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ABSTRACT OF THE THESIS

Impacts of high hydrostatic pressure on the activity of
hydrocarbon-degrading bacteria

Tianhan Xu

Master of Science in Marine Biology

University of California San Diego, 2019

Professor Douglas Bartlett, Chair

Deepwater Horizon oil spill was the world’s largest marine oil spills in history. This spill
was unique in that a large proportion of the hydrocarbon was released into the deep ocean.
Microbial communities present in the Gulf of Mexico rapidly responded to the oil spill. In order

to understand the process of hydrocarbon degradation by deep-sea microbes, it is important to

viii



determine when and under which conditions they are metabolically active. Here we report on the
impacts of high pressure on the microbial growth and protein synthesis activity of hydrocarbon-
degrading microbes isolated from the Gulf of Mexico, which included Halomonas titanicae,
Shewanella indicae and Alcanivorax xenomutans. Bioorthogonal noncanonical amino acid tagging
(BONCAT) is a method that uses a methionine analog to fluorescently tag cells undergoing active
protein synthesis. We use BONCAT to follow the activity of microbes under atmospheric and high
pressure. Actively growing cells that take up these methionine analogs are subsequently
fluorescently tagged using click chemistry, and assessed by flow cytometry. The results showed
that all three stains grown best in hexadecane with corexit. High hydrostatic pressure (10 and 25
MPa) inhibited the aerobic growth of 4. xenomutans, while didn’t show clear impacts on the
growth of H. titanicae and S. indica. BONCAT results demonstrated that high hydrostatic
pressures had negative impacts on the metabolic activity of A. xenomutans and H. titanicae, while
did not show significant effects on the protein synthesis of S. indica. In general, the effects of high

pressure on the microbial activity are species specific.
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INTRODUCTION

Deepwater Horizon Oil Spill

On April 20, 2010, high-pressure oil and gas escaped from BP’s Deepwater Horizon
(DWH) exploratory well in Mississippi Canyon Block 252 (MC252), which was located 77 km
offshore. After the explosions and fire, the Deepwater Horizon drilling rig burned and ultimately
sank in 1500 m of water on April 22nd, leading to an uncontrolled release of oil and gas into the
deep waters (Atlas and Hazen, 2011). By the time the well was capped in mid-July, over 210
million gallons of oil and some 250,000 metric tons of natural gases had been released into the
Gulf (Joye, 2015), and more than 2 million gallon of chemical dispersants were added as a
response treatment (Lubchenco et al., 2012). In addition to dispersants, other tools like
controlled burns, skimming, siphoning from the well-head, and beach sand mixing were used
broadly as well (Atlas and Hazen, 2011). As a result, a plume of dissolved and dispersed
hydrocarbons was formed in the deep sea. This event was the largest and deepest marine oil spill
in the history (The Federal Interagency Solution Group, 2010).

The impacts of hydrocarbon exposure to the Gulf’s biological community were extensive,
reaching from water column to the seafloor. Fernandez et al. (2016) provided direct evidence for
incorporation of methane and petroleum into the suspended particulate organic materials at the
1000-1200m depth in the hydrocarbon plume, using stable isotopes and radiocarbon. There was
also evidence showing that petrocarbon was incorporated to fish and invertebrate tissue, based on
the observation of a west-to-east gradient in tissue '*C content (Wilson et al., 2016). These
studies demonstrated that large quantities of hydrocarbon released in the DWH event were
incorporated into the food web. The accumulation of large amounts of marine particles and oil on

the seafloor, largely through sedimenting marine oil snow, affected the benthic ecosystems



(Montagna et al., 2013). Damaged and decreased deepwater coral communities were found
beneath the path of a previously documented plume emanating from the Macondo well,
supporting that oil impacted deep-water ecosystems (White et al., 2012).

The well-head was located at 1544m below sea surface (mbs). The extreme depth of the
blowout made it difficult to degrade the large volumes of oil released. The primary initial
mitigation strategy was to inject the oil dispersant Corexit 9500 directly at the wellhead (Joye,
2015), which increased the hydrocarbon-water interferes and the rates of microbial degradation
(Atlas et al, 2011). Stimulated biodegradation of oil with the addition of dispersant Corexit 9500
was demonstrated in previous studies (Swannell ef al., 1999, Lindstrom et al., 1999; Richard et
al., 1999). However, the effects of using dispersants are controversial. Some studies proved that
Corexit 9500 was toxic to microorganisms, including microzooplankton (Almeda et al., 2014)
and hydrocarbon-degrading bacteria (Hamdan et al., 2011). In contrast, Lindstrom et al. (2002)
showed that Corexit 9500 could result in either increases or decreases in the toxicity of residual
oil. Have a better understanding of the effects of oil dispersants Corexit 9500 leads to more

research on the microbial degradation of dispersed hydrocarbons at environmental conditions.

Microbial degradation after the DWH oil spill

Oil degrading bacteria have evolved over millions of years and are ubiquitous in the
marine environment (Schedler et al., 2014). Substantial bacterial blooms were observed in deep
water in the months following the blowout (Valentine et al., 2010; Hazen et al., 2010; Redmond
and Valentine 2012). Thousands of natural gas and oil seeps are distributed in the Gulf of
Mexico basin (Abbriano et al., 2011), priming the microbial community for oil degradation and

perhaps explaining the quick response to the DWH oil spill (Fernandez ef al., 2016).



Crude oils are some of the most complex and diverse organic mixtures found on earth,
containing thousands of different hydrocarbon compounds (Overton et al., 2016). These
compounds differ in solubility and volatility and are degraded at different rates. Many saturated
hydrocarbons are easily biodegraded, while other larger ones with more substituted groups are
more persistent and toxic, like polycyclic aromatic hydrocarbons (Head et al., 2006). The ability
to degrade hydrocarbons is found many different types of bacteria, and most of them are
responsible for the degradation of particular types of hydrocarbons. For instance,
Oceanospirillales (including the genus Alcanivorax) are primarily alkane degraders (Hara ef al.,
2003); Cycloclasticus specializes in the degradation of aromatic compounds (Head et al., 2006);
Colwellia is directly linked to the oxidation of ethane, propane and benzene (Redmond and
Valentine 2012). Along with the hydrocarbon compounds altered, the microbial community
response to the DWH oil spill changed over time with different genera dominating the microbial
community. Initially, the plume was dominated by members of Oceanospirillales and
Pseudomonas, which are able to consume different types of alkanes; 16 other groups of
Gamaproteobacteria were also enriched in plume samples (Hazen ef al., 2010). In June, the
plume was dominated by two different groups of Gamaproteobacteria, Colwellia and
Cycloclasticus, which were able to degrade aromatic hydrocarbons (Valentine et al., 2010). After
the oil well was completely capped, these groups were much less abundant and the dominant
microbial community shifted toward methylotrophs (Methylococcaceae, Methylophaga, and
Methylophilaceae), Flavobacteria, Alteromonadaceae, and Rhodobacteraceae, which may act as
a dynamic biofilter that responds rapidly to large-scale methane inputs into the deep ocean

(Kessler et al., 2011).



The DWH drilling rig well was located in the deep ocean, with a temperature of 4°C and
a hydrostatic pressure of 15megapascals (MPa) (Marietou et al., 2018). This deep-sea
environment is characterized by low temperature and high hydrostatic pressure. Temperature has
been demonstrated to be a significant influence on the final microbial community compositions
in response to oil (Margesin et al., 1997; Bargiela et al., 2015). Prudhoe Bay crude oil dispersed
by Corexit 9500 was proven to be biodegraded more rapidly at 20°C than at 5°C (Venosa and
Holder, 2007). Colwellia from DWH oil spill was much more abundant in crude oil enrichments
at 4°C than at room temperature (Redmond and Valentine., 2012). However, the effect of high
pressure on the microbial hydrocarbon degradation is still unclear, despite several studies
explored the microbial community response to hydrocarbons under high pressure (Grossi et al.,
2010; Scoma et al., 2016a&Db). Schedler et al. (2014) showed that both bacterial growth and
hydrocarbon-degrading activity were inhibited under high pressure. Marietou et al. (2018)
described the microbial response to the DWH oil spill under in situ pressure and temperature
conditions, and suggested that pressure acts synergistically with low temperature to slow
microbial growth and thus oil degradation in deep-sea environments. All of the studies focused
on the microbial growth and hydrocarbon degradation in response to oil. This study aims to
improve our understanding of the impact of high hydrostatic pressure on the protein synthesis

activity of hydrocarbon-degrading microbes.

