysis bags. Final cell counts were measured for each dialysis bag.

A water accommodated fraction (WAF) was prepared using loading concentration of 1
g/L of Hibernia light crude oil according to the protocol developed by de Jourdan, (pers. Comm.
Huntsman Marine Science Centre, St. Andrews, NB, Canada) to simulate local conditions. The
Hibernia crude oil used has a density of 0.925 g/cm® and a viscosity of 18 centistokes (cSt)
(which equals to 0.18 cm?/s). Briefly, a 2 L baffled flask was filled with room-temperature
unfiltered, UV-sterilized seawater, allowing for exactly 20% headspace. A sterile positive-
displacement pipette was used to add 1 g/L of Hibernia light crude oil to the central surface of
the water. The flask was sealed with Duraseal and allowed to mix on an orbital shaker at 150

rpm for 1 hour. This was followed by a 1 hour settling time. The WAF was harvested through the
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spigot at the bottom of the baffled flask, discarding the first and last 100 ml of WAF and
collecting the middle portion.

Three dialysis bags of culture were placed into a 2 L beaker containing 1.8 L of filtered
seawater to act as the control, and three bags were placed into a 2 L beaker containing 1.8 L of
WAF. A magnetic stir bar at 60 rpm was added to each beaker. The beakers were covered with

foil and incubated at 15°C for 3 d (Figure 2-1).
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Culture transferred to Falcon tubes and

Six flasks containing 50 ml TSB 2% centrifuged for 10 minutes at 6000 rpm. Cell
NaCl at 15'C with aeration (180 rpm) pellets washed twice with 10 ml filtered sea water Filtered sea water
inoculated with V. newfoundlandensis, and re-suspended in 50 ml filtered seawater.

grown until ODgy ~ 1.0.

Data analysis using CLC
Workbench 22 (CLCBio) pipeline.

RNA extracted using Water accommodated fraction (WAF)
TRIzol (Invitrogen), Turbo
DNAse (Invitrogen) and
DNAse Inactivation
reagent (Invitrogen).

Cell suspension transferred to sealed dialysis bags.
Three bags placed in a 2 L beaker containing filtered
seawater, three bags placed in a second beaker
containing WAF. Magnetic stir bar at 60 rpm placed
in each beaker. Incubated at 15°C for 72 hours.

Sequencing at Genome Quebec
Innovation Centre paired-end
Ilumina NovaSeq™6000 sequencer
with using NEBNext dual adapters.

Figure 2-1. Experimental setup for determination of transcriptomic profile of Vibrio sp. strain

J502 in the presence of a filtered sea water control and water accommodated fraction (WAF) of

crude oil.
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2.3.12 Bacterial RNA Extraction

Triplicate samples of the control seawater condition and experimental WAF condition
were utilized for RNA extraction. The cells were harvested through centrifuging at 6000 rpm for
10 minutes. The supernatant was discarded, and the cell pellet was utilized for total RNA
extraction following the manufacturer’s instructions (Invitrogen, Waltham, MA, USA). RNA
was extracted using TRIzol (Invitrogen) and to remove any DNA, the samples were treated with
2 uL of Turbo DNase (TURBO DNA-freeTM Kit, Invitrogen) and incubated at 37°C for 30 min.
Next, 2.5 uL. of DNase Inactivation Reagent was added to the samples and they were incubated
at room temperature for 5 minutes. The samples were then centrifuged at 10,000 rpm for 1.5
minutes and the supernatant was transferred to a new tube. The RNA samples were quantified,
and the quality was evaluated (A260/280 and A260/230 ratios) using the GenovaNano-
spectrophotometer (Genway, UK) and RNA integrity was evaluated by agarose gel
electrophoresis (Figure S2). The A260/280 and A260/230 ratios of purified RNA samples were
2.097-2.132 and 2.043-2.289, respectively. RNA samples were shipped to Genome Quebec

Innovation Centre (Montreal, Canada) for RNA sequencing.

2.3.13 Library Preparation and RNA-Sequencing

For each condition, there were three biological replicates of the control and experimental
conditions. Library preparation and sequencing were completed at Genome Quebec. RNA
samples were rRNA-depleted, and libraries were prepared using NEBNext dual adapters and

paired-end sequenced using Illumina NovaSeq™6000.

2.3.14 RNA-Seq Data Analysis

For all samples, raw reads were pair-end and filtered to remove low-quality reads using
CGWB v 22.0 using default parameters (paired-read information, minimum distance = 1;

23



maximum distance = 1000). Adapter trimming was conducted by CGWB using the trim reads
tool with default parameters (quality trimming, trim using quality scores, limit: 0.05; and trim
ambiguous nucleotides, maximum number of ambiguities =2). The nucleotides and number of
reads removed are indicated in Table S2. The quality of the reads sequence was evaluated using
FastQC (v.0.11.9) before and after trimming [67]. Trimmed reads were then mapped by CGWB
against the Vibrio sp. strain J502 genome using the RNA-Seq analysis tool. Quantification and
normalization of mapped reads were performed using a previously described standardized
protocol [52,68,69]. Transcript per million (TPM) values were computed from the counts
assigned to each transcript, after normalization by the trimmed mean of M-values (TMM) [70].
A global correlation analysis was performed using logz-tranformed TPM values (x + 1) of each
gene under sea water control and WAF treatment conditions. The global expression plot was
generated using Rstudio 2022.07.2 and ggplot2 v3.3.1, and TPMs listed in File S1 and File S2. A
standard selection of differential expressed genes (DEGs) was performed by comparing
treatment reads to control reads and filtered using cut-off values of Log2 fold-change (FC) > 1,
and false discovery rate (FDR), p < 0.05. Gene ontology (GO) analyses of DEGs were conducted
to determine the most significant DEGs. These DEGs were used for Gene Ontology (GO) and
KEGG enrichment analysis performed using Cytoscape v3.9.0 and ClueGO plug-in v2.5.8 +

CluePedia v1.5.8.

2.4 Results

2.4.1 Biochemical and Enzymatic and Physiological Characteristics of Vibrio sp. strain J502

Phenotypic, biochemical, and enzymatic characteristics of Vibrio sp. strain J502 are
summarized in Table 1 (Figure S1), along with data for V. anguillarum J360 and V. anguillarum

J382 for comparison. Vibrio sp. strain J502 is a Gram-negative, motile, rod-shaped bacterium
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capable of growth in TSB 2% NaCl up to 28°C. Vibrio sp. strain J502 did not grow well in the
absence of NaCl and grows best in TSB 2% NaCl at 15°C. The antibiogram analysis showed that
Vibrio sp. strain J502 is resistant to ampicillin, and susceptible to tetracycline, oxytetracycline,
oxalinic acid, trimethoprim, colistin and O-129. The biochemical and enzymatic profiles indicate
that Vibrio sp. strain J502 produces urease, B-galactosidase, indole, alkaline phosphatase,
arginine dihydrolase, and can hydrolyze esculin and gelatin. Vibrio sp. strain J502 can utilize
glucose, arabinose, mannose, mannitol, N-acetyl-glucosamine, and maltose. It can synthesize
esterase (C-4), esterase lipase (C-8), lipase (C-14), leucine, valine and cystine arylamidase, and
acid phosphatase. Vibrio sp. strain J502 is catalase-positive and was determined to be a
facultative anaerobe. Hemolytic activity was evaluated on blood agar plates at 15°C and 28°C,
and Vibrio sp. strain J502 hemolytic activity was observed at both temperatures. The APIE

identification code was 727700456 and the API20NE was 7777745.
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Table 2-1. Phenotypic characteristics and API profiles of Vibrio sp. strain J502.

Phenotypic Characteristics

Vibrio sp. strain

V. anguillarum

V. anguillarum

V. anguillarum

J502 J360 [71] J382 [72] DSM 21597
Growth at:
4°C + + + +
15°C + + + +
28°C + + + +
37°C - - - +
LB NaCl 0% - - - +
LB NaCl 0.5% + + + +
TSB NaCl 2% + + + +
Gram Stain - - - -
Cell Shape Rod Rod Rod Rod
Motility + + + +
Pigmentation Orange pigmented - - -
Capsule stain +
Oxygen requirements Facultative Facultative
anaerobe anaerobe
Catalase + + +
Hemolysis activity + (B-hemolysis) + +
API 20NE
Reduction of nitrates + + +
Indole production + + +
Glucose fermentation + + +
Arginine dihydrolase + + +
Urease + + -
Esculin hydrolysis (B-glucosidase) + + +
B-galactosidase + + +
Gelatin hydrolysis (protease) + + +
Assimilation of:
D-Glucose + + +
L-Arabinose + + +
D-Mannose + + +
D-Mannitol + + +
N-Acetyl-Glucosamine + + +
D-Maltose + + -
Potassium gluconate + + +
Capric acid - - -
Adipic acid - - -
Malic acid + + +
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Table 2-1. Continued.

Trisodium citrate

Phenylacetic acid

API 20E

B-Galactosidase

Indole production

Acetoin production

Citrate utilization

Production of H,S

Urease

Hydrolysis of:

L-Arginine

L-Lysine

L-Orthinine

L-Tryptophane

Gelatinase

Assimilation of:

D-Glucose

D-Mannitol

Inositol

D-Sorbitol

L-Rhamnose

D-Saccharose

D-Melibiose

D-Amygdaline

L-Arabinose

+

API ZYM

Alkaline phosphatase

Esterase (C-4)

Esterase lipase (C-8)

Lipase (C-14)

Leucine arylamidase

Valine arylamidase

Cystine arylamidase

FlH [+ |+ |+ ]+ ]+

Trypsin

a-chymotrypsin

Acid phosphatase

Naphthol-AS-BI-phosphohydrolase

a-galactosidase
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Table 2-1. Continued.

B-glucuronidase

a-glucosidase + - + +
B-glucosidase + - - -
N-acetyl- B-glucosaminidase + - + +
a-mannosidase - - - -
a-fucosidase - - - -
Antibiogram
. . 34 mm 40 mm
Oxytetracycline (30 mg) 48 mm (Susceptible) (Susceptible) (Susceptible)
. . 31 mm 39 mm
Tetracycline (30 mg) 48 mm (Susceptible) (Susceptible) (Susceptible)
S . 39 mm 38 mm
Oxalinic acid (2 mg) 55 mm (Susceptible) (Susceptible) (Susceptible)
Trimethoprim/ sulphamethoxate (25 . 33 mm 25 mm
mg) 31 mm (Susceptible) (Susceptible) (Susceptible)
Ampicillin (10 mg) 0 mm (Resistant) 0 mm (Resistant) | 0 mm (Resistant)
Colistin (10mg) 16 mm (Susceptible) (Sulsf:er}gltriIllale) 0 mm (Resistant)
. 39 mm 22 mm
0-129 25 mm (Susceptible) | g\ oonible) (Susceptible)

28




2.4.2 Vibrio sp. strain J502 Genome sequencing and Annotation

Vibrio sp. strain J502 genomic DNA sequenced using PacBio II and MiSeq (Illumina)
platforms and assembled. The genome of Vibrio sp. strain J502 has been deposited to NCBI
under the accession number (NZ_CP104554), BioProject (PRINA880584) and BioSample
(SAMN30853963) (Table 2-2). The genome of Vibrio sp. strain J502 is made up of two

chromosomes [chromosome [ — (NZ_CP104554) and chromosome Il — (NZ CP104555)] and

one small plasmid [Plasmid pJ502 - NZ CP104556] and has a total length of 4.55 Mb and a GC

content of 44.7% (Table 2-3, Figure 2-2). NCBI analysis pipeline predicted a total of 4238 genes,

including 4085 genes with CDSs, 14 (5S), 11 (16S) and 11 (23S) rRNAs, 113 tRNAs, 4 non-

coding RNAs (ncRNAs), and 251 pseudogenes for the whole genome (Table 2-2).
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Table 2-2. Vibrio sp. strain J502 genomic data summary.

Attribute

Data Provided

Annotation pipeline

NCBI

Accession number

NZ CP104554 (Chromosome 1),
NZ CP104555 (Chromosome 2),
NZ CP104556 (Plasmid)

Bio project PRINAS880584
Bio sample SAMN30853963
Genome size (bp) 4,540,400
G—+C content (%) 44.692
Genome type Circular
Genes (total) 4238
Genes (coding) 4085
tRNAs 113
rRNAs 14, 11, 11 (58, 168, 239)
ncRNAs 4
Pseudogenes (total) 251
Pseudogenes (ambiguous) 0 of 251
Pseudogenes (frameshifted) 120 of 251
Pseudogenes (incomplete) 136 of 251
Pseudogenes (internal stop) 54 of 251
Pseudogenes (multiple problems) 55 of 251
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Table 2-3.

Vibrio sp. strain J502 genome summary.
. INSDC
Labels Size (Mb) | Topology RefSeq ID Identifier
Chromosome I 3.37 Circular | NZ CP104554 CP104554
Chromosome 11 1.16 Circular | NZ CP104555 CP104555
Plasmid pJ502 0.02 Circular | NZ CP104556 CP104556
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Figure 2-2. Genomic map of Vibrio sp. strain J502. The genome map was generated using
CGViewer. Different elements and features of the chromosomes and plasmid are illustrated by

colours described in the legend.

32



2.4.3 Whole Genome Alignment and Phylogenetic Analysis

Twenty whole genomes of selected Vibrios were aligned with the genome of Vibrio sp.
strain J502 (Table S1). The ANI analysis was conducted on this whole genome alignment using
CLC Genomic Workbench v20 (CLC Bio). Phylogenetic analysis of the whole genomes showed
that Vibrio sp. strain J502 clustered more closely with V. anguillarum VIB43 and V. anguillarum
J360 than any of the other species when comparing the sequences of each of the chromosomes.
Vibrio sp. strain J502 shares the highest percent identity (100.00%) with Vibrio anguillarum
J360 for both chromosome I and 11, while the percent similarity between the two species is
93.27% (chromosome I) and 98.87% (chromosome II) (Figure S4). The heat map showed that
there is a high identity between Vibrio sp. strain J502 and Vibrio anguillarum J360 alignments of
chromosome I and II (Figure 2-3).

A BLAST analysis was conducted to identify nucleotide sequences similar to that of the
plasmid of Vibrio sp. strain J502 (https://blast.ncbi.nlm.nih.gov/Blast.cgi). The plasmid pVal360

(CP034674.1) belonging to V. anguillarum was the closest match with a 99.95% identity.
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Figure 2-3. Phylogenetic and comparative genomic analysis of Vibrio sp. strain J502. Heat map
visualization of aligned sequence identity for Vibrio sp. strain J502 (A) chromosome I and (B)

chromosome II. Phylogenetic tree visualization or aligned sequence identity for Vibrio sp. strain

J502 (C) chromosome I and (D) chromosome II. Table S1 contains supplementary data related to

this analysis.

36



2.4.4 Lipid Content and Quinone Analysis

Respiratory quinone analysis of Vibrio sp. strain J502 indicated that quinones were 100%
type Q8. Respiratory quinone Q8 is a ubiquinone, which is a redox-active lipid consisting of a
conserved aromatic ring and a polyprenyl hydrophobic tail [73]. The quinone QS8 has eight
isoprenyl units in the hydrophobic tail and is found in the bacterial plasma membrane where it is
involved in aerobic respiration, gene regulation, and oxidative stress adaptation [73].

Genomic analysis identified several genes on chromosome I related to the biosynthesis of
Q8, including ubid (WP_012126569.1), ubiB (WP_013855638.1), ubiD (WP_029388360.1),
ubiE (WP_010319838.1), ubiG (WP_017044298.1), ubiH (WP_017066017.1, and ubiX family
flavin prenyltransferase (WP_019282527.1, WP_017049791.1, WP_017049791.1). Additional
genes such as CvpA family protein (WP_019282275.1), NAD(P)H-flavin reductase
(WP_017044373.1), and purF (WP_013857289.1) were also located on chromosome I and have
been linked to the ubi genes [73].

Fatty acid analysis was able to identify 97.07% of the fatty acids associated with Vibrio
sp. strain J502. In term of saturated fatty acids, Vibrio sp. strain J502 is made up of 3.22% Ci2.0,
5.41% Ci40, 22.16% Cis:0, and 1.41% Cis:0. Unsaturated fatty acids present include 0.42%
Cis:105¢, 2.26% Ci6:109¢, 10.93% Cis:1o7¢, 1.27% Cis.109¢, and 0.84% Cis2w6,9¢. A single
methylated fatty acid, Cis.1207¢ 11-CH3 was detected at 0.47%. Three hydroxy fatty acids were
also detected, including Ci2:02-OH at 0.22%, C12:03-OH at 2.07%, and C14:02-OH at 1.70%
(Table 2-4). Fatty acid analysis identified Vibrio sp. strain J502 as closely related to Vibrio
fischeri with a Sim index of 0.713.

The lipidomic profile of Vibrio sp. strain J502 is shown in Figure 2-4.
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Table 2-4. Cellular fatty acids (%) for Vibrio sp. strain J502 and its relatives in the genus Vibrio

[41].
Vibrio sp. strain V. V. V. V. V.
Fatty acid J502 anguillarum | parahaemolytic | alginolyticus | vulnificus anguillarum
9063-79" us 9062-79" 9065-79" 9107-79" | DSM 21597
[74]

Saturated
Ci20 3.22 4 2 2 ND 2.5
Cis:0 541 6 4 4 2 5
Cis:0 22.16 21 12 13 18 26
Cis:o 1.41 1 1 Trace* 1 1
Unsaturated
Cis:.105¢ 0.42 ND ND ND ND
Cis:.109c 2.26 43 25 31 17 0.6
Cis:107c 10.93
Cis:109¢ 1.27 ND ND ND ND 0.4
Cis:206,9¢ 0.84 1
Methylated
Cig.107c 11- 0.47 13.7
CHs
Hydroxy
Ci2:02-OH 0.22 ND ND ND Trace*
Ci2:03-OH 2.07 2 2 3 4 1.3
Ci4:03-OH 1.70 1 2 2 4 1.3
Summed 2.16
feature 2*%**
Summed 47.17

feature 3****

* Trace amount = <1%
** ND = not detected.
*#* Summed feature 2 contains 12:0 Aldehyde.

**%* Summed feature 3 contains Cie. 106¢ /Cis: 107cC.
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Figure 2-4. Lipid chromatogram profile of Vibrio sp. strain J502 (DPG =
diphosphatidylglycerol, PE = phosphatidylethanolamine, PG = phosphatidylglycerol, AL =

aminolipid, PL = phospholipid, GL = glycolipid, L = lipid).
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2.4.5 Distribution of Genes Associated with Degradation of Aromatic Compounds, Virulence
and Environmental Adaptation in Vibrio sp. strain J502

Gene distribution within the chromosomes of Vibrio sp. strain J502 was examined for
metabolism of aromatic compounds, environmental adaptation, stress response, and pathogenesis
related genes (Table S3). Genes related to cell wall and capsule synthesis were located on
chromosome I, including amiB (WP_013857934.1), dacB (WP_017049781.1), murA
(WP_020329542.1) and phosphoglucosamine mutase (WP_013857621.1). Chemotaxis genes
such as ched (WP_013856368.1), cheV (WP_011078343.1), cheW (WP_010318881.1), cheY
(WP_006879571.1), and motility genes such as flg4 (WP_010319387.1), flgB
(WP_001007975.1), flgO (WP_014204584.1), flgP (WP_014231085.1) and figT
(WP_010319392.1) were also located on chromosome 1. The genes hip4 (WP_019282267.1) and
rmf (WP_017074275.1) were found on chromosome I and are related to dormancy and formation
of persister cells.

Genes related to membrane transport and the protein secretion system type IV were
located on chromosome I, including pilP (WP_000792034.1) and pi/Q (WP_002044686.1).
Three hemolysin-encoding genes were located on chromosome I, including a thermostable
hemolysin (WP_000803565.1). Genes for antibiotic resistance were found on both chromosome
I and 11, including bcr/cflA (WP_017044312.1, WP_017686533.1), which encodes a family drug
resistance efflux transporter, and another gene encoding a MATE family efflux transporter
(WP_011082191.1, WP_017045090.1). Type II toxin-antitoxin system genes were located on
chromosome 11, including the relE/parE family toxin (WP_017052837.1), parD family antitoxin
(WP_004748747.1), txe/yoeB family addiction module toxin (WP_008951908.1), and phd/yefM

family antitoxin (WP_017046216.1).
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Fermentation genes were located on both chromosome I and II. On chromosome I, four
genes were associated with the synthesis of acetolactate were located (WP _001887412.1,
WP_004728751.1, WP_019283327.1, WP_001961753.1). On chromosome II, FMN-dependent
L-lactate dehydrogenase (WP_010320215.1), alsS (WP_017050276.1) and acetolactate
decarboxylase (WP 013868129.1) were found.

Carbon starvation protein A (WP_017017697.1) was found on chromosome I, as well as
csrA4, which is related to carbon storage regulation (WP _009847619.1). Sequences related to
stress response and stress-regulator glutathione were located on both chromosome I and 11,
including glutathione S-transferase family protein (WP _010319731.1, WP_013867810.1). A
gene related to detoxification, ded4 (WP_017042402.1), was found on chromosome II; while
several genes related to metal transport and homeostasis were found on chromosome I
(WP_001001301.1, WP_010320570.1, WP_017038025.1).

Genes related to the metabolism of aromatic compounds were located on both
chromosomes. Genes found on chromosome I included fumarylacetoacetate hydrolase family
protein (WP_017047616.1), homogentisate 1,2-dioxygenase (WP_009701555.1),
maleylacetoacetate isomerase (WP_010319351.1), and ubiG (WP_011080845.1), while a copy
of a fifth gene, fumarylacetoacetate hydrolase family protein, was located on both chromosomes

(WP_017047616.1, WP_013868096.1).

2.4.6 Genomic Islands (Gls)

Twenty-five GIs were identified within the genome of Vibrio sp. strain J502. Seventeen
of these are located on chromosome I, and eight are located on chromosome II (Figure 2-5, Table

S5). The GI range in size from 4.9 to 110.9 kb, with a total of 665 genes (predicted by at least
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one of three software used, see Methods section). The largest genomic island was located on
chromosome I and consisted of 113 genes.

Genes encoding for integrases, transposases, transcriptional regulators, and genes related
to virulence, disease and defence were found on the Gls. Genes such as 4ip4 domain-containing
protein, associated with persistence and multidrug tolerance [75] elongation factor Tu, which is
related to pathogenesis [76], DNA-directed RNA polymerase, integron integrase, and translation
initiation factor IF-3 were identified on these Gls.

The smallest genomic island was also located on chromosome I and consisted of 5 genes,
which encode for acyltransferase, oligosaccharide flipase family protein, asparagine synthase,

formyltransferase family protein, and GNAT family N-acetyltransferase (Table S5).
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Figure 2-5. Genomic map of Vibrio sp. strain J502. The genome map was generated using
CGViewer (IslandViewer 4). Red represents genomic islands identified by multiple methods,
blue represents those only identified by IslandPath-DIMOB, orange represents those only

identified by SIGI-HMM and green represents those only identified by IslandPick.



2.4.7 Transcriptomic profile of Vibrio sp. strain J502 in the Presence of Sea Water and Water
Accommodated Fraction (WAF) of Crude Oil

It was hypothesized that Vibrio sp. strain J502 may have genes related to the metabolism
of hydrocarbons found in crude oil, as it has been confirmed that Vibrio sp. strain J502 is capable
of growth and survival in the presence of crude oil. To study the physiological and
environmental adaptation mechanisms of Vibrio sp. strain J502 in the presence of crude oil,
RNA-Seq was used to determine the global gene expression profile in the presence of filtered sea
water (control) and water accommodated fraction of crude oil (WAF).

Figure S2 and Table S2 (in the supplementary data) provide information regarding the
sequencing statistics and data quality. A global expression correlation analysis showed a high
degree of expression correlation (1> = 0.96; p < 2.2 x 107!%) between seawater vs. WAF samples
(Figure 2-6). The PCA plot and heat map results show a clear separation between samples based
on exposure conditions (Figure 2-6). PC1 and PC2 explained 74.8% of the total variation in
expression data (Figure 2-6). The logz fold-change (FC) > |1] and false discovery rate (FDR) p-
value of < 0.05 were selected as the cut-off values for significant differential expression. We
found 469 differentially expressed genes (DEGs) for exposure to WAF compared to sea water.
These DEGs included 238 upregulated and 231 downregulated genes.

Flow cytometry using LIVE/DEAD staining was used to determine the initial and final
concentration of Vibrio sp. strain J502 in the dialysis bags. The average initial concentration for
the control and treatment was 1.07 x 10° cells/mL (% 3.68 x 108 cells/mL). The average final

concentration in the control was 4.14 x 108 cells/mL (£ 1.19 x 10® cells/mL) and in the treatment
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was 5.85 x 10% cells/mL (£ 6.19 x 107 cells/mL). The final concentration in the control was not

significantly different than in the treatment (unpaired t-test; t -stat = -2.21, df =3, p = 3.18).
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Figure 2-6. Global transcriptomic profiling of Vibrio sp. strain J502 by RNA-Seq. A total of six
RNA libraries comprising three biological replicates for two different (sea water and WAF)
conditions were included in the RNA-Seq experiment. (A) Scatter plot of RNA-Seq expression
under sea water and sea water + oil (WAF) conditions. Each dot represents a gene, where blue
and black represent up-, downregulated and non-differentially expressed genes. (B) Principal
component analysis (PCA) of bacterial samples from sea water and sea water + oil (WAF)
conditions based on the expression of all datasets. (C) Heat map clustering of differentially
expressed genes (DEGs), color bars below the horizontal cluster indicate control (sea water,

green) and experimental (sea water + oil (WAF), red) samples.
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2.5 Discussion

2.5.1 Characterization of Biochemical and Enzymatic and Physiological Features

Vibrios are ubiquitous in the marine environment, including estuaries, marine coastal
waters, sediments, and aquaculture settings [77]. Some Vibrio sp can degrade toxic PAHs within
the marine ecosystem [77,78]. Vibrio sp. strain J502 was isolated from seawater in Logy Bay,
Newfoundland, and grown in marine minimal media with un-weathered crude oil as the sole
carbon source present. This isolation method suggests that Vibrio sp. strain J502 can utilize the
hydrocarbons found in crude oil as a carbon source, thus degrading some components of the oil.

Vibrio sp. strain J502 is halophilic and mesophilic, suggesting that it is adapted to marine
environment surface waters. Vibrios generally grow well at temperatures between 15 — 30°C
[77], and Vibrio sp. strain J502 has optimal growth at 15°C but can tolerate and grow in
temperatures between 4 — 28°C. All Vibrio species are gram-negative, and many are motile rods,
with a facultative fermentative metabolism. Vibrio sp. strain J502 matches this general
description, and in addition produces a cellular capsule and forms orange pigmented colonies.

The biochemical profile obtained using API 20NE, API 20E and API ZYM showed that
Vibrio sp. strain J502 was able to reduce nitrates and sugars, and produce indole, urease, and
protease. The biochemical profile of Vibrio sp. strain J502 closely resembles that of Vibrio
anguillarum J360, except that Vibrio sp. strain J502 tested positive for a-galactosidase, a-
glucosidase, B-glucosidase, and N-acetyl- B-glucosaminidase. However, the use of phenotypic
characteristics for identification of genera and species of Vibrionaceae is complex due to the
great variability of phenotypic features in the genus [77]. The APIE identification code was
727700456, and the API20NE was 7777745, suggesting a possibility of V. fluvialis for both tests.

Vibrio sp. strain J502 showed hemolytic activity on blood agar plates at both 15°C and

28°C, which suggests that this species may be pathogenic and capable of hemolysis at a range of
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temperatures. Further investigation will be required to determine if Vibrio sp. strain J502 has
pathogenic properties.

Generally, Vibrio sp. is susceptible to the O-129 agent and B-lactam antibiotics [79]. The
antibiogram analysis of Vibrio sp. strain J502 indicated that it is susceptible to all antibiotics
tested except for ampicillin. The class C beta lactamase (NSE84 RS20505) gene located in the
genome of Vibrio sp. strain J502 is involved in the process of breaking the -lactam ring of p-
lactam antibiotics, such as ampicillin, and providing the bacteria with resistance [80]. Vibrio sp.
strain J502 was susceptible to the vibriostatic agent O-129, further supporting the evidence that it

is a member of the genus Vibrio [81,82].