Three hydrocarbon degrading bacteria
This study focused on three species isolated from DHW oil spill in the Gulf of Mexico:
Bead 18 (related to Alcanivorax xenomutans), Bead 36 (related to Shewanella indica) and Bead

10BA (related to Halomonas titanicae) (Table 1).



The Alcanivorax genus was firstly described by Yakimov and coworkers, who isolated
and proposed A. borkumensis SK2 as the type strain (Yakimov et al., 2007). Later on, this
ubiquitous genus was recognized to be dominant in oil-contaminated marine waters all over the
world (Head et al., 2006). Three Alcanivorax species isolated from 10,400m water in Mariana
Trench are demonstrated to be able to efficiently degrade hexadecane under conditions
simulating the deep sea (Liu et al., 2019). A. xenomutans was first isolated from a sediment
sample collected from a shrimp cultivation pond in Tamil Nadu (India), and the cells were Gram-
negative, motile rods (Rahul et al., 2014). In 2018, Fu et al. published a complete genome of 4.
xenomutans P40, which was isolated from deep seawater. They demonstrated that the genes of A.
xenomutans P40 involved in alkane degradation, heavy-metal resistance, stress response and so
on, indicating its potential use in the bioremediation of oil polluted and heavy metal-
contaminated environments (Fu ef al., 2018).

Shewanella is the sole genus included in the marine bacteria family Shewanellaceae.
Members of this genus have been described from diverse habitats, including deep cold-water
marine environments, shallow Antarctic Ocean habitats, hydrothermal vents and freshwater lakes
(Dikow, 2011). They have the capacity to use many compounds as terminal electron acceptors,
which makes them distinguished in anaerobic respiration (Serres and Riley, 2006). In addition,
their ability to reduce metals and metal oxides in the environment makes it possible that
Shewanellae could serve as decontaminating agents in the river and potable groundwater
supplies (Tiedje, J.M. 2002). Iron-reducing bacteria Shewanella putrefaciens is reported to be
ubiquitously present in oil field fluids (Semple et al., 1987). Shewanella indica KIW27T was
first isolated from the marine sediments of Karwar jetty, west coast of India. The cells were

Gram-negative, facultatively anaerobic, rod-shaped, catalase- and oxidase-positive bacterium,



motile by means of a single polar flagellum, but this strain was not showed to have connection
with hydrocarbon degradation (Verma et al., 2011).

Halomonas titanicae phylogenetically belongs to the Family Halomonadaceae within
genus Halomonas. The majority of this genus are aerobes, but some Halomonas species are able
to grow anaerobically with nitrate, nitrite or fumarate as an electron acceptor (Mata et al., 2002).
They have been isolated from many different water and soil environments, predominantly from
marine, hypersaline or alkaline habitats (Sdnchez-Porro ef al., 2013). The genus Halomonas
contains several species that are reported to be able to degrade hydrocarbons, including
Halomonas organivorans (Garci'a et al., 2004), Halomonas shengliensis (Wang et al., 2007a),
Halomonas gudaonensis (Wang et al., 2007b), and Halomonas dagingensis (Wu et al., 2009).
Halomonas titanicae BH1 was first isolated from a sample of rusticle obtained from the RMS
titanic in 1991. They found the cells are gram-negative, heterotrophic, aerobic, halophilic, non-
endospore-forming, peritrichously flagellated and motile (Sanchez-Porro et al., 2010). In 2013,
Sanchez-Porro ef al. reported the genome of this species, which showed properties related to
solute and ion transport, with genes putatively encoding solute-binding proteins, 18
sodium/solute symporters and transporters and osmolyte-related genes (Sanchez-Porro et al.,

2013).

Methods that used to detect the active microbes

In order to understand the environmental processes, the distinction between active,
inactive and dead microbial cells is essential. Until now, several different tools have been used in
detecting microbial activity targeting a variety of physiological processes, like DNA-SIP, BrdU

labeling, Metatranscriptomics and Raman microspectroscopy (Singer et al., 2017).



The first method that yields activity-labeled samples take advantage of incorporation of
bromodeoxyiridine (BrdU) into newly synthesized DNA of a viable cell (Urbach et al., 1999).
This method has been used in different studies of bacterial and archaeal (Borneman, 1999; Yin et
al., 2000), as well as fungal (Urbach ef al., 1999) DNA synthesis activity in response to various
changing environmental conditions. However, the variability of ability and rate of BrdU
incorporation among microorganisms may mispresent the active microbial population in a given
environment (Singer et al., 2017). In 2000, stable isotope probing (SIP) labeling technology
came into use. This technique was firstly demonstrated by Radajewski and co-workers, who
added stable isotope '*C-enriched carbon sources to soil and subsequently identifying active

methylotrophs (Radajewski et al.,2000) . The disadvantage of this method includes long

incubation time, cross-feeding problems and potential for enrichment bias. Nevertheless, DNA-
SIP is still the best current method for sequence-based characterization of key populations
synthesizing DNA(Singer et al., 2017). Metatranscriptome studies provide another perspective of
microbial activity, enabling the analysis of expressed gene in environmental communities. High-
throughput sequencing technology for mRNA analysis was first used in the studies of
microorganisms in soil and marine environments (Leininger et al., 2008; Urich et al., 2008).
Compared to other methods, metatranscriptomics is favorable because samples can be frozen
immediately, thereby enabling delayed processing back at the lab. Another approach to monitor
activity of microbes is to incorporate stable isotopes, such as '°N, deuterium and 3C into
microbial biomass, then detected by secondary ion mass spectrometry (Orphan et al., 2009) or
Raman microspectroscopy (Haider et al., 2010).

Another recently developed method that yield activity-labeled samples in situ is

Bioorthogonal noncanonical amino acid tagging (BONCAT). This technique uses a noncanonical



amino acid analog to fluorescently tag cells undergoing active protein synthesis using click
chemistry (Beatty et al., 2006). Rather than studying the bulk proteome, BONCAT is able to
specifically target proteins that have been expressed in response to an experimental condition.
This technique has been applied to a variety of research fields, from studies of proteomic and
protein expression of mammalian cells (Best, 2009) to analysis of protein synthesis in native
plant tissues (Glenn et al., 2017). There are a serious of biorthogonal amino acids that have been
shown to successfully compete with native amino acids, but only a small subset of them is able
to exploit the substrate promiscuity of the native translational machinery without the need for
genetic modification of the host cell (Ngo and Tirrel, 2011). The commonly used biorthogonal
amino acids are L _azidohomolanine (AHA) and homopropargylglycine (HPG), both of which
are surrogates of L-methionine (Met). Hatzenpichler ef al. demonstrated this method using azide-
bearing AHA to be effective in labeling the proteomes of bacteria and archaea (Hatzenpichler et
al., 2014). Later on, a separate method to measure protein synthesis rates in natural planktonic
microbial assemblages using the alkyne-bearing HPG was developed (Samo et al., 2014). These
previous studies all used fluorescence microscopy to detect and quantify the fluorescently
labeled active cells. Since 2016, fluorescent active cell sorting (FACS) has been coupled to
BONCAT, making detection and quantification of active cells faster and more objective, and
easier for subsequent sequencing of interested populations (Hatzenpichler et al., 2016). The new
developed technique of BONCAT-FACS was successfully applied to study the active fraction of
a soil microbiome (Couradeau et al., 2019). In this thesis, [ have used BONCAT coupled with
flow cytometry (FCM) to follow the activity of protein synthesis of microbes under atmospheric
and high pressure. This has made it possible to address questions regarding the cellular

translational activities of oil-degrading bacteria in response to high pressure.



In general, this study aims to 1) characterize the hexadecane degradation ability of the 3
selected DWH strains, 2) examine the growth properties of each strain on hexadecane, Corexit or
the mixture, at a range of pressures, 3) explore the effects of high hydrostatic pressure on the

translational activity of these strains grown on hexadecane.