2.5.2  Characterization of Genomic Features, Alignment and Phylogenetic Analysis

The Vibrio sp. strain J502 genome is composed of two chromosomes, 3.37 and 1.16 Mb,
respectively, and one small plasmid of 0.02 Mb. A total of 4238 genes and 4085 coding
sequences were detected. There were 381 (8.99%) hypothetical genes with no identified
function. The size and GC content of Vibrio sp. strain J502 was comparable to other closely
related members of the genus Vibrio (Table S1).

Phylogenetic analysis based on whole-genome alignment analysis of chromosome I and
IT showed that Vibrio sp. strain J502 is closely related to V. anguillarum J360 and V. anguillarum
VIB43 (Figure 3). While Vibrio sp. strain J502 was isolated from coastal sea water and incubated
with crude oil, both V. anguillarum J360 and VIB43 were isolated as pathogens from infected
host species. V. anguillarum J360 was isolated from lumpfish (Cyclopterus lumpus) in
Newfoundland, Canada [71], while V. anguillarum VIB43 was isolated from sea bass

(Dicentrarchus labrax) in Scotland [83]. The ANI analysis between Vibrio sp. strain J502 and V.
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anguillarum J360 determined a 93.27% similarity for chromosome I, and a 98.87% similarity for
chromosome II, indicating a close phylogenetic relationship.

ANI is broadly used and has been proposed as reliable method for the determination of
boundaries between species and confirming species identification [84]. A 95-96% ANI with 90%
genome coverage has been recommended as the cutoff criterion for the boundary between
different species [84—86]. In the case of Vibrio sp. strain J502, there is a <95% ANI for
chromosome I with its closest identified relative, and a >95% ANI for chromosome II, with
100% genome coverage for both genomes used in the analysis. This suggests that chromosome I
is unique, while chromosome II shares a high nucleotide identity with V. anguillarum J360.
These results contradict the suggested theory that chromosome I of Vibrio sp. is shared by a
common ancestor and has been largely conserved between species, while chromosome 11
exhibits a greater diversity between species and represents a collection of accessory elements
that differ depending on the niche of the particular species [87,88]. It has also been suggested
that chromosome II originated as a megaplasmid has been shaped by horizontal gene transfer,
explaining why it shows a greater diversity between members of the same genus [41]. The results
presented here suggest that it may be chromosome I of Vibrio sp. strain J502 might have
modifications that are not shared with Vibrio ancestors, supporting our conclusion that Vibrio sp.

strain J502 is a novel isolate.

2.5.3 Lipid Content and Quinone Analysis in Relation to Identity
Vibrio sp. strain J502 has 100% type Q8 quinones, which is a very common quinone
among Proteobacteria [89]. Other Vibrio species have been shown to have a variety of

respiratory quinones, such as Vibrio alginolyticus which has menaquinone 8 (MK-8) as its
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primary quinone type [90], and Vibrio zhugei, a novel species which has both Q7 and Q8
quinones [91].

Comparison between the fatty acid content profile of Vibrio sp. strain J502 and other
Vibrio species (V. anguillarum, V. parahaemolyticus, V. alginolyticus and V.vulnificus) shows
that there are several differences between them. Based on this comparison, the most closely
related to Vibrio sp. strain J502 is V. anguillarum. The most significant differences between
Vibrio sp. strain J502 and V. anguillarum are the percentages of Cis.1 ®9c and Cis:1 ®7c present
in the bacterial membranes. Vibrio sp. strain J502 has 2.26% Cis - 1 ®9c, while V. anguillarum
has 43% Cie.1®9c. In addition, Vibrio sp. strain J502 has 1.27% Cis.1 ®9c, while this fatty acid
was undetected in all other strains that were compared. These differences suggest that the lipid
profile of Vibrio sp. strain J502 is unique.

2.5.4 Genes Associated with Virulence, Environmental Adaptation and Degradation of
Aromatic Hydrocarbons

Pathogenesis-related genes were located on both chromosome I and 11, with all the
hemolysin-related genes being found on chromosome I. Hemolysins are exotoxins, which lyse
erythrocyte membranes and lead to the release of the iron-binding protein, hemoglobin [92].
Hemolysins are among the most common toxins found in pathogenic Vibrio sp. and are
categorized into four families including thermostable, E1 Tor, thermolabile and thermostable
hemolysins [92]. Vibrio sp. strain J502 chromosome I have genes encoding for a hemolysin
(NSE84 RS040200), hemolysin III family protein (NSE84 RS12835) and thermostable
hemolysin (NSE84 RS03585). The presence of these genes supports the positive result obtained
from the B-hemolysis phenotypic test.

Genes related to the type VI secretion system were located on chromosome I and II. The

type VI secretion system was first identified in V. cholerae and is involved in the pathogenic
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mechanism of many Gram-negative Proteobacteria [93]. Two copies of Hcep, hemolysin-
coregulated protein, were in the genome of Vibrio sp. strain J502, one on each of the
chromosomes (NSE84 RS04855, NSE84 RS19720). Two copies of ImpA family N-terminal
domain-containing protein, which is associated with the structural components of the type VI
secretion system [94], were located on chromosome II (NSE84 RS16045, NSE84 RS04850). In
addition, six genes related to the type IV secretion system were located on chromosome I. Type
IV secretion systems are protein complexes that are found in the cell envelope of bacteria and
contain a channel through which proteins and DNA can be translocated [95]. The system’s
functions range from transferring DNA from one cell to another via conjugation, to DNA uptake
from the extracellular environment to host-pathogen interactions in pathogenic species through
the transfer of proteins [95]. The specific functions of the pilO, pilM, pilP, pilQ, pilT and pil W
genes located on chromosome I of Vibrio sp. strain J502 are unknown but could be related to
virulence and pathogenesis given the strain’s close phylogenetic relationship to several
pathogenic Vibrios.

Vibrio sp. strain J502 possesses several genes associated with motility, including the
operons flilJK (NSE84 RS02650, NSE84 RS02655, NSE84 RS02660) and
flgABCFGHIKMNOPT (NSE84 RS02090, NSE84 RS02105, NSE84 RS02110,

N5SE84 RS02125, NSE84 RS02130, NSE84 RS02135, NSE84 RS02140, NSE84 RS02150,
N5E84 RS02085, NSE84 RS02080, NSE84 RS02070, NSE84 RS02075, NSE84 RS02065)
located on chromosome I, which is consistent with the mot+ phenotypic test (Table 1).

Seven genes related to fermentation were located on Vibrio sp. strain J502 chromosome I

and II (NSE84 RS16985, NSE84 RS13315, NSE84 RS13310, NSE84 RS00845,

N5E84 RS16980, NSE84 RS00850, NSE84 RS16955), which is consistent with the phenotypic
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test result that determined that this species is a facultative anaerobe. Many Vibrio species are
facultative anaerobes, capable of both a fermentative and respiratory metabolism [96].

Several genes of interest encoding proteins related to antibiotic resistance were located
within the genome of Vibrio sp. strain J502. Two of these genes, hipA and rmf, are related to
persistence and multidrug tolerance functions. The 4ipA gene encodes a serine-threonine kinase
that has been linked to inhibiting cell growth and inducing persistence in Escherichia coli [97],
while rmf encodes a ribosomal modulation factor that has been linked to cellular resistance to
heat stress, acid stress and osmotic stress in E. coli [98]. The hipA gene was located on a GI
within the genome of Vibrio sp. strain J502. Multi-drug efflux transporters (NSE84 RS12980,
N5SE84 RS01650, NSE84 RS20655, NSE84 RS01500, NSE84 RS20655) were found of Vibrio
sp. strain J502 chromosome I and II. These efflux pumps are ubiquitous transmembrane
transporters found within both Gram-positive and Gram-negative bacteria and facilitate the
extrusion of a variety of toxic compounds, including antibiotics [15]. Despite the presence of
these genes, Vibrio sp. strain J502 was susceptible to all the antibiotics tested in the antibiogram
except for ampicillin (Table 1), suggesting that perhaps these efflux transporters are involved in
the extrusion of other compounds such as bacterial metabolites or virulence factors [100].

Environmental stress response genes were in the genome of Vibrio sp. strain J502. The
universal stress genes, uspB and uspE were found on chromosome 1. In E. coli, the Usp protein
family has been found to be stimulated by conditions including stationary phase, carbon,
nitrogen, phosphate, sulphate or amino acid starvation, heat exposure, oxidants, metals, and
antibiotics [101]. The envelope stress response genes, pspB and pspC, were also located on
chromosome I. Envelope stress proteins are found in Gram-negative bacteria and are integral to

the cell’s response to changing environmental conditions and restoring envelope homeostasis
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[102]. These proteins have been shown to respond to changing environmental temperature and
pH, osmolarity, unfavourable redox conditions, and the presence of toxins and antimicrobials
[102]. In addition, carbon starvation protein A, CsrA and DNA starvation/stationary phase
protection protein were located on chromosome I. Carbon starvation protein A, CstA, is an inner
membrane protein that is highly conserved across multiple species and is involved in biofilm
formation and motility [103]. Carbon starvation protein A has been shown to be negatively
regulated at the translational level by the carbon storage regulator CsrA, which regulates
glycogen synthesis, glycolysis, motility, and biofilm production [103,104]. The DNA
starvation/stationary phase protection protein functions in protecting bacterial cells against
stressors including starvation, oxidative stress, metal toxicity and thermal stress [105].

Four genes associated with glutathione stress response, including two copies of
glutathione S-transferase, glutathione-disulfide reductase and glutathione binding-like protein
were found in the Vibrio sp. strain J502 genome. The glutathione S-transferase family of
enzymes are involved in the inactivation, degradation, and excretion of a variety of toxic
compounds [106,107]. In addition, these genes have been found in bacterial operons and gene
clusters related to growth on recalcitrant compounds and degradation of aromatic compounds
[106].

Vibrio sp. strain J502 possesses several genes related to the degradation of aromatic
hydrocarbons including homogentisate 1,2-dioxygenase, maleylacetoacetate isomerase and two
copies of fumarylacetoacetate hydrolase. These genes are related to the metabolism of
naphthalene to central carbon metabolites via the gentisate pathway. Based on genetic and
metabolic studies, the naphthalene degradation pathway has been organized into the “upper”

carbaryl to salicylate pathway, “middle” salicylate to gentisate pathway, and “lower” gentisate to
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central carbon intermediates pathway [108]. The LysR- and TetR-type transcriptional regulators
have been identified in the lower naphthalene degradation pathway [108]. Homogentisate 1,2-
dioxygenase converts gentisate to maleylpyruvate, maleylacetoacetate isomerase converts
maleylpyruvate to fumarylpyruvate, and fumarylacetoacetate hydrolase converts
fumarylpyruvate to fumarate and pyruvate [109]. The presence of homogentisate 1,2-
dioxygenase is used as an indicator of an organism’s ability to degrade PAHs [110]. Vibrio sp.
strain J502’s ability to utilize gentisate as a carbon explains how it can grow in the presence of
crude oil as a sole source of carbon.
2.5.5 Transcriptomic profile of Vibrio sp. strain J502 in the Presence of Sea Water and Water
Accommodated Fraction (WAF) of Crude Oil

2.5.5.1 Genes Related to Stress Response

Genes related to stress response, such as uspB, pspC, pspB, DNA starvation/stationary
phase protection protein, and carbon starvation protein were upregulated in the presence of crude
oil. The uspB gene is a member of the Usp family of proteins and is known to be stimulated in
conditions including carbon, nitrogen, and phosphate starvation [101]. Vibrio sp. strain J502 was
incubated in UV-sterilized natural seawater without additional nutrients, therefore, it is likely
that the levels of nitrogen and phosphate were below ideal conditions for bacterial growth. While
it is not possible to determine the exact cause of the stress response, it was likely related to
multiple environmental factors.

The envelope stress response genes pspB and pspC are involved in responding to
changing environmental conditions and restoring envelope homeostasis [102]. In this
experiment, the bacteria was grown in TSB 2% NaCl media, then transferred to water

accommodated fraction of oil (WAF). This environmental change triggered the upregulation of
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genes responsible for regulating the internal cell conditions such as the envelope stress response
genes.

Carbon starvation protein A is involved in biofilm formation and motility and is regulated
at the translational level by carbon storage regulator, CsrA [111]. CsrA is known to activate
processes that support exponential growth, while it represses stationary phase and stress
responses such as biofilm formation [111]. Its primary role is as a repressor and its overall effect
on gene expression is negative. As carbon starvation protein A was upregulated in oil exposure
conditions, it is likely that CrsA regulator was downregulated to some extent, and therefore
genes related to stress responses were more highly expressed in the absence of the expression of
the repressor. The DNA starvation/stationary phase protection protein is involved in protecting
the bacterial cell from stressors and was upregulated in oil exposure conditions. These results
suggest that Vibrio sp. strain J502 is in a state of stress when exposed to crude oil versus the
control seawater conditions, at least during the short-term timeframe examined during this
experiment.

Three genes related to glutathione stress response, including glutathione-disulfide
reductase, glutathione S-transferase and glutathione S-transferase family protein were
upregulated in the presence of crude oil. The glutathione S-transferase family of proteins are
known to be involved in the inactivation and degradation of a variety of compounds and growth
on recalcitrant compounds. The upregulation of this family of genes indicates that Vibrio sp.

strain J502 was likely reacting to the presence of hydrocarbons in the treatment.

2.5.5.2 Genes Related to Bacterial Environmental Physiology Response

There was decreased transcription of genes encoding elements of protein secretion

systems in oil exposure conditions. The type VI secretion system tube protein Hep, pilW type [V
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pilus biogenesis/stability protein, and pilO type 4a pilus biogenesis protein were downregulated
in the presence of oil. As these genes related to bacterial fitness (e.g., communication, anti-
bacterial activity, and ion uptake) [93,95,112] were downregulated and stress response related
genes were upregulated, confirming that oil at least initially triggers a stress response in Vibrio
sp. strain J502.

Hemolysins were not significantly up or downregulated in the presence of crude oil,
indicating that oil exposure had no significant impact on the hemolysin activity of Vibrio sp.
strain J502.

The class C B-lactamase gene, which provides the bacteria with antibiotic resistance to 3-
lactam antibiotics [80], was downregulated in the presence of crude oil. Meanwhile, a multidrug
efflux transporter involved in the extrusion of toxic compounds such as antibiotics was
upregulated. Therefore, it seems that the need to extrude toxic compounds increases in crude oil
exposure conditions, and Vibrio sp. strain J502 may become susceptible to f-lactam antibiotics.

The type II toxin-antitoxin system re/E/parE family toxin (NSE84 RS19830), and Type
I toxin-antitoxin system ParD family antitoxin were both upregulated in the oil treatment. The
toxin-antitoxin system comprises a stable toxin and unstable antitoxin that can neutralize the
toxin. The type II toxin antitoxin system is widely distributed among bacteria, and are involved
in many functions including persistence, stress response and biofilm formation [28]. It is not
known what the exact function of these toxin-antitoxin systems is in Vibrio sp. strain J502.
However, it is interesting to note that they have been associated with stress and persistence, and
that many of the other genes associated with these functions were also upregulated in the

presence of crude oil (Table S4).
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2.5.5.3 Genes Related to Degradation of Aromatic Hydrocarbons

WAF was chosen as a means of exposing Vibrio sp. strain J502 to light crude oil, as the
production of WAF emulates the natural process of seawater mixing with crude oil in the ocean
and is an established method for performing aquatic toxicity tests [113]. WAF contains the
soluble and mechanically dispersed droplets with non-soluble compounds. Therefore, the
compounds present in WAF at the highest concentrations are typically naphthalenes and
methylated naphthalenes, and intermediate PAHs such as fluorene, pyrene, phenanthrene and
fluoranthene [114]. The dialysis bag membrane used for the transcriptomic experiment had a
pore size of 3.5 kDa, which would allow for these small soluble molecules such as naphthalene
(0.128 kDa [115]), fluorene (0.166 kDa [116]), pyrene (0.202 kDa [117]) and phenanthrene
(0.178 kDa [117]) to pass through and interact with the bacteria.

The genes encoding for homogentisate 1,2-dioxygenase, fumarylacetoacetate hydrolase
and MaiA maleylacetoacetate isomerase were found to be significantly upregulated in the
presence of crude oil (Figure 2-7). These genes are part of the metabolism of naphthalene to
central carbon metabolites via the gentisate pathway [107,109,110]. The fact that these genes are
upregulated in crude oil exposure condition after the timepoint of three days indicates that there
was sufficient gentisate present in the crude oil for active degradation by Vibrio sp. strain J502 to
occur. As we only know the transcriptomic profile for one timepoint, it is not possible to
determine when optimal degradation occurred or when the gentisate present was completely
degraded. In general, the significant upregulation of these genes in oil exposure conditions
supports the hypothesis that Vibrio sp. strain J502 is capable of degrading select aromatic

hydrocarbons found in crude oil.
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Figure 2-7. Operon containing s#ppD (4-hydroxyphenylpyruvate dioxygenase), NSE84 05510

(homogentisate 1,2-dioxygenase), NSE84 05515 (fumarylacetoacetate hydrolase family protein),

and maiA (maleylacetoacetate isomerase) upregulated genes
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2.6 Conclusion

In this study, a marine bacterium capable of utilizing compounds found in crude oil as a
source of carbon was isolated and identified as a member of the genus Vibrio. Vibrio sp. strain
J502 appears to be a bacterium with a diverse metabolism and variety of mechanisms for
surviving in stressful environmental conditions. In oil exposure conditions, genes related to
environmental stress management and degradation of aromatic hydrocarbons were upregulated,
while genes related to pathogenesis were downregulated. Genomic results showing that
chromosome I of Vibrio sp. strain J502 shares a 93.25% ANI with its closest phylogenetic
relative combined with its unique fatty acid and respiratory quinone profile further support our

conclusion that Vibrio sp. strain J502 represents a novel isolate.
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3. CHAPTERIII: The hydrocarbon-degrading potential of a novel isolate, Vibrio sp.
strain J502
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3.1 Abstract

Marine oil spills and seeps may occur naturally or due to anthropogenic activity such as
marine shipping or oil and gas exploration and drilling offshore. Oil spills represent a direct
threat to marine organisms such as fish, marine mammals, and birds due to the toxicity of
chemicals found within crude oil. Crude oils are primarily composed of hydrocarbons, which
include aliphatic and aromatic compounds, asphaltenes, resins and many other uncharacterized
molecules. Naturally occurring marine bacteria play a vital role in the degradation of
hydrocarbons in the marine environment by breaking them down into simpler compounds that
can be reintegrated into the marine biogeochemical cycle. Here, I evaluate the hydrocarbon-
degrading metabolic capabilities of Vibrio sp. strain J502, as well as its ability to survive in the
presence of chemically dispersed crude oil. I found that Vibrio sp. strain J502 is capable of
survival in the presence of crude oil and chemical dispersant, and that it is able to biodegrade
LMW PAHs such as naphthalene and its variants. The n-C17: Pristane ratio, an established
indicator of oil biodegradation, was measured throughout the incubation experiment and the
resulting trend indicated that biodegradation of oil did take place in the biotic treatment
compared to the abiotic control. However, the results of the incubation experiment were unable
to conclusively determine if this bacterium is capable of degrading higher weight PAHs or heavy
aliphatic and aromatic compounds. These results suggest that Vibrio sp. strain J502 has the
metabolic capability of degrading low weight aromatic hydrocarbons found in crude oil, which
supports the conclusions drawn based on the genomic and transcriptomic data presented in

chapter II.
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3.2 Introduction

Over 35 million barrels of oil are transported by sea across the world’s oceans every year,
putting the marine environment at risk for pollution from oil spills [45]. In addition to increased
marine transport tanker traffic, there has also been a dramatic increase in petroleum spills from

oil wells, pipelines and drilling rigs as the global oil industry continues to grow [7].

An oil spill can be defined as a release of liquid petroleum hydrocarbons into the
environment caused by anthropogenic activity [6]. Oil spills in the ocean pose a direct threat to
marine birds, mammals, and fish due to the toxicity of the oil and the formation of oil slicks.
Environmental recovery from large-scale marine oil spills in most cases takes between two and
ten years, with long-term impacts related to changes in ecosystem structure persisting due to the

longevity of some of the affected species [10].

Naturally occurring marine bacteria play a major role in the recycling of carbon in the
ocean by transforming some of the hydrocarbons into substances which can be integrated back
into biogeochemical cycles [43]. Many of these bacterial species can utilize hydrocarbons as an

energy source [118].

Vibrio sp. strain J502, which was isolated from Newfoundland waters, grows at
temperatures between 4 and 37°C, but grows optimally at 15°C. Vibrio sp. strain J502 is a Gram-
negative, rod shaped, motile, capsule-producing bacterium and produces colonies that are orange
pigmented and smooth. The whole genome sequencing of Vibrio sp. strain J502 identified two
chromosomes and one plasmid with a total genome size of 4,540,400 bp and a G+C content of
44.692% (Wells et al., 2024, in preparation). The genome of Vibrio sp. strain J502 has been
deposited to NCBI (accession number NZ CP104554, BioProject PRINA880584 and BioSample
SAMN30853963). Phylogenetic analysis identified Vibrio sp. strain J502 as a member of the
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genus Vibrio but was unable to identify a close enough match to determine the species.
Therefore, this strain was named Vibrio sp. strain J502 and has been identified as a novel strain

(Wells et al., 2024, in preparation).

In this study we used a heavy crude oil to explore the metabolic capabilities of Vibrio sp.
strain J502. Crude oils are composed of many different hydrocarbons, which can be
characterized broadly as aliphatics and aromatics, as well as resins, asphaltenes, and many
uncharacterized molecules. The specific composition of each oil determines its properties and
behaviour. Commonly, oil is described by grouping its aliphatic and aromatic compounds
separately and by their carbon content, and additionally determining concentrations of specific
aromatics, such as BTEX (Benzene, Toluene, Ethylbenzene, Xylenes), and PAHs (polycyclic

aromatic hydrocarbons) [119].

Aliphatic compounds are a group of organic compounds characterized by an open-chain
structure with a variable number of single, double, and triple bonds [120]. Aliphatic compounds,
including straight-chained alkanes are more easily biodegraded than aromatic compounds due to

their more simplistic structure [121] .

Aromatic hydrocarbons are cyclic, planar compounds and include the polycyclic aromatic
hydrocarbons (PAHs). The heterocyclic aromatic ring structure, hydrophobicity and
thermostability of aromatic hydrocarbons make them recalcitrant and more likely to persist in the
environment than aliphatic hydrocarbon compounds [122]. The high molecular weight (HMW)
PAHs are made up of four or more aromatic rings, while LMW PAHs are made up of 3 or less

aromatic rings [123].

63



Chemical dispersants are used to emulsify oil found in an oil slick or oil spill, and
through interaction with wave activity, oil is broken down into many small droplets. This
increases the surface area of the oil and allows it to be colonized by marine bacteria, including
those that are capable of degrading compounds found in the oil. Therefore, the addition of
dispersants to oil makes it more bioavailable and may increase the rate of biodegradation by
marine microbes. In this study, chemical dispersants are utilized to increase the bioavailability of
the oil and increase the rate of biodegradation potentially occurring during the experiment. This
is important because the experiment has a fixed length and sampling points, so the increased
bioavailability of the oil increases the chances that biodegradation trends will be detectable
during the timeline of the experiment. In addition, the use of chemical dispersant keep the oil
more uniformly distributed in the media and decreases the amount of aggregation and clumping
that would occur without the addition of the dispersant. This decreases variability between
replicates for oil concentration and increases the quality of data produced throughout the

experiment.

Here we present data collected during two experiments exploring the oil degrading ability
of a novel bacterial strain isolated in Newfoundland Canada, Vibrio sp. strain J502. The objective
of the first experiment was to determine the bacterium’s survival rate when exposed to crude oil,
while the objective of the second experiment was to determine what types of compounds, if any,
the bacterium was capable of degrading. This study examines the interaction of the isolated
bacterium with a large variety of hydrocarbon compounds, which provides significant
information on its metabolic capacity and potential role in biodegradation. While many studies

focus on degradation of individual classes of compounds or on degradation by a consortium of
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species, this study’s scope provides a higher level of detail on Vibrio sp. strain J502’s ability to

degrade hydrocarbons found in crude oil.

3.3 Materials and Methods

The hydrocarbon-degrading potential of Vibrio sp. strain J502, was investigated through
two experiments; the first of which involved incubating the bacterial culture in chemically
dispersed crude oil for a period of six weeks to monitor the ability of the bacterium to survive
and adapt its metabolism in these conditions (experiment 1). In a second experiment conducted
under identical conditions, the bacterium was incubated for four weeks in chemically dispersed
crude oil to monitor for changes in oil composition (experiment 2). Dispersed oil was prepared as
a chemically enhanced water accommodated fraction (CEWAF) of conventional crude oil. The
incubations were carried out in 250 ml flasks placed on an orbital shaking table at 150 rpm at
15°C. In both experiment 1 and 2, triplicate samples were collected at each sampling points, and
concentrations of live bacteria were determined via the Colony Forming Units (CFU) approach
(experiment 1), or bulk oil concentration was measured spectrophotometrically as estimated oil

equivalent (EOC), and concentrations of specific oil compounds analysed (experiment 2).

3.3.1 Preparation of artificial seawater and incubation media

To prepare 1 L of artificial seawater (ASW), the following were added to 600 ml of
milliQ water and stirred using a magnetic stirrer: 23.9 g NaCl (39.8 g/L); 4.0 g Na2S04 (6.7
g/L); 0.7 g KC1 (1.2 g/L); 0.1 g KBr (0.17 g/L) and 0.03 g H3BO3 (0.05 g/L). Additionally, the
following were added to 300 ml of milliQ water and stirred using a magnetic stirrer: 10.8 g
MgCI12+6H20 (56.0 g/L); 1.5 g CaCI2+2H20 (5.0 g/L); 0.02 g SrCI2+6H20 (0.07 g/L). Both
solutions were autoclaved separately and allowed to cool before being mixed under a clean

bench. An additional 93.7 ml of milliQ water and 0.172 g of NaHCO3 was added [124]. This
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artificial seawater was the base for the media used during incubations, as it mimics natural
seawater but is sterile and its composition is known. To prepare media, 0.83 ml of phosphate,
nitrate and trace metals solutions and 0.5 ml of vitamin solution were added per 1 L of ASW.
Phosphate solution was prepared by mixing 0.5 g of sodium phosphate monobasic with 100 ml
of MilliQ water (5.0 g/L), nitrate solution was prepared by mixing 7.5 g of sodium nitrate with
100 ml of MilliQ water (75.0 g/L). Five trace metal stock solutions were prepared by mixing
0.98 g of cupric sulfate (9.8 g/L), 2.2 g of zinc sulfate (22.0 g/L), 1.0 g of cobaltous chloride
hexahydrate (10.0 g/L), 18 g of manganese (II) chloride tetrahydrate (180.0 g/L), 0.63 g of
sodium molybdate (6.3 g/L) each with 100 ml of MilliQ water. Trace metal stock solution was
prepared by adding 1 ml of each of these five trace metal solutions and 5.0 g of
ethylenediaminetetraacetic acid iron (III) sodium salt (0.005 g/L) to 1 L of MilliQ water. The
vitamin solution was prepared by mixing 1 ml of 0.1 mg/ml biotin stock solution, 0.1 ml of 1.0
mg/ml B12 stock solution, 1 ml of 0.2 mg/ml thiamine HCI stock solution in a volumetric flask

and filling to 100 ml of MilliQ water [125]. Artificial seawater and media were autoclaved and

mixed under a clean bench to maintain a sterile environment and ensure bacterial activity present

throughout the experiment could only be attributed to the presence of Vibrio sp. strain J502.

3.3.2 Weathering oil

For this experiment, an unnamed conventional (heavy) crude oil (density 0.925 g cm™;
APIo = 21.3) provided by the MRPI (Multi-Partner Research Initiative — Fisheries and Oceans
Canada) was used. The oil was weathered to a 10% weight loss by sparging with clean air. The

weathered oil was stored in sealed, dark glass scintillation vials at 4°C until use.
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3.3.3  Preparation of CEWAF (chemically enhanced water accommodated fraction)

A 2 L baffled flask was filled with room-temperature sterile autoclaved ASW allowing for
exactly 20% headspace. A sterile positive-displacement pipette was used to add 1 g/L of
weathered conventional crude oil to the central surface of the water. A sterile positive-
displacement pipette was used to add the dispersant Corexit 9500 to the oil slick at a ratio of 1:20
(dispersant to oil). The flask was sealed with Duraseal and allowed to mix on an orbital shaker at
150 rpm for 1 hour. This was followed by a 1 hour settling time. The CEWAF was harvested
through the spigot at the bottom of the baffled flask, discarding the first and last 100 ml of
CEWAF and collecting the middle portion. This protocol was developed by de Jourdan [126] to
simulate local conditions. ASW was autoclaved and oil and dispersant were added under a clean

bench to ensure the media remained sterile.