MATERIAL AND METHODS

Bacterial strains and culture conditions

The bacterial strains used in this work are Alcanivorax xenomutans, Shewanella indica,
and Halomonas titanicae, obtained from Dr. Romy Chakraborty at Lawrence Berkeley National
Laboratory. They were originally isolated from the DWH oil spill (Table 1). The three isolates
were cultured aerobically at room temperature in ONR7a medium (a mineral salts medium made
up according to Dyksterhouse et al., 1995) with other carbon sources. Three carbon source
treatments were tested in this study: (i) 1.45% vol/vol hexadecane (50mM, 0.2-um-filtered), (ii)
0.03% Corexit 9500, or (iii) a 1:50 Corexit-oil mixture (hereinafter referred to as hexadecane,
Corexit, and dispersed-oil treatments, respectively). The concentration of hexadecane to employ
was based on the culture tests at a variety of substrate concentrations (two of the three strains, S.
indica and H. titanicae were found to grow best in 50mM hexadecane). The 1: 50 ratio of crude
oil and dispersant mixture is at the lower end of the range of ratios recommended by the EPA for
dispersing oil. The cultures were shaken in glass bottles with at least 50% headspace to promote
sufficient aeration. Bacteria cultured in pressurizable polyethylene bulbs at 0.1MPa, 10MPa and
25MPa, were supplemented with 100mM HEPEs buffer and 100mM Nitrate in addition to
hexadecane and Corexit (same concentration detailed above), in order to facilitate their growth
under the low oxygen conditions that develop in the absence of an air headspace. All

experiments were performed with triplicate cultures.

Quantification of bacterial growth
When hexadecane was added alone into the medium, it was noted that only the water
accommodated fraction and some mechanically dispersed oil droplets will reach the bacteria and

10



thus impact microbial communities, while the remainder floats on the medium surface. In
addition, even the blank medium turned cloudy with the addition of Corexit. Because of this
effect, it is not possible to accurately measure the optical densities of cell cultures growing with
hexadecane and Corexit. Instead, biomass accumulation over time was measured as total cellular
protein. Protein quantification utilized a modified version of growth quantification based on
Overholt et al (2016). Cultures were grown in 100ml of ONR7a medium, and were
supplemented with hexadecane, dispersed oil, or Corexit alone, as detailed above. Negative
controls included an uninoculated control (nonbacterial control) for each substrate and an
inoculated control with no added carbon source but containing bacterial inoculum in the same
volume as in the carbon treatments (noncarbon control). All treatments were performed in
triplicate.

Treatment cultures (3 replicates each) were sacrificed at each time point. Sml of culture
medium was added to a 15-ml Falcon tube, which was centrifuged at 3,200g for 20 min. A
preliminary protein assay test on both Sml and 10ml of samples showed that Sml presented the
same trend of growth curve as 10ml, and thus the smaller volume was used in this study to lessen
disturbance to the remaining cultures. After centrifugation, the supernatant was removed without
disturbing the cell pellet, and the samples were stored at -20 °C until further analysis. Total
cellular protein was extracted using 1ml of 2% SDS lysis buffer (S0mMTris-HCI buffer with 2%
[wt/vol] SDS) followed by room temperature incubation for 20 min. Samples were sonicated
(Fisher Scientific Sonic Dismembrator model 550, amplitude of 4) for 15 s total (half a second
on, half a second off). The samples were then centrifuged at 3,200g for another 20 min. Total
cellular protein was quantified by following the Pierce bicinchoninic acid protein assay protocol

according to the instructions(Life Technologies, Grand Island, NY).
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Quantification of the Hydrocarbon biodegradation

During the growth of the cultures, the remaining hexadecane was extracted with
dichloromethane and determined using gas chromatography mass spectrometry (GC-MS)
according to the method described by Marietou et al.(2018) with the following modifications.
0.5 ml samples were extracted with 5 ml dichloromethane by vigorous mixing at room
temperature for 30 min. The mixture was allowed to sit for 2 h and then 0.5 ml of the solvent-oil
phase (bottom layer) was transferred to a new glass vial where another 2 ml of dichloromethane
were added. Then the new mixture was shaken for 30 min and allowed to sit for 2 h. The solvent-
oil phase was transferred to a clean vial where anhydrous sodium sulfate was added and allowed
to stand for 30 min at room temperature to remove any residual water. Finally, the sample was
collected and stored at -20 °C till further processing. As a control the same concentration of
hexadecane oil (1.45% v/v) in ONR7a medium with no bacteria added was used. Experiments
were done in the dark to prevent hydrocarbon photooxidation (Widdel F. 2010). An Agilent
5977B Gas Chromatograph-Mass Selective Detector (GC-MSD) instrument was used for GC-
MS analysis. The GC was equipped with an Agilent DB-5MS UI column (30 m length, 0.25mm
internal diameter). All analyses were carried out with the split ratio of 10:1. Helium was used as
the carrier gas with a flow rate of 1.2 ml/min. The injection temperature was 250 °C. The oven
temperature program was as follows: an initial temperature of 60 °C was increased to a final
temperature of 270 °C at a rate of 15 °C /min, and hold for 2 minutes at 270 °C, with a final 2min
hold at 280 °C. The mass spectrometer transfer line temperature was held at 250 °C and the ion

source temperature at 230 °C (Table 2).
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Quantification of active cells fraction using BONCAT

BONCAT was performed following the established protocol of Hatzenpichler et
al.(2016) with following modifications. The cultures were initially set up in 10ml sealed serum
glass vials for three strains under atmosphere pressure and high pressures, respectively, to
promote growth. When they reached the mid-log phase, as determined by prior protein assay-
based growth curve analysis, HPG was added. Specifically, 1 ul HPG (50mM) was added into
the 10 ml enriched cultures, and inverted gently to mix (final concentration of HPG is 5SpM ).
The vials were then labeled, and re-incubated at the desired pressures. Samples (10 ml) were
withdrawn as a function of time, fixed with 8.8 pl paraformaldehyde to a final concentration of
3% (15 minutes at room temperature, in the dark). Then the cells were pelleted via centrifugation
(16, 900 g or max, for Smins at RT), supernatants removed, and the cell pellets resuspend in 100
ul PBS. This cell suspension was pelleted as above to withdrawn any remaining
paraformaldehyde, resuspended in 100ul 1:1 PBS: EtOH, and stored at -20 °C until further
treatment. For click chemistry, the samples were thawed and pelleted as above, followed by
removal of the supernatant and resuspension in 100 pL. PBS. The “click cocktail” was always
freshly mixed according to the instructions of the click kit ( Click-iT HPG Alexa Flour Protein
Synthesis Assay Kits, Life Technologies). One hundred microliters of this cocktail solution was
added into each sample, and incubate in the dark at room temperature for 30 minutes. After click
chemistry, the cells were washed with 100 pl rinse buffer and 3% BSA respectively, via
centrifugation (16, 900 g or max, for Smins at RT). Finally, the cells with resuspended in 500 pl
PBS, and DNA stain was added. In particular, Hoechst 33342 was used in this study, diluted to
final concentration of 10 pg/ml. The stained cells with subsequently examined with flow

cytometry.
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Flow Cytometry

Samples were run on a ZES Cell Analyzer (BioRad) equipped with the small-particle
detection module. DNA stain Hoechst 33342 (excitation = 361 nm, emission =497 nm) was
excited off the 355nm laser (50mW) and fluorescence was collected through a 447/60 nm band-
pass filter, while the Alexa Flour 488 azide dye (excitation = 490 nm/ emission = 525 nm) was
excited off the 488 nm laser (100mW) and fluorescence collected through a 523/30 nm band-
pass filter. Sample delivery was by a calibrated peristaltic pump allowing for precise
measurement of absolute counts. The PBS buffer used for the final sample resuspension was
used as a negative control to exclude background particles. The first gate was drawn on the
Hoechst positive (Hoechst 33342+) particles, under the assumption that this would capture the
cells (Fig. 3). Hoechst 33342+ events accounted for >95 % of the events depending on the
samples. The BONCAT positive (BONCAT +) and BONCAT negative (BONCAT -) where
further gated as a subfraction of the Hoechst 33342+ cells based on the Alexa Fluor 488 azide
dye fluorescence. The samples that were not incubated with HPG were used as negative controls
to define the level of nonspecific BONCAT stain fluorescence, the BONCAT- gate was drawn
under that line and BONCAT + gate was such that <1% of negative control cells were in it. The
fraction of BONCAT + cells was determined for a time course for both 0.1MPa, 10 MPa and 25

MPa. Flow cytometry data were analyzed using the program FlowJo (FlowJo LLC, BD).
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RESULTS

Bacteria Aerobic Growth on oil and dispersant

Bacterial aerobic growth assay for Alcanivorax xenomutans, Halomonas titanicae, and
Shewanella indica, hereinafter referred to as Alcanivorax, Halomonas and Shewanella,
respectively, were conducted using the five treatments detailed above, which includes
hexadecane, Corexit, dispersed oil, nonbacterial control and noncarbon control. In all assays,
negative controls showed no growth, and thus are not shown in the growth curves. Overall,
Alcanivorax demonstrated higher growth rates and a higher maximum biomass accumulation
than other two strains.