3.3.4 Bacterial growth media and cultivation conditions

Vibrio sp. strain J502 was isolated and purified in 2017 from seawater (Logy Bay, NL)
(47°37'32.6"N 52°39'48.1"W) in marine M9 minimal media containing crude oil (Wells et al.,
2024 in preparation). Vibrio sp. strain J502 was routinely grown in Trypticase Soy Broth (TSB,
Difco, Franklin Lakes, NJ) supplemented with 2% NaCl at 15°C in a 16 mm diameter glass tube
with aeration (roller at 180 rpm) overnight (Wells et al., 2024 in preparation). When required,
the media was supplemented with 1.5% bacto-agar (Difco). Vibrio sp. strain J502 was stocked in
peptone 1% (Difco) and glycerol 10% (Sigma) at -80°C according to established protocols [53].
For the CFU technique, Vibrio sp. strain J502 was plated on Trypticase Soy Agar (TSA, 1.5%
agar, Difco, Franklin Lakes, NJ, USA) supplemented with up to 2% NaCl using a streaking

technique [52]. It was previously determined that Vibrio sp. strain J502 grew well on agar plates.
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3.3.5 Inoculation with Vibrio sp. strain J502

In preparation for the experiments, Vibrio sp. strain J502 was grown overnight in TSB
2% NaCl at 15°C in a 16 mm diameter glass tube with aeration (roller at 180 rpm). Then, 50 ml
of TSB 2% NaCl was inoculated with 500 pl of fresh culture and grown at 15°C with aeration
(150 rpm) until reaching an optical density (ODgoo) of about 1.0 (= 5.6 x 10'® CFU/ml). The
culture was then transferred to two 50 ml falcon tubes and centrifuged at 6000 rpm for 10
minutes. The supernatant was discarded, and cell pellets were resuspended in 10 ml of sterile
(autoclaved) phosphate-buffered saline (PBS) and centrifuged at 6000 rpm for 10 minutes.
Supernatant was again discarded, and cell pellets were transferred to an Eppendorf tube. The
tube was topped up to 500 ul with PBS. This washed and concentrated cell suspension was used

to inoculate each incubation flask to a final concentration of ~10% cells/ml.

3.3.6 Experimental setup

The first experiment (experiment 1) was focused on determining the growth of Vibrio sp.
strain J502 in the presence and absence of chemically dispersed oil and Corexit 9500 (three
treatments with three replicates each). Three 250 ml flasks containing 150 ml of sterile ASW
media were inoculated with bacteria to a concentration of ~10® cells/ml to act as a control. Three
250 ml flasks containing 150 ml of sterile ASW media and 8.1 pl of Corexit 9500 (same volume
as would be used to prepare CEWAF), and three 250 ml flasks containing 150 ml of CEWAF
were inoculated with bacteria to the same concentration. Bacterial concentration was monitored
by subsampling from each flask after 0, 7, 14 and 28 days (Supplementary Table S1). A t=0
sample was taken from the control replicates and assumed to be the same for the other two

treatments.
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The second experiment (experiment 2) was focused on the changes in the chemical
composition of the oil to determine if specific oil compounds were degraded in the presence of
Vibrio sp. strain J502. For each of four time points, six 250 ml flasks were prepared with 150 ml
of sterile CEWAF. Half of these flasks (12 replicates) were inoculated with bacteria at a
concentration of ~10® cells/ml (CEWAF treatment), the second half served as a control treatment.
Triplicate flasks of control and treatment were destructively harvested after 0, 7, 14 and 28 days.
At each sampling point 3 mL of sample was collected for bulk EOC determination. Three 40 ml
samples were collected from each flask at each timepoint and sealed in amber glass vials with
Teflon lined caps leaving no headspace for compositional oil analysis. A preservative tablet
(sodium-bisulfate) in each 40 mL vial prevented any bacterial activity from continuing. These
samples will be referred to as the “aqueous” samples. Additionally, the oil stuck to the walls of
each flask was separately sampled by carefully rinsing the walls of each flask with 2 ml of
dichloromethane (DCM). The DCM extract from each container was sealed in a small vial with a
Teflon cap to prevent evaporation. These samples will be referred to as the “wall” samples. Only
aqueous samples were collected at timepoint 0 days because there was no oil stuck to the flask
walls initially. All samples (aqueous and wall samples) were shipped directly to RPC (RPC in
New Brunswick, Canada) for analysis of n-alkanes Cs-C32, and PAHs (Supplementary Table S2

and S3).

3.3.7 Determination of cell growth

The growth of Vibrio sp. strain J502 was measured using the dilution plating technique to
measure concentration in CFU/ml in triplicate at each timepoint. Several additional methods
were initially tested for determining bacterial concentration, including cell staining and flow

cytometry [127], as well as DAPI staining and microscopy [128], but were determined not to be
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feasible as the oil present in the samples interfered with the ability to accurately count the
bacterial cells. In contrast to these other methods, the plating technique measures only actively
growing bacteria [129]. Under sterile conditions, 100 pl of sample was added to an Eppendorf
tube containing 900 ul of PBS to produce a 1:10 dilution termed a -1 dilution. The sample was
vortexed, and a volume of 100 pl of sample was transferred to an Eppendorf tube containing 900
ul of PBS to produce a -2 dilution (1:100). This process was continued until all dilutions up to -8
had been prepared. All dilutions were again vortexed, and 100 pl of each dilution plated on a
Trypticase soy agar (TSA) 2% NaCl plate and incubated at 15°C. After four days, colonies were
enumerated and CFUs/ml were calculated, based on the dilution(s) that generated between 30

and 300 colonies.

3.3.8 Oil Compound Analysis

All samples for oil composition analysis were stored at 4°C for less than two weeks
before analysis at RPC (/www.rpc.ca/english/as-organicchemistry.html). All samples were
analysed for PAH and total petroleum hydrocarbons (TPH) (Atlantic MUST), where extractable
hydrocarbon compounds (EPH) were fractionated into aliphatic and aromatic compounds. The
DCM extracted samples (wall samples) underwent a solvent exchange to hexane before analysis
and aqueous samples were extracted with hexane. Volatile hydrocarbons were extracted from the
samples by purging with helium. Volatile components were then trapped on an adsorbent and
thermally desorbed onto the GC column. Analysis was conducted using mass spectrometry
(purge and trap GC/MS). Fractionation of the VPH extract was achieved by quantifying
characteristic masses of aromatic compounds within a specific carbon range. The aromatic
concentration was then subtracted from the total concentration within the same range to yield the

aliphatic concentration. Extractable hydrocarbons were extracted from aqueous samples by
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mixing with hexane. The extract was recovered, concentrated, and analyzed via GC-FID.
Fractionation of the hexane extract into aliphatic and aromatic fractions was performed on a
silica gel column for subsequent GC-FID analysis. Aliphatic compounds, Ce-C3> for aqueous and
Ci0-Cs2 for wall samples were measured, as well as aromatic compounds Cg-C32 in aqueous
samples and C1o-Cs» for wall samples. PAHs were measured for all aqueous and wall samples
using mass spectrophotometer gas chromatography (GC-MS). BTEX compounds (benzene,
toluene, ethylbenzene, and xylene) were measured in aqueous samples only. The biomarker nCi7:
Pristane was measured in both aqueous and wall samples. The reporting limit for fractionated
aliphatics and aromatics in aqueous samples ranged between 1.0 and 80.0 pg/L, and between
1000 and 5000 pg/L for wall samples. The reporting limit for PAHs in aqueous samples ranged
between 0.01 and 0.05 pg/L and the reporting limit for wall samples was 200 pg/L

(Supplementary Tables S2 and S3).

3.3.9 Estimated Oil Concentration (EOC)

EOC was measured in the water phase of all CEWAF samples by collecting a 2 to 5 mL
sample from each flask and transferring it to a glass scintillation vial. Between 1 mL and 3 mL of
DCM was used to extract the oil, depending on the concentration. The sample volume and DCM
volume were adjusted to keep measurement concentrations in the linear range of the calibration
curve, which was generated from a serial dilution of the oil that was used to make the CEWAF.
One ml of the DCM phase of the sample was transferred to a quartz cuvette, and the absorbance
measured spectrophotometrically (GENESYS 150 UV-Vis spectrophotometer) at wavelengths of
340 nm, 370 nm, and 400 nm [130]. These values were then used to calculate the area using the
formula below (Supplementary Table S4). A calibration curve prepared with the same oil used to

make CEWAF relates the area to oil concentration:
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(A340 + A370) % 30 + (A370 + Agoo) x 30

A —
rea 3 5

3.3.10 Statistical Analysis

For experiment 1, three replicates of each treatment were prepared: ASW, ASW and
Corexit, and CEWAF, all inoculated with the same concentration of Vibrio sp. strain J502.
Bacterial concentrations were monitored via subsampling from each of the replicate flasks at
each timepoint. For timepoint 0, one plate count was prepared for each of the three replicate
flasks of the CEWAF treatment and these triplicate samples were assumed to be representative of
the concentration in all the flasks at timepoint day 0. For all subsequent timepoints, one plate
count was prepared per flask and therefore three concentration values were obtained in CFU/ml
of bacteria per treatment. The average and standard deviation of these three concentrations per
treatment were calculated using MS Excel. The average concentration of Vibrio sp. strain J502 in
each treatment in CFU/ml was used to create a graph to visualize the bacterial population over

time. Error bars on the graph represent standard deviation between replicates.

For experiment 2, three CEWAF control and three CEWAF with bacterial treatment
(CEWAF-BAC) treatment flasks were prepared for each timepoint. At each timepoint, control
and treatment flasks were destructively harvested in triplicate. For bulk oil measurement using
the EOC method, three samples were collected per flask (9 samples for each the control and the
treatment). The average concentration of all nine subsamples was calculated using MS Excel and
used to create a graph with error bars representing the standard deviation. To keep headspace
minimal the 120 mL of subsamples needed for oil composition analysis of each aqueous sample
was shipped in three 40 mL containers and combined for measurement at the RPC lab. The

average concentration of each compound or group of compounds for all three replicate flasks
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(control and treatment) was calculated from the raw data using MS Excel and a line graph was
created with error bars representing the standard deviation of oil concentration in each condition
at each timepoint. For the flask wall samples, one sample was extracted in 2 mL of DCM from
each flask. The concentration of compounds in each sample was measured at the RPC lab. The
average concentration of compounds for all three replicate flasks (control and treatment) and
standard deviation between replicates was calculated as described for the aqueous samples.
Graphs showing these values were also produced using MS Excel. Error bars are not visible on
some data points as the error is very low and the error bars are hidden behind the data point.
Unpaired t-tests were completed using GraphPad Prism (version 10.2.2) to compare the
concentrations of compounds from the control and treatment. A p-value of <0.05 was considered

to be significant.
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3.4 Results

3.4.1 Experiment 1: Bacterial Growth in the Presence of Dispersed Crude Oil and Corexit
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Figure 3-1. Growth of Vibrio sp. strain J502 in the presence of the artificial sea water control

(SW), CEWAF, and Corexit.
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The concentration of Vibrio sp. strain J502 decreased in all three treatments, the seawater
control (SW), the CEWAF (CEWAF) and the Corexit-only treatment (COREXIT), during the
incubation (Figure 3-1). The concentration of Vibrio sp. strain J502 decreased most significantly
in the CEWAF treatment, dropping from the initial population of 7.36 x 10® CFUs/ml to 0
CFUs/ml by day 28. Meanwhile, the Vibrio sp. strain J502 concentration in the Corexit treatment
experienced an initial decrease from 7.36 x 10° CFUs/ml to 2.25 x 10° CFUs/ml between day 0
and day 21, before increasing slightly to 5.83 x 10> CFUs/ml at day 28 and decreasing again to a
population of 3.23 x 10* CFUs/ml at day 42. The SW control treatment showed a slow decline in
bacterial population over the course of the incubation period, decreasing from 7.36 x 10°

CFUs/ml at day 0 to 2.22 x 10* CFUs/ml at day 42.
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3.4.2 Experiment 2: Bulk Oil Degradation as Measured by EOC
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Figure 3-2. Estimated bulk oil concentration in the abiotic control (CEWAF) and the CEWAF

and bacteria treatments (CEWAF-BAC) during the 42-day incubation period.
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Both the abiotic CEWAF control and the CEWAF-BAC experienced an initial sharp
decrease in bulk oil concentration measured as EOC between day 0 and day 7. Thereafter,
between days 7 and 28 oil concentration in the control remained above a concentration of ~200
mg/L. In contrast, the oil concentration in the bacteria treatment continued to decrease before
plateauing at a concentration of below 100 mg/L. Overall, the CEWAF control experienced a
bulk oil concentration decrease of 57%, while the CEWAF-BAC treatment experienced a

decrease of 83 % (Figure 3-2).

Between day 7 and 14, there was a sharp increase in the oil concentration in the control.
It is likely that this was related to the heterogeneity of the oil-water mixture at this time. At
timepoint day 7, it was observed that oil had begun to stick to the walls of the flask and that the
aqueous fraction appeared to be transparent and free of large clumps of oil. It was observed that
clumps of oil had appeared in the aqueous fraction by day 14, and the oil was visibly no longer
homogenously dispersed as it had been at the initial timepoint day 0. At the same time oil
concentrations on flask walls decreased appreciably between day 7 and day 14 (see Figure 3-3
below), suggesting that compounds originally attached to flask walls had detached from the wall
and entered back into the water phase. This complicated obtaining a representative aqueous bulk
concentration sample at the day 7 timepoint and beyond. Nevertheless, the greater decrease in

bulk oil concentration in the aqueous phase is clearly visible.
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3.4.3  Experiment 2: Degradation of Low-Weight Polycyclic Aromatic Hydrocarbon (PAH)
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Figure 3-3. Change in concentrations of low weight Polycyclic Aromatic Hydrocarbons (PAHs);

A) Naphthalene. B) 2-Methylnaphthalene. C) Fluorene, from the aqueous (left) and wall (right)
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fractions, respectively, over time. The central panel depicts the total average oil contribution of

each fraction in each treatment (CEWAF, CEWAF-BAC).