Initially, Alcanivorax showed higher growth yields when grown on dispersed oil. The
maximum growth yields under this treatment presented after 2days, and the total protein was
220.94 +39.34 pg/ml. Subsequently, the hexadecane treatment reached its maximum growth
yields, which was 225.33 +47.33 pg/ml after 7 days. Compared to growth curve of dispersed oil
treatment, a lag was observed in the hexadecane treatment (Fig. 4A). Significant growth of
Alcanivorax was observed with Corexit as the sole carbon source (maximum 116.06+15.97
ug/ml total protein). Overholt et a/ did similar assays on Alcanivorax sp. P2S70, and found that
strain showed similar maximum growth yields when grown on dispersed oil and on crude oil,
and they reached maximum growth yields after approximately 2 days (Overholt et al., 2016).
Their growth on Corexit alone showed lower than that of this study. But it needs to be noted that
they are using MC252 crude oil, while we only use hexadecane as the carbon source. In addition,
the strain used in the study is not exactly same.

Halomonas demonstrated maximum growth rates and biomass accumulation when it was

grown on dispersed oil (3 day-point time, 133.13 + 13.98 pg/ml) (Fig. 4B). It produced 41% less
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protein than dispersed oil and had a lower growth rate when hexadecane served as the sole
carbon source. Halomonas was also capable of growth on Corexit alone (maximum reached after
5 days, 98.97+14.44 pg/ml). And it showed higher growth yields on Corexit alone than
hexadecane alone. Although Halomonas only produced 60.18% growth yields of Alcanivorax,
both of them revealed best growth on the hexadecane and Corexit mixture.

Shewanella demonstrated a similar growth trend to the Halomonas. Its best growth rate
and highest biomass were also in the dispersed oil treatment (71.10+6.2 pg/ml) (Fig. 4C).
Compared to the growth yields on dispersed oil, 35% less protein was produced in hexadecane
alone. Shewanella had the ability to grow on Corexit alone as well (maximum reached after 6
days, 59.53+8.65 pg/ml). It also showed higher growth yields on Corexit alone than hexadecane
alone. Shewanella showed the least biomass accumulation among the three strains. This was
consistent with its utilization of other hydrocarbons. It was noted that Shewanella always had the
difficulty to proliferate in ONR7a medium coupled with other hydrocarbon sources, but grew
well on ONR7a supplemented with glucose or peptone, which indicated it has no inherent
limitation to growth in a ONR7a medium.

On the whole, all three strains grew best when supplemented with a 1:50 Corexit and

hexadecane mixture.

Quantification of hexadecane degradation
Triplicates cultures of Alcanivorax, Shewanella, and Halomonas were incubated
aerobically on 50 mM hexadecane at room temperature. Total hexadecane was extracted from

the oil-amended treatments. Bacterial treatments were set up in triplicate.
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The uninoculated control exhibited a slightly decrease after 5 days incubation (Fig. 6).
The three strains showed different capabilities in oil degradation. Alcanivorax degraded or
transformed 71% of the hexadecane relative to the level degraded in the uninoculated control
treatment after two days of incubation (Fig. 5). When incubations were extended to 5 days,
Alcanivorax transformed or removed 78% of the hexadecane. No significant change of oil
degradation was observed in the Alcanivorax cultures between 2 and 5 days of incubation.
Shewanella and Halomonas cultures only degraded or transformed 31% and 36% of hexadecane,
respectively, after 2 days. However, Halomonas presented a 2-fold increase in oil degradation
(72%) after 5 days incubation (Fig. 5). Shewanella cultures degraded or transformed another
23% hexadecane after 5 days. The obvious oil degradation occuring during its incubation
indicated that Shewanella does have the capability of oil degradation, regardless of its poor
growth in hexadecane or dispersed oil (Fig. 4C). The 3 time points overlapping hexadecane
chromatography peaks detected by GC-MS are showed for the uninoculated control and the 3
strains (Fig. 6). These results clearly demonstrate that all strains have the ability to degrade the
model alkane hydrocarbon hexadecane, and that this ability was most rapid, as expected, in the

case of Alcanivorax.

Growth in Hexadecane/Corexit as a function of pressure

Because all three strains grown best in ONR7a medium with dispersed oil, bacterial
growth as a function of pressure was conducted using the same carbon source treatment. But in
addition to hexadecane and Corexit, the medium was supplemented with HEPES buffer and
nitrate (which served as alternate electron acceptor). Incubations were set up under three

different pressure conditions replicating the pressure at (i) the sea surface (0.1MPa), (ii) 1000
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meters below surface (10MPa), (iii) 2500 meters blow surface (25 MPa). Overall, aerobic growth
rate and biomass accumulation at atmosphere pressure was always better for all strains than the
hypoxic growth rates associated with incubation conditions in pressurizable bulbs, regardless of
the pressures used. However, this was least evident for the Shewanella, which exhibited the
slowest growth rates and biomass levels.

The bulbs cultures of Alcanivorax were found to grow 2-fold better at atmosphere
pressure ( 8 days-time point, 177.5 +20.35 pug/ml) than at high pressures (e.g., 8 days-time point,
92.33 +7.67 ug/ml at 10MPa). Its growth behavior at 10MPa and 25MPa were both similar (Fig.
7A). Like Alcanivorax, Halomonas produced maximum protein when it was grown with certain
amount of oxygen at atmosphere pressure, which was 1.5 fold more than that of the growth in
sealed bulbs at the same pressure (Fig. 7C). However, high pressure didn’t clearly impact its
growth. The slow-growing Shewanella also appeared to be relatively pressure-resistant for

growth in bulbs from 0.1-25 MPa (Fig. 7E).

Quantification of active cells using BONCAT

Cells pre-incubated to mid-log phase were used to be labeled with the amino acid tag
HPG. Samples were harvested as a function of time along the HPG incubation period. No HPG
labeled cells were set up as negative controls as well. After click chemistry, fluorescent cells
counts were quantified with flow cytometry.

For Alcanivorax and Halomonas, it was always the active cells percentage under aerobic
conditions higher than other conditions, only for the 24h time point of Alcanivorax was the
exception (Fig. 7B&D). It needs to be noted that the cells grown in bulbs are not being grown

anaerobically, although they do reduce the dissolved oxygen level in the medium as they grow. It
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is speculated that initially A/canivorax was not that sensitive to the hypoxia conditions in bulbs.
Results with Alcanivorax showed that during the incubation, the fraction of active cells were
higher at atmosphere pressure than that of 10MPa, and 25MPa was the lowest. (Fig. 8B). Like
Alcanivorax, high pressure negatively impacted the activity of Halomonas. The difference
between these two strains is that the limitation of high pressure existed significantly throughout
the incubation of Halomonas (Fig. 8D). When it comes to Shewanlla, its fraction of active cells
under high pressures (both 10 and 25 MPa), was similar to that of at atmosphere pressure,
especially when looking at the variance (standard deviation) of data (Fig. 8F). In contrast to its
less growth under hypoxia conditions, the fraction of active cells in bulbs was higher than that of
aerobic conditions. Given that this strain exhibits the poor growth on hexadecane and Corexit
under all growth conditions, this suggests that the fraction of BONCAT positive cells is a poor

reflection of its growth ability.
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DISCUSSION

Effects of oil dispersants on biodegradation

Chemical dispersants are considered to be one of the main tools in the response to oil
spills. Dispersants Corexit 9500 was widely used in the BP Deepwater Horizon spill, which was
used to increase the hydrocarbon-water interferes areas and the rates of biodegradation (Atlas et
al, 2011). However, the effects of using dispersants are controversial.

In contrast to most prior studies which focused on the mixed microbial populations, we
investigated how specific bacterial strains responsd to oil and dispersed oil to elucidate their
impacts on bacterial growth and proteins synthesis. In this study three isolated strains from the
DWH oil spill were tested.