Concentrations of naphthalene, 2-methylnaphthalene and fluorene decreased during the
incubation in both the CEWAF control and the CEWAF-BAC treatment in both phases, the

aqueous phase and on the walls.

In the aqueous phase of the control, concentrations of naphthalene, 2-methylnaphthalene
and fluorene decreased by 60%, 62% and 66% respectively during the initial 7 days and
continued to decrease thereafter until the final timepoint at day 28. In the bacteria treatment, the
initial decreases in the aqueous phase were larger at 78%, 73% and 70% for naphthalene, 2-
methylnaphthalene, and fluorene, respectively. After 14 days, concentrations in the aqueous
phase of naphthalene, 2-methylnaphthalene and fluorene were always higher in the control
compared to the bacterial treatments. By day 28, the concentration of naphthalene in the aqueous
phase of the control and the treatment was nearly the same, while the concentrations of 2-
methylnaphthalene and fluorene were significantly higher in the control than in the treatment

after 28 days (p = 0.0466 and p = 0.0291, respectively).

The amount of naphthalene, 2-methylnaphthalene, and fluorene on the walls, in contrast
showed very little difference between the abiotic control and the bacterial treatment. However, in
the control there was a distinct decrease, especially for naphthalene between days 7 and 14,
possibly oil compounds previously attached to the flask walls re-entering the aqueous phase and
leading to the observed “lumpiness” in the aqueous phase on day 14. At the 14 days timepoint,
there was not a large difference in the amount of naphthalene between the control and treatment,

however, there was a higher amount of 2-methylnaphthalene and fluorene in the control versus
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the treatment. There was no statistically significant difference between the control and treatment
at the final timepoint for naphthalene, 2-methylnaphthalene, or fluorene (p = 0.499, p = 0.870

and p = 0.32, respectively).

In the control, approximately 51% of the total naphthalene, 66% of the total 2-
methylnaphthalene and 68% of the total fluorene measured in the samples was found stuck to the
walls, with the remainder found in the aqueous phase. In the bacteria treatments, approximately
63% of the total naphthalene, 81% of the total 2-methylnaphthalene and 85% of the total
fluorene measured in the samples was found in the fraction of oil stuck to the walls, with the

remainder found in the aqueous phase.

Additional low-weight PAHs measured included 1-methylnaphthalene, acenaphthene,
acenaphthylene, phenanthrene and anthracene. A similar trend to naphthalene, 2-
methylnaphthalene and fluorene was also observed for 1-methylnaphthalene and phenanthrene
(Supplementary Figure S6). Acenaphthylene, acenaphthene and anthracene were below the

detection limit in both aqueous and wall samples.
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3.4.4 Trends in Higher-Weight Polycyclic Aromatic Hydrocarbon (PAH) degradation

A)

Concentration of Pyrene (ug/L)

Z

Concentration of Chrysene/Triphenylene

(5} IS o ) =) ~

o

(ng'L)

Aqueous

14
Time (Days)

CEWAF -e-CEWAF-BAC

Aqueous

21

14
Time (Days)

CEWAF -e-CEWAF-BAC

21

CEWAF

Wall = Aqueous

CEWAF-BAC

|

Wall = Aqueous

CEWAF

Wall = Aqueous
CEWAF-BAC

\

Wall = Aquecus

f Ch

Amount o

Amount of Pyrene (ng)

e e
[

1.4

Wall

I

—

i

7 14 21 28
Time (Days)

CEWAF -#-CEWAF-BAC

7 14 21 28
Time (Days)

--CEWAF CEWAF-BAC

Figure 3-4. Changes in concentrations of high weight polycyclic aromatic hydrocarbons (PAHs);

A) Pyrene. B) Chrysene/Triphenylene, from the aqueous (left) and wall (right) fractions,

respectively, over time. The central panel depicts the total average oil contribution of each

fraction in each treatment (CEWAF, CEWAF-BAC).
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Concentrations of pyrene and chrysene-triphenylene decreased during the incubation in
both the control and the bacteria treatment in both phases, the aqueous phase and on the walls,

but a more pronounced decrease was obvious in the aqueous phase after day 7.

In the aqueous phase of the control, concentrations of pyrene and chrysene/triphenylene
decreased by 64% and 72% respectively during the initial 7 days and continued to decrease
thereafter reaching concentrations of 2.9 ug/L and 1.6 pg/L by day 28. In the CEWAF-BAC
treatment, the initial decrease in concentration in the aqueous phase was 70% for both pyrene
and chrysene/triphenylene. After 14 days, concentrations in the aqueous phase of pyrene and
chrysene/triphenylene were always higher in the control compared to the bacterial treatments. By
day 28, the concentration of pyrene and chrysene/triphenylene was much higher in the control

than in the treatment.

The amount of pyrene and chrysene/triphenylene on the walls, in contrast showed very
little difference between the abiotic control and the bacterial treatment. At 14 days, the amount of
pyrene and chrysene/triphenylene were higher in the treatment than the control but there was no
statistically significant difference between the control and treatment at the final timepoint for

either compound (p = 0.176 and p = 0.202, respectively).

In the control, approximately 70% of the total pyrene and the total chrysene/triphenylene
measured in the samples was found in the fraction of oil stuck to the walls, with the remainder in
the aqueous phase. In the CEWAF-BAC treatment, approximately 78% of the total pyrene and
96% of the total chrysene/triphenylene measured in the samples was found in the fraction of oil

stuck to the walls, with the remainder in the aqueous phase.
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Additional high-weight PAHs measured included fluoranthene, benz(a)anthracene,
benzo(b+j)fluoranthene, benzo(k)fluoranthene, benzo(e)pyrene, benzo(a)pyrene, indeno(1,2,3-

c,d)pyrene, benzo(g,h,i)perylene and dibenz(a,h)anthracene. A similar trend to pyrene and

chrysene/triphenylene was observed for fluoranthene, benzo(b+j)fluoranthene, benzo(e)pyrene,

benzo(a)pyrene and benzo(g,h,i)perylene (Supplementary Figures S7). Concentrations of
Benz(a)anthracene, benzo(k)fluoranthene, indeno(1,2,3-c,d)pyrene and dibenz(a,h)anthracene

were below the detection limit in both aqueous and wall samples.
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3.4.5 Trends in Degradation of Aliphatic Compounds
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Figure 3-5. Change in concentrations of fractionated aliphatic compounds; A) n-C10-C12 B) n-
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CEWAF-BAC).

84



Variability between replicates were very high for the concentrations of the volatile 7-Cio-
Ci2 aliphatic compounds. Concentrations decreased during the incubation in both the control and
the bacteria treatment in both the aqueous phase and on the walls. Average concentrations were
always higher in the control compared to the bacteria treatment. Meanwhile, concentrations of n-
Ci6-C21 aliphatic compounds fluctuated without clear trends in both the control and the CEWAF-

BAC treatment in the aqueous phase and on the walls.

In the aqueous phase of the control, concentrations of n-C1o-C12 aliphatic compounds
decreased by 17% during the initial 7 days and continued to decrease thereafter reaching a
concentration of 90 pg/L by day 28. However, the concentration of n-C16-C21 control increased
by 35% during the first 7 days and then fluctuated up and down throughout the rest of the
incubation with high variability and no clear temporal trends (Figure 3-6A). In the aqueous
phase of the CEWAF-BAC treatment, the initial decrease after 7 days was 48% for n-C10-C12
aliphatics, while n-C16-C21 compounds increased in concentration by 167%. After 14 days,
concentrations in the aqueous phase of n-Cio-Ci2 and n-Ci6-Cz1 aliphatic compounds were
always higher in the control compared to the bacterial treatments, but it is important to note that
there was a high variability between replicates at this timepoint. The final concentration of #-Cjo-
C12 aliphatic compounds after 28 days was 0 pg/L, and for n-C16-Caz1 aliphatic compounds the
final concentration was 307 pg/L. At the final timepoint, there was a higher concentration of n-
C10-C12 in the control than in the treatment, but there was no statistically significant difference in

concentration between the control and treatment for n-Ci6-C21 (p = 0.177).

The amount of n-C1o-Ci2 and n-Ci6-C21 aliphatics on the walls showed very little
difference between the abiotic control and the bacterial treatment. There was not a large

difference between the control and treatment for n-Cio-Ci2 aliphatic compounds at day 14,
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although there was a difference in concentration for n-C16-C21 compounds at this timepoint.
There was not a statistically significant difference between the control and treatment at the final
timepoint for both 7#-C10-Ci2 and n-C16-C»; aliphatic compounds (p = 0.612 and p = 0.598,

respectively).

In the control, approximately 86% of the total n-C10-Ci2 aliphatics and 96% of the total n-
Ci6-C21 measured in the samples was found in the fraction of oil stuck to the walls, with the
remainder in the aqueous phase. In the CEWAF-BAC treatments, approximately 91% of the total
n-C10-Ci2 and 97% of the total n-C16-Ca1 aliphatic compounds measured in the samples was

found in the fraction of oil stuck to the walls, with the remainder in the aqueous phase.

Additional fractionated aliphatic compounds measured included n- Cs-Cg, Cs-Cio, C12-Cis
and C»1-Cs2. A trend like that of n-C0-Ci2, indicating increased loss of these compounds in the
presence of bacteria compared to the control was observed for n-Cs-Cg and n-Cg-Cio, while a
trend like that of n-C16-C21, where losses in both the control and the bacteria treatment were

similar, was observed for n-C12-Ci6 and 1n-C21-C32 (Supplementary Figures S8).
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3.4.6 Trends in Degradation of Fractionated Aromatic Compounds
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Figure 3-6. Change in concentrations of fractionated aromatic compounds; A) n-C10-C12 B) n-
C16-C21, from the aqueous (left) and wall (right) fractions, respectively, over time. The central
panel depicts the total average oil contribution of each fraction in each treatment (CEWAF,

CEWAF-BAC).
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Concentrations of n-C1o-Ci2 aromatic compounds decreased during the incubation in the
bacteria treatment in both phases, the aqueous phase and on the walls. Meanwhile,
concentrations of n-Ci6-C21 aromatic compounds fluctuated throughout the incubation in the

control and the bacteria treatment in both the aqueous and wall phases.

In the aqueous phase of both the control and treatment for #-Cio-Ci2 aromatic
compounds, the concentration decreased over the incubation period. Although the decrease in
concentration was slightly steeper and more rapid in the treatment, there was very high
variability between replicates in the aqueous samples of the control and treatment suggesting that
this trend may not be significant. The high variability between replicates in the control and
treatment is likely because the fraction of oil in the aqueous phase was very low in both, and the
compounds found in the aqueous phase are the volatile fraction of aromatic compounds that are

more susceptible to evaporation or volatilization during sampling.

The concentration over time of the n-Ci6-Cz1 aromatic compounds in the aqueous phase
of the control and treatment displayed no clear trends and no clear differences in trends between
the treatment and control. The high variability in concentrations for both the control and
treatment are likely related to the fraction of oil in the aqueous phase being very small, and
therefore any change in the oil on the flask walls, such as droplets re-entering the aqueous phase,
would have a large impact on concentration measurements. There was an overall decrease over
time in concentration of n-Ci6-C21 aromatic compounds in both the treatment and control, but no

clear trends to indicate bacterial degradation.

The amount of n-C1o-Ci2 and n-Ci6-Ca1 aromatic compounds on the walls showed very

little difference between the abiotic control and the bacterial treatment. There was no statistically
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significant difference between the control and treatment at day 28 for n-Cio-Ci2 and n-Ci6-Ca1

aromatic compounds (p = 0.461 and p = 0.700, respectively).

In the control, approximately 67% of the total 7n-C10-Ci2 and 93% of the total #-Ci6-Cz1
measured in the samples was found in the fraction of oil stuck to the walls, with the remainder in
the aqueous phase. In the bacteria treatments, approximately 71% of the total n-C10-Ci2 and 96%
of the total n-C16-C21 measured in the samples was found in the fraction of oil stuck to the walls,

with the remainder in the aqueous phase.

Additional fractionated aromatic compounds measured included 7-Ci2-Cis and n-C»1-Cso.
A trend like that of n-C16-C21 was observed for both, n-C12-C1s and 1n-C21-Csz. Like for n-Ci6-Cay,
there was no clear difference in concentration between the control and treatment present for the
n-Ci2-Ci6 and n-C»1-Cs; fractions. More than 93% of n-C12-Ci6 compounds and 96% of n-Cz1-Cs2
was associated with the flask wall sample, which helps explain the high variability between the

replicates of samples measured for these compounds as well (Supplementary Figure S9).
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3.4.7 n-Cj7: Pristane Ratio

2 14
- C17: Pristane (Aqueous) C17: Pristane (Wall)
: 1.3
16
¢ o . o 12 I
214 1 |
> ‘ > 1.1
€12 &
g & |
1
08 09
0.6 08
0 7 14 21 28 0 7 14 21 28
Time (Days) Time (Days)
CEWAF -e-CEWAF-BAC CEWAF -e-CEWAF-BAC

Figure 3-7. Temporal trend of the biomarker ratio n-C17: Pristane in the aqueous and wall

phase. Error bars denote standard deviation.
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The n-Ci7: Pristane ratio measured in the aqueous phase of the CEWAF control fluctuated
throughout the incubation period around 1.4 with no clear trend (1.34 + 0.12) (Figure 3-7). In
contrast, the n-Ci7: Pristane ratio measured from the aqueous phase of the CEWAF-BAC
treatment decreased from 1.4 on day 0 to 0.8 on day 28. The n-Ci7: Pristane ratio in the treatment

is significantly lower than in the control at the final day 28 timepoint (p = 0.005).

The n-C7: Pristane ratios from the wall samples of both the CEWAF control and
CEWAF-BAC treatment did not change significantly over time and fluctuated around 1.1 & one

standard deviation (~ £ 0.09), respectively (p = 0.621).

3.5 Discussion

3.5.1 Impact of Chemically Dispersed Crude Oil and Corexit on the Growth of Vibrio sp.
strain J502

The more rapid decrease in culturable bacteria in the CEWAF treatment compared to the
Corexit and seawater treatments appears contradictory to the expected results since the oil
composition data clearly indicated bacterial degradation of several compounds. The decrease in
culturable bacteria in the seawater treatment, which contained negligible organic substrate can be
explained by the lack of any organic substrates required by the bacteria for growth. The similar
decrease of culturable bacteria in the Corexit treatment, suggests that the Corexit was not a
usable substrate for this species, although some microorganisms have been shown to use
dispersants as growth substrates [131]. Various bacteria including Colwellia sp. str. RC25 and
Alcanivorax sp. str. 31 have been found to be able to degrade various components of Corexit
9500A, such as DOSS and dipropylene glycol n butyl ether [131]. The more extreme drop of
culturable bacteria in the treatment with dispersed oil, however, must have a different

explanation. The plate counting technique is commonly avoided for marine planktonic bacteria
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because many marine bacteria do not grow well when plated. Previous work had indicated that
when grown in broth media, the growth of this bacteria could easily be enumerated using the
plating technique. So, when grown in TSB 2% NaCl (Trypticase Soy Broth), Vibrio sp. strain
J502 successfully grew when plated on TSB 2% NaCl agar plates. However, when grown in
ASW media exposed to oil, the bacteria did not successfully grow on the agar plates, giving the

impression that it did not survive the oil exposure.

We suggest that in contrast, the presence of oil led to a shift in gene expression that
altered the bacteria’s metabolic capacity, with the result that it could no longer grow on these
agar plates. The decrease in culturable bacteria would, we hypothesize, represent the change in
metabolic capacity rather than a lack of surviving Vibrio sp. strain J502. This differs from the
traditional view of cells entering the VBNC (viable but non culturable) state [132] which is
considered a dormancy state. In our experiment cells must have been actively growing on the oil
as shown by the oil compound analysis. Likely these cells were not truly unculturable, but would
have needed a different substrate, mimicking their growth conditions to thrive. Alternatively,
microscopy or flow cytometry could be utilized to measure bacterial concentrations as they do

not require the bacterium to grow in media in order to measure the concentration of cells.

3.5.2  Bulk Oil Degradation measured as EOC

Bulk oil degradation was measured via EOC (estimated oil concentration), a method that
employs spectrophotometry to estimate the oil concentration of samples based on an absorbance
curve created using known concentrations of the same oil. Although this method is relatively
new, it has been used in several studies and been shown to align with results obtained from

established methods of determining total petroleum hydrocarbons (TPH) [133-136].
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An overall decrease in oil concentration was observed in both the CEWAF control and
CEWAF-BAC treatment throughout the incubation period. In both the control and experimental
treatment there was a sharp decrease in oil concentration between the initial timepoint and day 7,
which we hypothesize represents the loss of simpler, lighter hydrocarbons with short half-lives
by photooxidation and evaporation, as well as oil compounds attaching to the flask wall. This
abiotic loss of compounds would be roughly similar in both the control and treatment as they

were incubated in the same conditions.

The significantly larger decrease of oil concentration in the presence of bacteria
(CEWAF-BAC) compared to the control (CEWAF) implies that microbial degradation did take
place, especially after the 7-day timepoint (Figure 2). The delay in bacterial degradation between
day 0 and 7 would be consistent with the hypothesized period of metabolic adaptation required
by the bacteria to degrade hydrocarbons found in the experimental media instead of sugars found
in the original growth media. Biodegradation after day 7 was also observed for specific oil

compounds and visible in the Ci7: Pristane ratio.

3.5.3 n-Cy7: Pristane as an Indicator of Biodegradation

The n-Cy7: Pristane ratio is an established indicators of oil biodegradation [137]. Pristane
is an n-C19 branched isoprenoid hydrocarbon that is more resistant to biodegradation than the n-
C17 n-alkane, but both have similar volatility [138]. A decrease in their ratio is thus a good
indicator for microbial degradation [138]. The initially observed n-Ci7: Pristane value of 1.4 in
both control and bacterial treatment is within the expected range for undegraded, slightly
weathered crude oils [138]. The lack of a decrease in the ratio for the control, and the clear
decrease in the ratio of the bacterial treatment to 0.8 clearly indicates that biodegradation was

occurring in the presence of the bacteria [137].
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The n-Ci7: pristane ratio for the fractions of the CEWAF-BAC and CEWAF treatments
extracted from the cell wall did not increase, indicating that no biodegradation of the oil stuck to
the walls took place either with or without bacteria present. One might ask why biodegradation

was only significant in aqueous fraction and not for oil on the walls.

The aqueous fraction of the CEWAF mixture contains hydrocarbons both in the dissolved
and the droplet form [137,139]. The hydrocarbons attached to the wall as a film had a lower
surface area to volume ratio compared to hydrocarbons in the aqueous phase, which existed as
small droplets. A larger surface area for the attachment of bacteria likely made the dispersed
hydrocarbons more bioavailable. Furthermore, oil compounds attached to the wall were
relatively enriched in HMW compounds, which are less likely to be degraded or volatilized
compared to their LMW counterparts. Additionally, other studies have demonstrated that the bulk
of organic pollutants degrade at a higher rate and more completely in aerobic conditions [140—
142]. While oxygen concentrations were likely high in the aqueous phase of the sample, as the
flasks were placed on a shaker table for the duration of the incubation, oxygen may have been
limited at the surface of the oil film stuck to the glass walls. Although Vibrio sp. strain J502 is a
facultative anaerobe, it will prioritize utilizing oxygen for its metabolic functions when it is
available. Thus, the availability of oxygen likely encouraged a higher rate of biodegradation in

the aqueous fraction.

3.5.4 Degradation of Polycyclic Aromatic Hydrocarbons (PAHs) by Vibrio sp. strain J502

The concentration of naphthalene, 2-methylnaphthalene and fluorene present in both the
CEWAF control, and the CEWAF-BAC treatment decreased throughout the incubation period in
the aqueous portion of the incubation. There was a sharp decrease in the concentration of LMW

PAHs in both the control and experimental treatment between day 0 and 7, which can be
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primarily attributed to abiotic losses via volatilization [143]. Compared to HMW PAHs, LMW
PAHs are more volatile and soluble in water, making them more susceptible to volatilization and
biodegradation [143]. Between day 7 and day 14, the concentration of LMW PAHs in the
aqueous portion of the CEWAF control either remained the same or increased slightly, while the
concentration of LMW PAHs in the aqueous portion of the CEWAF-BAC treatment continued to
decrease. The continued decrease in the concentration of LMW PAHs after day 7 in the aqueous
phase of the CEWAF-BAC treatment, but not in the control, suggests a switch from abiotic loss
to biotic loss of these compounds at some time after that timepoint. This implies that
biodegradation of the LMW PAHs was mainly occurring in the CEWAF-BAC treatment after the
day 7 timepoint. Between day 14 and day 28, there was a much slower decrease in LMW PAH
concentration in the aqueous portion of the CEWAF-BAC treatment, indicating that the rate of
biodegradation had slowed, potentially due to the depletion of the biodegradable compounds.
The genomic analysis of Vibrio sp. strain J502 determined that genes related to the degradation
of aromatic hydrocarbons such as naphthalene were present, confirming the ability of this

bacterium to degrade these substances (Wells et al., 2024 in preparation).

The LMW PAHs on the wall were apparently less available to the bacteria, likely because
the oil adhered to the glass instead of being dispersed (Figure 4). Concentrations of LMW PAHs
on the walls decreased similarly throughout the incubation period in both the control and
CEWAF-BAC treatment, suggesting abiotic factors such as interaction with air, heat and light
played a role and biodegradation was too small to discern. Likely, as time passed, LMW PAHs in
the oil film, migrated to its surface, and into the aqueous phase, explaining the decrease over

time.
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As for HMW PAHSs, the initial decrease of pyrene and chrysene/triphenylene must have
been mainly abiotic as this occurred in both the control and the treatment. During these first
seven days, the loss rate of the HMW PAHs was lower than that of the LMW PAHs, likely
because the HMW PAHs are less volatile than the LMW PAHs. The continued decrease of the
aqueous concentration of pyrene and chrysene/triphenylene in the CEWAF-BAC treatment
between days 7 and 14, compared to no significant change in concentration in the control,
suggests that, as with the LMW PAHs, there was a switch from abiotic to biotic loss processes
after day 7. By day 14, concentrations of pyrene and chrysene/triphenylene were negligible in the
CEWAF-BAC treatment, but still present in the control. These HMW PAH were utilized within

less than 14 days in the presence of Vibrio sp. strain J502.

3.5.5 Degradation of Aliphatic Compounds by Vibrio sp. strain J502

The lighter aliphatic n-C10-Ci2 compounds in the aqueous phase (Figure 6), appeared to
decrease more rapidly in the bacteria treatment than in the control, starting before day 7,
although the high variability between replicate samples obscures some of these potential
differences. However, the consistently lower concentrations of these compounds in the presence
of the bacteria and the noticeable difference in concentration between the control and treatment
at the end of incubation implies some level of active biodegradation of these substances in the
treatment. No evidence of biodegradation of aliphatic #-Ci2-C32 compounds was observed in the
aqueous phase. A decrease in concentration of all measured aliphatic compounds attached to the
flask wall in both the control and the biotic treatment indicates that biodegradation of aliphatic
compounds was negligible, although abiotic loss processes continued throughout the experiment.
The abiotic decrease in concentration of aliphatic compounds in the flask wall fraction may, as

for the PAHs, have resulted from the migration of the lighter compounds to the slick surface,
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from where they could escape into the aqueous phase and likely evaporated. It is also possible

that they were degraded in bacterial treatment upon re-entering the aqueous fraction. Minimal or
no biodegradation of aliphatic compounds is supported by the fact that no genes attributed to the
degradation of n-alkanes were identified in the genome of Vibrio sp. strain J502, but the lack of

their identification does not necessarily prove their absence.

3.5.6 Degradation of Aromatic Compounds by Vibrio sp. strain J502

Limited biodegradation of aromatic n-Cio-12 may have occurred in the aqueous phase
possibly starting before day 7 (Figure 7). Concentrations of these compounds were
systematically lower in the biotic treatment compared to the control, but the high variability,
possibly caused by exchange between flask wall and aqueous fraction, obfuscated a possible
trend. In contrast, no indication of biodegradation was present for the larger aromatics (n-C-12) or
of aromatic compounds attached to the flask walls, since no differences were visible between the

control and the bacteria treatment.

3.5.7 Partitioning of Oil Between Aqueous and Wall Phase of the Flasks

Most of the oil (> 50% for LMW compounds and up to >95% of the HMW compounds)
in all treatments accumulated on the walls of the incubation flask rather than remaining dispersed
in the aqueous portion of the sample, reflecting the viscose and dense nature of heavy crude oil.
Notably, for each compound or compound class, the fraction associated with the wall was always

higher in the biotic treatment compared to the abiotic control.

Vibrio sp. strain J502 has been shown to produce biofilm, therefore, a possible
explanation for this trend is that the biofilm supports the attachment of oil to the glass walls.

Cells often produce biofilms when they are in stressful conditions, but several studies have also
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shown that EPS may play a role in biodegradation of hydrocarbons [123,144], and that bacterial
EPS can aid in the formation of clumps and globules that include crude oil [145]. A study
published in 2019 by Omarova et al. showed that biofilm produced by bacteria may aid in the
stabilization of dispersed oil droplets, creating a layer between the oil and surrounding water
[35]. The biofilm matrix produced by the bacteria is less polar than water, which attracts oil
droplets and promotes the formation of larger clumps of oil that are more likely to stick to the
glass surface of the flask. As time passed, agitation of the flasks likely caused the droplets to
stick together and form larger sticky clumps which stuck to the walls of the flask and

accumulated to form a layer of oil.

Likely the two phases, that is the dispersed oil and the wall-attached oil, did not remain
static and separate during the experiment. Pieces of the attached oil-film may have re-entered the
aqueous fraction, forming clumps or droplets in the aqueous phase. Lighter compounds trapped
in the oil film on flask walls would over time migrate to the film surface and be released into the
aqueous phase or directly biodegraded by colonizing microbes. Our discussion largely does not

consider such exchange, evaluating each phase separately.

Overall, it appears that the metabolic capacity of Vibrio sp. strain J502 targets both LMW
and HMW PAHs, and potentially some aliphatic 7-Cio-12 and possibly aromatics #-Cio-12, but
only in the aqueous phase. Bioavailability of the same compounds was low in the film attached
to the flask wall. This lack of degradation is thus not the result of a lack in metabolic capacity,

but due to structural inhibition, that make the oil on the flask walls less available.
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3.6 Conclusion

The bulk oil estimates, the biomarker #-Ci7: phytane ratio, as well as individual
compound analysis indicate that after 7 days Vibrio sp. strain J502 was actively biodegrading
several compounds, especially the LMW PAHs naphthalene, 2-methylnaphthalene, and fluorene
in the aqueous phase, but not in the oil adhering to walls of the incubation flasks. In the treatment
with bacteria and CEWAF, a greater amount of oil adhered to the flask walls than in the CEWAF
control, which was likely due to the formation of larger sticky droplets in the bacterial treatment

that came out of the aqueous solution and adhered to the glass surface.

As previously discussed, the evidence of biodegradation does not correlate with the
decline in bacterial population indicated by the plate count method results, suggesting that this
method of determining bacterial counts did not accurately capture the number of metabolically
active bacteria in the samples. The presence of chemical dispersant did not negatively impact the

growth or survival of Vibrio sp. strain J502.

The trends in oil composition analysis align with the genomic analysis of Vibrio sp. strain
J502, which revealed that genes related to the degradation of aromatic hydrocarbons such as
naphthalene were present (Wells, E. et al., 2024, in preparation). However, there were no genes
related to the degradation of n-aliphatic or n-aromatic compounds identified in the genomic data
for Vibrio sp. strain J502, and the oil composition analysis was inconclusive and did not indicate
any clear trends in biodegradation of these compounds either. It is worth noting that there were
many genes whose functions remain unknown, therefore it is possible that the bacterium has the

capacity to degrade these compounds, perhaps in very small amounts.
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4. SUMMARY

In this thesis, the main objectives were to genomically and phenotypically characterize
Vibrio sp. strain J502, as well as to determine the impact of crude oil exposure on its metabolic
and cellular functions. In addition, the objective was to determine the metabolic capability of
Vibrio sp. strain J502 to degrade the hydrocarbons and other compounds found in crude oil, as
well as to determine its ability to survive in the presence of chemically dispersed crude oil.