We found that all of strains grow best on hexadecane in the presence of dispersants, and
among the strains Alcanivorax, not surprisingly, showed the best growth, as it is famous for
degrading alkanes (Hara et al., 2003). This stimulated biodegradation of oil with the addition of
dispersant Corexit 9500 is consistent with other studies (Swannell et al., 1999, Lindstrom et al.,
1999). Richard et al. (1999) also demonstrated that the addition of dispersants can increase the
rate of oil biodegradation by promoting the growth of indigenous hydrocarbon-degrading
bacteria. Overholt et al. (2016) did similar tests on another Alcanivorax sp. and they confirmed
that the potential for oil degradation or transformation was significantly higher with dispersed oil
treatment. However, they also demonstrated a Acinetobacter sp. strain exhibited a better growth
in crude oil alone, rather than with dispersed oil, and thus it is not appropriate to conclude that
hydrocarbon-degrading bacteria uniformly respond positively to dispersed oil (Overholt et al.,
2016). Kleindienst et al. (2015) provided evidence that dispersants applied to either surface

water or deep water from the Gulf of Mexico did not stimulate oil biodegradation.
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We further found that all three stains have the capacity to grow on Corexit as the sole
carbon source, although Shewanella appeared to grow much slower than Alcanivorax and
Halomonas (Fig 4). These results are confirmed by previous studies that showed that microbial
consortia were able to degrade both hydrocarbon fraction and the dioctyl sodium sulfosuccinate
(DOSS) fraction of Corexit (Campo et al., 2013). Lindstrom et al. (2002) pointed out that the
dispersant may help degrade only some particular components of crude oil, like dodecane and 2-
methyl-naphthalene, and the toxicity of residual oil depends on the selective microbial
degradation of hydrocarbons. This specific microbial degradation was confirmed in another
study, which showed that after 3 days of incubation at 14°C, the microbial communities from
two different deep waters became dominated by well-known oil degrading bacteria, and the
overall microbial community diversity drastically decreased (Liu et al., 2017). Techtmann et al.
(2017) indicated that several operational taxonomic units (OTUs) were inhibited by the addition
of Corexit 9500, while a number of OTUs were stimulated, many of which were identified as
know hydrocarbon-degrading bacteria. It is speculated that Corexit itself is not toxic to the
microbes, instead, the dispersed oil after specific microbial degradation leads to increased or

decreased toxicity of residual oil.

Degradation of hexadecane by three strains

A useful method to follow microbial degradation of hydrocarbons is to employ GC-MS
(Schedler et al., 2014; Overholt et al., 2016). I tested the three study strains and an uninoculated
control for hexadecane degradation with hexadecane as the sole carbon source.

In our experiments, there was a slight hexadecane concentration decrease in the

uninoculated control over time (Fig. 6A). Since hexadecane is not light sensitive, the possibility
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of photooxidation should be low. I speculate that it is because of small amount of alkane
volatilization during the incubation in the capped but unsealed test tube. All three strains
demonstrated significant degradation of hexadecane within 5 days compared to the uninoculated
control (Fig. 5). These results are consistent with the growth of Alcanivorax and Halomonas,
which showed clear evidence of growth in hexadecane alone (Fig. 4). Curiously, although
Shewanella also showed clear degradation of hexadecane, its growth was poor in hexadecane.
This suggests that Shewanella has the ability to assimilate hexadecane, but perhaps not all the
enzymatic machinery for complete oxidation. Shewanella was present in the samples taken from
the Prestige oil spill (Martin-Gil et al., 2004). Shewanella spp. was one of the predominant
phylotypes in the oil-treated microcosmos cultivated from Arctic Sea-ice (Gerdes et al., 2005).
Neethu et al. (2019) also observed the presence of the genus Shewanella in oil contaminated
seawater and sediment samples collected from Chennai coast of India, and they mentioned that
Shewanella might be one of the globally distributed hydrocarbon degrading organisms (Neethu
et al., 2019). However, there have been no studies on hydrocarbon growth or degradation within
the genus Shewanella. The mechanism of this bacteria how to assimilate hydrocarbon is still

unknown.

High pressure effects of microbial growth

In this study, Alcanivorax, Halomonas, and Shewanella were grown under aerobic and
hypoxia conditions on hexadecane with Corexit under atmosphere and high pressures. Not
surprisingly, I found that all three strains grown best with certain amount of oxygen than under
hypoxia conditions in sealed bulbs. Among the three strains the relatively fast growing

Alcanivorax exhibited the most pressure-sensitive (piezosensitive) growth, with clear reduction
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in growth rate and yield at 10 and 25 MPa compared to 0.1 MPa cultures grown under otherwise
identical conditions (Fig. 7A). In contrast, while the Shewanella and Halomonas strains
exhibited slower growth, they also displayed more piezotolerant growth, with no discernable
difference noted across the span of 0.1, 10 and 25 MPa pressures (Fig. 7C&E).

The results with these strains must be considered in the context of prior pressure studies
on microbial oil degradation. Schwarz et al. (1975) discovered that a microbial community
collected from the sediment-water interface of a core sample taken off the coast of Florida at the
depth of 4940 m, was able to utilize n-hexadecane as a sole carbon source for growth at 50 MPa
(4 °C), but showed decrease in rates of growth and hexadecane utilization of at 50 MPa
compared to 0.1 MPa. The alkane-degrading bacterium Rhodococcus qingshengii was isolated
from a seawater sample located beneath an ice cap during an expedition to Norway, and its
growth on n-hexadecane was slightly reduced at 15 MPa (room temperature) (Schedler et al.,
2014). A significant reduction in the final growth yields was seen after 4 days incubation of the
hydrocarbonoclastic, piezosensitive Alcanivorax sp. at 10 MPa (20 °C) with n-dodecane as the
sole carbon source (Scoma et al., 2016a). However, Grossi et al. (2010) found that high pressure
35 MPa (room temperature) did not inhibit the growth rate and hexadecane consumption of
piezotolerant alkane-degrading bacterium, Marinobacter hydrocarbonoclasticus strain #5,
isolated from deep Mediterranean seawater (3475m). It should be noted that our experiments
were conducted at room temperature (25 °C), the approximate growth optimum of the strains.
Marietou et al. (2018) cultured 1070-meter-deep water samples collected from DWH oil spill
with Macondo oil (MC-252) and observed lower cell numbers at high pressures after 30 days of

incubation at 15 and 30 MPa (4 °C). They demonstrated that the synergistic effect of high
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pressure and low temperature appears to have an even more dramatic effect on the rates of

microbial activity.

High pressure effects on protein synthesis activity

In order to understand and predict environmental processes, it is critical to distinguish
active, inactive and dead bacteria. In this study we applied BONCAT-FACS to detect fraction of
active cells incubated with hexadecane and Corexit under different pressures.

Alacnivorax and Halomonas showed lower fraction of active cells as pressure increased,
while Shewanella didn’t show significant difference among three pressure conditions, and much
higher activity was seen on cell protein synthesis than the microbial growth in parallel compared
to other two strains (Fig. 7). To our knowledge, this is the first report of studying the effects of
high hydrostatic pressure on protein synthesis of hydrocarbon-degrading bacteria. High pressure
can affect many important cell functions, including DNA structure and function, protein
synthesis, transcription, nutrient uptake and membrane fluidity (Abe, 2007; Bartlett, 2002).
Bartlett et al. (2007) mentioned that elevated pressure may lead to the impairment of cell
division of mesophilic microbes. Lauro et a/.(2008) described that the largest fraction of loci
associated with pressure sensitivity were involved in chromosomal structure and function in the
research of a deep-sea bacterium Photobacterium profundum strain SS9. In a review of the
effects of high hydrostatic pressure (based on E coli), Abe mentioned that it is widely recognized
that cell growth in organisms is inhibited by high pressure, and protein synthesis is notably
susceptible to high pressure (Yayanos and Pollard, 1969). Scoma et al. (2016a) also suggested
that protein synthesis was highly impacted already under mild high pressure (10MPa).

Uncharged ribosomes (ribosomes without mRNA and tRNA) are dissociated accompanied by a
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large negative volume change under high pressure, which thus limits cell viability and growth
(Gross et al., 1993). Although it is unknown what is the most crucial factor limiting the growth
of the strains under high pressure, it could well be the impaired DNA replication.

Michoud and co-workers found that Pyrococcus yayanosii, an obligate
piezohyperthermophile found at hydrothermal vents, upregulated genes in translation to
increases the production of tRNA and ribosomal units with pressure (Michoud et al., 2016).
Scoma et al. (2016a) proposed that high pressure deeply affected the protein translation of the
piezosensitive bacterium Alcanivorax borkumensis SK2. They found that expression of almost
all ribosome subunits was upregulated under 10 MPa together with translation, elongation and
tRNA modifying factors such as the pseudouridine synthase. It is puzzling that the Shewanella
strain exhibits the most pressure-resistant protein synthesis of the three strains, given that it is the
only one from shallow sea waters (46m) and thus would seem to be a priori less likely to possess
piezotolerant growth or protein synthesis. Perhaps its slow growth under the conditions used
exerts some of a controlling influence on cell growth and protein synthesis than pressure, thereby
masking pressure effects on these processes. Peoples et al. (2018) previously reported
experiments with piezophilic bacterial strains in culture that BONCAT analyses of the fraction of
active cells correlated well with the degree of high pressures-adapted growth. But the strains
examined were all capable of relatively rapid growth rates.

Finally, another factor that could affect the analyses of translation activity among the
strains is the sensitivity of the technique itself. Samo and co-workers compared BONCAT results
with 3*S-methionine microautoradiography, and discovered that a much larger fraction of a

natural marine bacterial assemblage was observed to be actively synthesizing protein than that
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observed via autoradiography (Samo et al., 2014). Similar results have been reported for soil
samples (Couradeau et al., 2019).

On the whole, the effects of high pressure on the microbial activity are species-specific.
More studies using genomics and transcriptomics can help to determine the exact mechanism of
pressure effects on hydrocarbon-degrading bacteria. BONCAT coupled with flow cytometry has
proven itself to be a valuable method for understanding the metabolic activity of microbial

species under particular environmental conditions.

Future studies

After all of the growth and activity analyses, the next focus will be on the detection and
analysis of functional genes, like alkane-1-monooxygenase (alkB), which is a key enzyme
involved in bacterial alkane degradation. This would help to establish the genetic capability for
hydrocarbon degradation among the strains. I have tried two sets of primers (AlkBF/AIkBR, and
Rh alkB1-F2/ Rh alkB1-R1, Table 2) to detect the alkB gene for Alcanivorax, Halomonas and
Shewanella. PCR (Table 3) and sequencing results didn’t show the successful amplification of
the alkB gene. This could because the variations in a/kB nucleotide sequences, and thus leads to
the high diversity of this gene. Jurelevicius ef al.(2013) suggested that a combination of a/kB
primers was an efficient way to enhance the detection of the a/kB gene, and for better

characterizing the distribution of alkane-degrading bacteria in environmental samples.
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Figure 1. Diagram of bacteria enrichment under high hydrostatic pressure, sample fixation as a
function of time, and subsequent BONCAT work for detecting and quantifying active cells.
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(a) (b)

(©) (d)

Figure 2. Concept for the visualization of translationally active cells.

(a) The bioorthogonal amino acid HPG is added to the culture medium, which is then incubated
under in situ conditions. (b) After HPG has entered the cells, the exact process which is currently
unknown, it competes with methionine for incorporation into newly made peptides. (¢) HPG-
containing proteins are then fluorescently labeled via a Cu(I)-catalyzed azide—alkyne click
reaction (d) Extra ‘Click Cocktail’ are washed away (e) The cells that have undergone protein
synthesis during time of incubation are fluorescent, which can be detected through fluorescent
microscopy or FACS.
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Figure 3. Analysis of images generated from BONCAT-FCM.

(A) The gate drawing was done in two steps, first the cells were separated from the background
particles based on their DNA dye staining Hoechst 33342 fluorescence (excitation = 361 nm,
emission = 497 nm) as pictured by the orange gate in the center. The rest could be cell
aggregates and other particles. (B) The Hoechst 33342+ cells were further analyzed for their
BONCAT fluorescence with the Alexa Fluor 488 dye (excitation = 490 nm, emission = 525 nm).
The middle panel shows an example of a control sample of Alcanivorax that was incubated
without HPG and clicked, the BONCAT gate (on the top) was set such that less than 1 % of
events would fall in that gate (false positive). (C) An example of how the BONCAT+ and
BONCAT — gates where set in a HPG incubated sample. Note that the gate is the same as in the
control sample.
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Figure 4. Growth curve under different conditions, determined using a Pierce bicinchoninic acid
protein assay. (A) Alcanivorax xenomutans (B) Halomonas titanicae (C) Shewanella indica
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Figure 5. Hexadecane degradation percentage of three strains and uninoculated control during
the time of incubation.
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Figure 6. Decrease of hexadecane chromatography peak of three strains and uninoculated control
during the time of incubation.
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Figure 7. Left panel (A, C, E) : Growth curve in hexadecane and Corexit under different
pressures 0.1,10 and 25 MPa. Right Panel (B, D, F): Temporal dynamics of BONCAT+ (express
as a percent of the extractable cells) labeling (A, B) Alcanivorax xenomutans (C, D) Halomonas
titanicae (E, F) Shewanella indica.
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Table 1. Studies strains used in this study and their isolation depth within the Gulf of Mexico.

Strain names Closest Cultured Relative Isolation Depth
Bead 18 Alcanivorax xenomutans 1509m

Bead 36 Shewanella indica 46m

Bead 10BA Halomonas titanicae 1509m
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Table 2. Details of the GC-MS method used in this study.

GC

Column Name: Agilent DB-5MS UI, 30 meter, 0.25 mm ID, 0.25 um df. Cat # 122-5532U1

Oven temperature gradient: held at 60 °C for 4 minutes, then increased to 270 °C at 15 C/min, and hold for 2
minutes at 270 "C. Post run: 280 C for 2 minutes

Injection Temp.:250°C

Injection Mode: Split

Split Ratio: 10 split ratio

Injection Volume: 1.0 ul

Column Flow: 1.2 ml/min helium gas

Total Run Time: 20 minutes

MS

Transfer Line Temperature: 250 C. Ion Source Temperature: 230°C

Electron Impact Ion Source. m/z: 35-500

35




REFERENCES

. Abbriano, R.M., M.M. Carranza, S.L. Hogle, R.A. Levin, A.N. Netburn, K.L. Seto, S.M.
Snyder, SIO280, and P.J.S. Franks. 2011. Deepwater Horizon oil spill: A review of the
planktonic response. Oceanography 24(3):294-301,
http://dx.doi.org/10.5670/oceanog.2011.80.

. Abe, F. (2007) Exploration of the Effects of High Hydrostatic Pressure on Microbial
Growth, Physiology and Survival: Perspectives from Piezophysiology, Bioscience,
Biotechnology, and Biochemistry, 71:10, 2347-2357, DOI: 10.1271/bbb.70015

. Abe, F., & lida, H. (2003). Pressure-Induced Differential Regulation of the Two
Tryptophan Permeases Tatl and Tat2 by Ubiquitin Ligase Rsp5 and Its Binding Proteins,
Bull and Bul2. Molecular and Cellular Biology, 23(21), 7566—7584.
https://doi.org/10.1128/mcb.23.21.7566-7584.2003

. Almeda, R., Hyatt, C., & Buskey, E. J. (2014). Ecotoxicology and Environmental Safety
Toxicity of dispersant Corexit 9500A and crude oil to marine microzooplankton.
Ecotoxicology and Environmental Safety, 106, 76—85.

. Atlas R.M., & Hazen T.C. (2011) Oil Biodegradation and Bioremediation: A Tale of the
Two Worst Spills in U.S. History, Environmental Science & Techonology, 45, 6709-
6715.

. Bargiela, R., Mapelli, F., Rojo, D., Chouaia, B., Tornés, J., Borin, S., ... Ferrer, M.
(2015). Bacterial population and biodegradation potential in chronically crude oil-

contaminated marine sediments are strongly linked to temperature. Scientific Reports,
5(November 2014), 1-15. https://doi.org/10.1038/srep11651

. Bartlett, D.H. (2002). Pressure effects on in vivo microbial processes. BIOCHIMICA ET
BIOPHYSICA ACTA-PROTEIN STRUCTURE AND MOLECULAR ENZYMOLOGY
Volume: 1595 Issue: 1-2 Pages: 367-381 Article Number: PII S0167-4838(01)00357-
0

. Bartlett, D. H., Lauro, F. M., & Eloe, E. A. (2007). Microbial adaptation to high pressure.
In C. Gerday, & N. Glansdorff (Eds.), Physiology and biochemistry of extremophiles (pp.
333-348). [25] Sterling, VA: AMER SOC

MICROBIOLOGY. https://doi.org/10.1128/9781555815813.ch25

36



10.

11

12.

13.

14.

15.

16.

17.

18.

Beatty, K. E., Xie, F., Wang, Q., & Tirrell, D. A. (2005). Selective Dye-Labeling of
Newly Synthesized Proteins in Bacterial Cells, (I), 14150-14151.
https://doi.org/10.1021/ja054643w

Best, M. D. (2009). Click chemistry and bioorthogonal reactions: Unprecedented
selectivity in the labeling of biological molecules. Biochemistry, 48(28), 6571-6584.
https://doi.org/10.1021/b19007726

. Borneman J. (1999). Culture-independent identification of microorganisms that respond

to specified stimuli. Appl Environ Microbiol 65: 3398-3400.