In Chapter II, we determined that Vibrio sp. strain J502 shares many phenotypic and
biochemical characteristics with members of the genus Vibrio. This, in addition to the
phylogenetic analysis allowed us to conclude that this bacterium is a member of the genus
Vibrio. The genome of Vibrio sp. strain J502 is made up of two chromosomes and one small
plasmid. Through whole genome alignment and phylogenetic analysis, we determined that
Vibrio sp. strain J502 clusters most closely with V. anguillarum J360, and the percent similarity
between the two species is 93.27% (chromosome I) and 98.87% (chromosome II). The percent
similarity for chromosome I is significant enough (< 95%) to indicate that Vibrio sp. strain J502
is a unique isolate. This information combined with its unique lipidomic and quinone profiles
supports our determination that Vibrio sp. strain J502 is a novel isolate. The transcriptomic
profile of Vibrio sp. strain J502 in crude oil exposure conditions indicated that genes related to
stress response and degradation of aromatic hydrocarbons were upregulated in the presence of
crude oil compared to seawater control conditions, suggesting that the bacterium is capable of
utilizing compounds found in crude oil as a source of carbon. Specifically, genes related to the
degradation of naphthalene and its variants were identified in the genome of Vibrio sp. strain
J502 and were found to be upregulated in oil exposure conditions during the transcriptomic

experiment. These results suggested that Vibrio sp. strain J502 could degrade LMW PAHS such
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as naphthalenes, which was further examined during the crude oil composition analysis
conducted in chapter III.

In chapter III, we determined that Vibrio sp. strain J502 is capable of surviving in the
presence of crude oil and chemical dispersant for at least a six-week period. During the
incubation period, there was a larger decrease in bulk oil concentration in the presence of
bacteria when compared to the control. In addition, the n-Ci7: pristane ratio results indicated that
biodegradation of oil was occurring in the presence of the bacteria throughout the experiment.
We determined that Vibrio sp. strain J502 was capable of degrading LMW PAHs and LMW
alkanes, and that its biodegradation activity occurs primarily in well-oxygenated water where the
oil is well dispersed into small droplets. These results aligned with the genomic and

transcriptomic data collected and presented in chapter II.

4.1 The Metabolism of Vibrio sp. strain J502 and Applications for Biotechnology

A complete genomic, phenotypic and phylogenetic characterization of Vibrio sp. strain
J502 was presented in chapter II. I determined that the bacterium is psychrotrophic and
halophilic, and its biochemical profile matches that of the genus Vibrio. I also examined the
genome of Vibrio sp. strain J502 to determine whether there were genes present that encoded for
degradation of hydrocarbons. We identified several genes related to the degradation of aromatic
hydrocarbons, specifically those involved in the degradation of naphthalene and its variants.
These results were supported by the results that we obtained in chapter III, which indicated that
the bacterium is capable of metabolizing LMW-PAHs.

While no single species can degrade every compound found in crude oil, a community of
diverse bacteria found naturally in the marine ecosystem may work together to biodegrade many

of the hydrocarbons and other potentially harmful compounds found in crude oil [146].

101



Understanding the metabolism and examining the genomes of individual strains contributes to
developing general knowledge on the local microbiome and provides a basis to understand how
the microbial community might react to an oil spill or sudden exposure to crude oil. I determined
that Vibrio sp. strain J502 experiences an up-regulation of genes related to stress and degradation
of aromatic hydrocarbons in the presence of crude oil compared to the seawater control condition
during the transcriptomic experiment in chapter II. Although Vibrio sp. strain J502 may be under
stress in oil exposure conditions, it is able to survive and adjust its metabolic activity to degrade
the LMW PAHs present in the oil. Natural conditions in the marine environment would be
impacted by a number of factors that are not possible to replicate in a laboratory setting, meaning
that the biodegrading activity of Vibrio sp. strain J502 could be more up or down regulated in the
natural environment. However, I chose laboratory conditions that were as representative as
possible of the natural environment, and therefore the result of my experiment provides a basis of
knowledge for understanding how the bacterium may respond in natural conditions and how
bioremediation efforts may impact this species. In terms of future work, I would like to conduct
the transcriptomic experiment again but with a longer exposure time in the WAF and control
conditions. Bacteria often needs time in new exposure conditions for their metabolism to adjust,
and increasing the exposure time during the experiment would provide further insight into the
metabolic capacity of this bacterium.

While chemical dispersants have been utilized in other countries, such as for the Deep-
Water Horizon oil spill in the Gulf of Mexico in 2010 [147], they are not approved for use in
Canada. Therefore, it is important to consider other methods of increasing rates of
biodegradation of crude oil in the marine environment without the addition of chemical

dispersants. I would be interested in repeating the experiment from Chapter 3 using WAF instead
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of CEWAF, to determine if similar results would be produced in conditions without the addition
of chemical dispersant. Bioremediation of oil by organisms naturally present in the environment
has been extensively studied, and mechanisms such as biostimulation and intrinsic
bioremediation have been proposed as cleanup methods that are both cost-effective and low risk
[148].

The degradation rate of crude oil by bacteria is influenced by the availability of nutrients,
particularly nitrogen and phosphorus [146]. Biostimulation involves the addition of these
nutrients, and others such as sulfur and potassium to the marine environment where an oil spill
has occurred, to stimulate the growth of indigenous hydrocarbon-degrading bacteria and other
microorganisms [146]. In the transcriptomic experiment I conducted, I used natural filtered
seawater as the control and to create the WAF used in the experimental treatment. Because there
were no additional nutrients added to the filtered seawater, the bacteria was only exposed to the
nutrients that would be present in its natural environment. In future studies of Vibrio sp. strain
J502 it would be interesting to conduct similar transcriptomic studies with the addition of
varying amounts of other nutrients to determine how they might impact the bacteria’s regulation
of hydrocarbon-degrading and stress response related genes. Additionally, it would be interesting
to repeat the experiment and analyze the transcriptome at different timepoints to determine
whether the initial response of the bacteria differs from the long-term response.

Intrinsic bioremediation, also known as natural attenuation, is another biodegradation
method that does not involve any form of enhancement to the environment. Instead, this method
relies on the passive remediation of polluted sites without human intervention [149]. Vibrio sp.
strain J502 was isolated from the coastal waters in Logy Bay; therefore, we know that it is

present naturally in the environment. In addition, we observed that the bacteria can grow on

103



traditional microbiological media such as Trypticase Soy Broth (TSB), therefore it is able to
utilize multiple sources of carbon including sugars and hydrocarbons. My results suggest that
Vibrio sp. strain J502 can survive in the marine environment in conditions where there are no
hydrocarbons present, as well as in conditions where oil is present due to a spill or natural
seepage. Thus, this bacterium is a potential candidate for intrinsic bioremediation, as it is already
present in the environment and no human intervention is required for it to become an active
hydrocarbon-degrader in the presence of crude oil. Effective intrinsic bioremediation occurs
when there is high microbial diversity, and the microbes present have diverse metabolic
capabilities and are able to degrade different compounds [149]. Vibrio sp. strain J502 contributes
to this microbial diversity in the marine ecosystem in Newfoundland and Labrador, and the
genomic and transcriptomic data I presented in chapter II will be useful in informing further
research on the species and determining its potential role in the microbial community in terms of
oil degradation in a natural setting.

4.2 Hydrocarbon Degradation and the Relevance of Oil Research in Newfoundland and
Labrador

Research into the interaction between marine microbes and crude oil is particularly
relevant in the marine ecosystem around Newfoundland and Labrador due to the ongoing and
planned offshore oil exploration, drilling and extraction activities. The region where offshore oil
development occurs in Newfoundland (off the Grand Banks) is characterized by severe storm
and sea conditions, which challenge all aspects of offshore oil development and increase the
potential severity of oil spills associated with platform operations [150]. Even small oil spills
originating from these activities could have a severe environmental impact on the marine life in
the region. Natural attenuation plays a critical role in the degradation of oil spilled into the

marine environment and involves physical, chemical and biological processes such as
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evaporation, dispersion, photo-oxidation, emulsification, aggregation and biodegradation by
marine microbes [151].

Abiotic degradation of crude oil typically takes place for several hours to several days
after the spill has occurred, while the rate of biodegradation by marine microorganisms depends
on many factors, including the species present, temperature and the chemical composition of the
oil [151,152]. Lighter compounds, such as LMW aliphatic and aromatic hydrocarbons are
typically degraded first, while heavier compounds may take much longer to degrade [151,153].
This aligns with the results we obtained in chapter III, where we observed that LMW PAHs were
degraded by Vibrio sp. strain J502 over a six-week incubation period, while other heavier
hydrocarbons showed no signs of degradation during the experiment timeframe. Due to the time
constraints of our experiment, we cannot conclusively determine whether Vibrio sp. strain J502
has the metabolic capacity to degrade heavier compounds. It would be an interesting expansion
on this study to repeat this experiment with a longer incubation period in order to determine
whether Vibrio sp. strain J502 is able to degrade additional compounds with more time.

In experiment 2 of chapter III, chemical dispersants were used to create CEWAF to
incubate the culture of Vibrio sp. strain J502. This decision was made for several reasons,
including that it increased the dispersion of the oil in the aqueous phase and made extraction of
hydrocarbons for measurement more efficient, and it reduced variability between replicates,
therefore creating a more consistent dataset. Although chemical dispersants are not currently
approved for use in Canada, they have been used extensively in other countries for remediation
of oil spills and are continuing to become more widely accepted as an effective oil spill cleanup
method. Based on the results of experiment 1, I determined that Vibrio sp. strain J502 is able to

survive in the presence of a chemical dispersant for at least six weeks. While chemical
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dispersants are toxic to some marine bacteria and have been shown to inhibit degradation of
hydrocarbons [151], I observed during experiment 1 of chapter III that the chemical dispersant
did not have a toxic effect on Vibrio sp. strain J502 or appear to inhibit its metabolic activities. |
determined that Vibrio sp. strain J502 was able to degrade LMW-PAHs in the aqueous phase
versus the portion of oil stuck to the wall of the incubation flask, which indicates that Vibrio sp.
strain J502 has a more active metabolism in the presence of oxygen than in an anoxic
environment, despite being a facultative anaerobe.

Understanding the optimal conditions for the metabolic activity of Vibrio sp. strain J502
allows us to predict how it may interact in natural conditions if exposed to crude oil. The
potential of hydrocarbon degraders within the natural ecosystem needs to be continuously
characterized in order to gather knowledge on the potential interactions and impacts of crude oil

spills in the area of study.

4.3 Conclusion

In conclusion, the results of this research have identified and characterized a novel
marine bacterial isolate, which we have named Vibrio sp. strain J502. Our results suggest that
this bacterium is capable of survival in the presence of crude oil and chemical dispersant, and
that the bacterium is capable of biodegrading compounds found within the crude oil. Given the
active oil exploration activity off the coast of Newfoundland and Labrador, knowledge about the
indigenous microbial community is critical to understanding the dynamics that would be
involved in potential oil spills or leaks. In addition, there are biotechnical applications for species
that have the ability to degrade hydrocarbons, such as use for natural attenuation of oil spills and

the use of biostimulation and intrinsic biodegradation. Therefore, this research is helpful in
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informing oil spill research and potential future research into the biotechnical applications of this

species.
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6. SUPPLEMENTARY TABLES AND FIGURES

TSB 2% LB 0% LB 0.5% LB 2%
NaCl NaCl NaCl NaCl

B)

Figure S1. A) Vibrio sp. strain J502 grown in different types of media. B) Vibrio sp. strain
J502 grown on TSA 2% NaCl agar plate.
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I,

Figure S2. B-Hemolysin production on sheep’s blood agar of Vibrio sp. strain J502 (J502) and
V. anguillarum (J360) at A) 15°C and B) 28°C.

A)

Figure S3. Antibiotic resistance test using O-129 and Vibrio sp. strain J502.
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Figure S4. Kado and Liu plasmid profile of EcoV (control) and Vibrio sp. JO2.
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Figure S5. RNA evaluated by agarose gel electrophoresis.
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Table S1. Experiment 1 bacterial counts via the plate counting method.

Time Average | Standard
(days) Replicate | # colonies | Dilution CFU/ml CFU/ml | Deviation
INITIAL1 75 -4 7500000
0 INITIAL2 56 -4 5600000 7366667 1703917
INITIAL3 90 -4 9000000
SW1 118 -4 11800000
SW2 123 -4 12300000 | 12100000 264575
SW3 122 -4 12200000
CEWAF1 96 -4 9600000
1 CEWAF2 49 -4 4900000 7500000 2389561
CEWAF3 80 -4 8000000
COREXITI 77 -4 7700000
COREXIT2 60 -4 6000000 6266667 1320353
COREXIT3 51 -4 5100000
SWI 71 -4 7100000
SW2 80 -4 8000000 7866667 709460
SW3 85 -4 8500000
CEWAF1 32 -3 320000
2 CEWAF2 74 -2 74000 248000 151433
CEWAF3 35 -3 350000
COREXIT1 70 -3 700000
COREXIT2 37 -3 370000 480000 190526
COREXIT3 37 -3 370000
SWI 32 -4 3200000
SW2 30 -4 3000000 2676667 740023
SW3 183 -3 1830000
CEWAF1 23 -2 23000
3 CEWAF2 11 -2 11000 11333 11504
CEWAF3 0 0
COREXIT1 31 -3 310000
COREXIT2 31 -3 310000 225333 146647
COREXIT3 56 -2 56000
SW1 88 -3 880000
4 SW2 121 -3 1210000 1053333 165630
SW3 107 -3 1070000
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Table S1. Continued.

CEWAF1 0 0
CEWAF2 0 0 0 0
CEWAF3 0 0
COREXITI &9 -3 890000
COREXIT2 73 -3 730000 583333 400666
COREXIT3 130 -2 130000
SWI 183 -1 18300
SW2 254 -1 25400 22233 3612
SW3 230 -1 23000
CEWAF1 0 0
6 CEWAF2 0 0 0 0
CEWAF3 0 0
COREXIT]I 32 -1 3200
COREXIT2 76 -1 7600 32267 46586
COREXIT3 86 -2 86000
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