Campo, P., Venosa, A. D., & Suidan, M. T. (2013). Biodegradability of Corexit 9500 and
Dispersed South Louisiana Crude Oil at 5 and 25 © C. https://doi.org/10.1021/es303881h

Couradeau, E., Sasse, J., Goudeau, D., Nath, N., Hazen, T. C., Bowen, B. P., ... Northen,
T. R. (2019). Probing the active fraction of soil microbiomes using BONCAT-FACS.
Nature Communications, 10(1), 2770. https://doi.org/10.1038/s41467-019-10542-0

Cui, Z., Lai, Q., Dong, C., & Shao, Z. (2008). Biodiversity of polycyclic aromatic
hydrocarbon-degrading bacteria from deep sea sediments of the Middle Atlantic Ridge.
Environmental Microbiology, 10(8), 2138-2149. https://doi.org/10.1111/j.1462-
2920.2008.01637.x

Dikow R.B. (2011). Genome-level homology and phylogeny of Shewanella
(Gamaproteobacteria: Iteromoadals: Shewanellaceae). BMC Genomics, 12:237.

Dyksterhouse, S.E., Gary, J.P., Herwig, R.P., Lara, J.C., Staley, J.T. (1995).
Cycloclasticus pugetii gen. nov., sp. nov., an Aromatic Hydrocarbon-Degrading
Bacterium from Marine Sediments. International Journal of Systematic Bacteriology,
116-123.

Fernandez-Carrera, A., Rogers, K.L., Weber, S.C., Chanton, J.P., Montoya, J.P. (2016).
Deep Water Horizon oil and methane carbon entered the food web in the Gulf of Mexico.
Limnology and Oceanogaphy, 00-00. https//doi.org/10.1002/Ino.10440

Fu, X., Lai Q., Dong C., W, W., Shao, Z. (2018). Complete Genome Sequence of
Alcanivorax xenomutans P50, an alkane-degrdaing bacterium isolated from deep water.

37



19.

20.

21.

22.

23.

24.

25.

26.

Marine Genomics,1-4. https://doi.org/10.1016/j.margen.2017.05.010

Garci’a, M. T., Mellado, E., Ostos, J. C. & Ventosa, A. (2004). Halomonas organivorans
sp. nov., a moderate halophile able to degrade aromatic compounds. Int J Syst Evol
Microbiol 54, 1723-1728.

Gerdes, B., Brinkmeyer, R., Dieckmann, G., & Helmke, E. (2005). Influence of crude oil
on changes of bacterial communities in Arctic sea-ice. FEMS Microbiology Ecology,
53(1), 129-139. https://doi.org/10.1016/j.femsec.2004.11.010

Glenn, W. S., Stone, S. E., Ho, S. H., Sweredoski, M. J., Moradian, A., Hess, S., ...
Tirrell, D. A. (2017). Bioorthogonal Noncanonical Amino Acid Tagging (BONCAT)
Enables Time-Resolved Analysis of Protein Synthesis in Native Plant Tissue. Plant
Physiology, 173(3), 1543—1553. https://doi.org/10.1104/pp.16.01762"

Gross, M., Lehle, K., Jaenicke, R., & Nierhaus, K. H. (1993). Pressure-induced
dissociation of ribosomes and elongation cycle intermediates. European Journal of
Biochemistry, 218(2), 463—468.

Grossi, V., Yakimov, M. M., Ali, B. Al, Tapilatu, Y., Cuny, P., Goutx, M., ... Tamburini,
C. (2010). Hydrostatic pressure affects membrane and storage lipid compositions of the
piezotolerant hydrocarbon-degrading Marinobacter hydrocarbonoclasticus strain #5.
Environmental Microbiology, 12(7), 2020-2033. https://doi.org/10.1111/j.1462-
2920.2010.02213.x

Haider, S., Wagner, M., Schmid, M. C., Sixt, B. S., Christian, J. G., Hacker, G., ... Horn,
M. (2010). Raman microspectroscopy reveals long-term extracellular activity of
chlamydiae. Molecular Microbiology, 77(3), 687—700. https://doi.org/10.1111/j.1365-
2958.2010.07241.x

Hamdan, L. J., & Fulmer, P. A. (2011). Effects of COREXIT ® EC9500A on bacteria
from a beach oiled by the Deepwater Horizon spill, 63, 101-109.
https://doi.org/10.3354/ame01482

Hara, A., Syutsubo, K., Harayama, S., Alcanivorax which prevails in oil-contaminated
seawater exhibits broad substrate specificity for alkane degradation. Environ.
Microbiol., 5 (2003), pp. 746-753, 10.1046/1.1468-2920.2003.00468.x

38



27.

28.

29.

30.

31.

32.

33.

34.

35.

Hatzenpichler, R., Connon, S. A., Goudeau, D., Malmstrom, R. R., Woyke, T., &
Orphan, V. J. (2016). Visualizing in situ translational activity for identifying and sorting

slow-growing archaeal—bacterial consortia. Proceedings of the National Academy of
Sciences, 113(28), E4069-E4078. https://doi.org/10.1073/pnas.1603757113

Hatzenpichler, R., Scheller, S., Tavormina, P. L., Babin, B. M., Tirrell, D. A., & Orphan,
V. J. (2014). In situ visualization of newly synthesized proteins in environmental

microbes using amino acid tagging and click chemistry. Environmental Microbiology,
16(8), 2568-2590. https://doi.org/10.1111/1462-2920.12436

Hazen, T.C., Dubinsky, E.A., DeSantis, T.Z., Andersen, G.L., Piceno, Y.M., Singh, N.,
Jansson, J. K., Probst, A., Borglin, S. E., Fortney, J. L., Stringfellow, W.T., Bill, M.,
Conrad, M.E., Tom, L.M., Chavarria, K.L., Alusi, T.R., Lamendella, R., Joyner, D.C.,
Spier, C., Baelum, J., Auer, M., Zemla, M.L., Chakraborty, R., Sonnenthal, E.L.,
D'haeseleer, P., Holman, H.N., Osman, S., Lu, Z., Van Nostrand, J.D., Deng, Y., Zhou,
J., Mason, O.U. (2010). Deep-Sea oil plume enriches indigenous oil-degrading bacteria.
Science, 330(October), 204—208.

Head, I. M., Jones, D. M., & Larter, S. R. (2003). Biological activity in the deep
subsurface and the origin of heavy oil : Hydrocarbon reservoirs. Nature, 426(6964), 344—
352. Retrieved from http://cat.inist.fr/?7aModele=afficheN&cpsidt=15339732

Head, .M., D. Jones, and W.M. Roling. (2006). Marine microorganisms make a meal of
oil. Nature Reviews Microbiology 4:173—182, https://doi.org/10.1038/nrmicro1348.

Joye, S. B., (2015). Deepwater Horizon, 5 years on. Science 349, 592-593.

Jurelevicius, D., Alvarez, V.M., Peixoto, R., Rosado, A.S., Seldin, L. (2013) The Use of a
Combination of al/kB Primers to Better Characterize the Distribution of Alkane-
Degrading Bacteria. PLoS ONE 8(6): e66565.
https://doi.org/10.1371/journal.pone.0066565

Kessler J.D., Valentine D.L., Redmond M.C., Du M., Chan E.W., Mendes S.D.,... Weber
T.C. (2011) A persistent oxygen anomaly reveals the fate of spilled methane in the deep
Gulf of Mexico. Science 331:312-315.

Kleindienst, S., Seidel, M., Ziervogel, K., Grim, S., Loftis, K., Harrison, S., ... Joye, S.
B. (2015). Chemical dispersants can suppress the activity of natural oil-degrading
microorganisms, 112(48). https://doi.org/10.1073/pnas.1507380112

39



36.

37.

38.

39.

40.

41.

42.

43.

44,

Lauro, F.M., Tran, K., Vezzi, A.,Vitulo, N., Valle, G., and Bartlett, D.H. (2008).Large-
scale transposon mutagensis of Photobacterium profundum SS9 reveals new genetic loci
important for growth at low temperature and high pressure. Journal of Bacteriology.
Volume: 190, Issue:5, Pages:1699-1709.

Leininger S., Urich T., Schloter M., Schwark L., Qi J., Nicol, G.W., Prosser, J.I.,
Schuster, S.C., and Schleper, C. (2006). Archaea predominate among ammonia-
oxidizing prokaryotes in soils. Nature 442:806—809.

Lindstrom, J., Braddock, J., Lindstrom, J. E., White, D. M., & Braddock, J. F. (1999).
Biodegradation of Dispersed Oil Using COREXIT 9500. A Report Produced for The
Alaska Department of Environmental Conservation by, (July).

Lindstrom, J. E., & Braddock, J. F. (2002). Biodegradation of petroleum hydrocarbons at
low temperature in the presence of the dispersant Corexit 9500, 44, 739—-747.

Liu, J., Techtmann, S. M., Woo, H. L., Ning, D., Fortney, J. L., & Hazen, T. C. (2017).
Rapid Response of Eastern Mediterranean Deep Sea Microbial Communities to Oil.
Scientific Reports, 7(1), 1-11. https://doi.org/10.1038/s41598-017-05958-x

Lubchenco, J., McNutt, M.K., Dreyfus, G., Murawski, S.A., Kennedy, D.M., Anastas, P.
T., Chu, S., Hunter, T., 2012. Science in support of the Deepwater Horizon response.
Proc. Natl. Acad. Sci. USA 109 (50), 20212-20221.
http://dx.doi.org/10.1073/pnas.1204729109.

Margesin, M. R. (2001). Biodegradation and bioremediation of hydrocarbons in extreme
environments, 650—663. https://doi.org/10.1007/s002530100701

Marietou A, Chastain R, Beulig F, Scoma A, Hazen TC and Bartlett DH (2018) The
Effect of Hydrostatic Pressure on Enrichments of Hydrocarbon Degrading Microbes

From the Gulf of Mexico Following the Deepwater Horizon Oil Spill. Front. Microbiol.
9:808. doi: 10.3389/fmicb.2018.00808

Martin-Gil, J., Ramos-Sanchez, M. C., & Martin-Gil, F. J. (2004). Shewanella
putrefaciens in a fuel-in-water emulsion from the Prestige oil spill. Antonie van

Leeuwenhoek, International Journal of General and Molecular Microbiology, 86(3), 283—
285. https://doi.org/10.1023/B:ANTO.0000047939.49597 .eb

40



45.

46.

47.

48.

49.

50.

51.

52.

Mata, J.A., Martinez-Canovas, J., Quesada, E., Bejar, V. (2002). A detailed phenotypic
characterisation of the Type Strains of Halomonas Species. Systematic and Appied
Microbiology, 360-375. https://doi.org/10.1078/0723-2020-00122

Michoud, G., & Jebbar, M. (2016). High hydrostatic pressure adaptive strategies in an
obligate piezophile Pyrococcus yayanosii. Scientific Reports, 6(September 2015), 1-10.
https://doi.org/10.1038/srep27289

Montagna P.A., Baguley J.G., Cooksey C., Hartwell 1., Hyde L.J., Hyland J.L., Kalke,
R.D., Kracker, L.M., Reuscher, M., Rhodes, A.C.E. (2013) Deep-Sea Benthic Footprint
of the Deepwater Horizon Blowout. PLoS ONE §(8): €70540.
https://doi.org/10.1371/journal.pone.0070540

Neethu, C. S., Saravanakumar, C., Purvaja, R., Robin, R. S., & Ramesh, R. (2019). Oil-
Spill Triggered Shift in Indigenous Microbial Structure and Functional Dynamics in

Different Marine Environmental Matrices. Scientific Reports, 9(1), 1-13.
https://doi.org/10.1038/s41598-018-37903-x

Ngo, J. T., & Tirrell, D. A. (2011). Noncanonical amino acids in the interrogation of
cellular protein synthesis. Accounts of Chemical Research, 44(9), 677-685.
https://doi.org/10.1021/ar200144y

Nguyen, U. T., Lincoln, S. A., Juarez, A. G. V., Schedler, M., Macalady, J. L., Miiller,
R., & Freeman, K. H. (2018). The influence of pressure on crude oil biodegradation in
shallow and deep Gulf of Mexico sediments. PLoS ONE, 13(7), 1-15.
https://doi.org/10.1371/journal.pone.0199784

Orphan, V. J., Turk, K. A., Green, A. M., & House, C. H. (2009). Patterns of 15N
assimilation and growth of methanotrophic ANME-2 archaea and sulfate-reducing
bacteria within structured syntrophic consortia revealed by FISH-SIMS. Environmental

Microbiology, 11(7), 1777-1791. https://doi.org/10.1111/1.1462-2920.2009.01903 .x

Overholt, W. A., Marks, K. P., Romero, 1. C., Hollander, D. J., Snell, T. W., & Kostka, E.
(2016). Hydrocarbon-Degrading Bacteria Exhibit a Species-Specific Response to
Dispersed Oil while Moderating Ecotoxicity, 82(2), 518-528.
https://doi.org/10.1128/AEM.02379-15.Editor

41



53.

54.

55.

56.

57.

58.

59.

60.

61.

Overton, E.B., T.L. Wade, J.R. Radovi¢, B.M. Meyer, M.S. Miles, and S.R. Larter. 2016.
Chemical composition of Macondo and other crude oils and compositional alterations
during oil spills. Oceanography 29(3):50—63, http://dx.doi.org/10.5670/ oceanog.2016.62

Peoples, L. M., Donaldson, S., Osuntokun, O., Xia, Q., Nelson, A., Blanton, J., Allen, E.
A., Church, M. J., and D. H. Bartlett. (2018). Vertically distinct microbial communities in
the Mariana and Kermadec trenches. PLoS ONE 13(4): €¢0195102

Radajewski S, Ineson P, Parekh NR, Murrell JC. (2000). Stable-isotope probing as a tool
in microbial ecology. Nature 403: 646—649.

Rahul, K., Sasikala, C., Tushar, L., Debadrita, R., & Ramana, C. V. (2014). Alcanivorax
xenomutans sp. nov., a hydrocarbonoclastic bacterium isolated from a shrimp cultivation

pond. International Journal of Systematic and Evolutionary Microbiology, 64(Pt 10),
3553-3558. https://doi.org/10.1099/ij5.0.061168-0

Redmond, M. C., & Valentine, D. L. (2012). Natural gas and temperature structured a
microbial community response to the Deepwater Horizon oil spill. Proceedings of the
National Academy of Sciences, 109(50), 20292-20297.
https://doi.org/10.1073/pnas.110875610

Richard P. J. Swannell and Fabien Daniel (1999) Effect of Dispersants on Oil
Biodegradation Under Simulated Marine Conditions. International Oil Spill Conference
Proceedings: March 1999, Vol. 1999, No. 1, pp. 169-176.

Samo, T. J., Smriga, S., Malfatti, F., Sherwood, B. P., & Azam, F. (2014). Corrigendum:
Broad distribution and high proportion of protein synthesis active marine bacteria
revealed by click chemistry at the single cell level. Frontiers in Marine Science,
1(October), 1-18. https://doi.org/10.3389/fmars.2014.00060

Sanchez-Porro, C., de la Haba, R. R., Cruz-Hernandez, N., Gonzalez, J. M., Reyes-
Guirao, C., Navarro-Sampedro, L., ... Ventosa, A. (2013). Draft Genome of the Marine

Gammaproteobacterium Halomonas titanicae. Genome Announcements, 1(2), 1-2.
https://doi.org/10.1128/genomea.00083-13

Sanchez-Porro, C., Kaur, B., Mann, H., & Ventosa, A. (2010). Halomonas titanicae sp.
nov., a halophilic bacterium isolated from the RMS Titanic. International Journal of

42



62.

63.

64.

65.

66.

67.

68.

69.

Systematic and Evolutionary Microbiology, 60(12), 2768-2774.
https://doi.org/10.1099/ijs.0.020628-0

Schedler, M., Hiessl, R., Valladares Juarez, A. G., Gust, G., & Miiller, R. (2014). Effect
of high pressure on hydrocarbon-degrading bacteria. AMB Express, 4(1), 1-7.
https://doi.org/10.1186/s13568-014-0077-0.

Schwarz J.R., Walker J.D., Colwell R.R. (1975). Deep-sea bacteria: growth and
utilization of n-hexadecane at in situ temperature and pressure. Canadian Journal of
Microbiology 1975, 21(5): 682—687.

Scoma, A., Barbato, M., Borin, S., Daffonchio, D., & Boon, N. (2016a). An impaired
metabolic response to hydrostatic pressure explains Alcanivorax borkumensis recorded

distribution in the deep marine water column. Scientific Reports, 6(July), 1-13.
https://doi.org/10.1038/srep31316

Scoma, A., Barbato, M., Hernandez-Sanabria, E., Mapelli, F., Daffonchio, D., Borin, S.,
& Boon, N. (2016b). Microbial oil-degradation under mild hydrostatic pressure (10

MPa): Which pathways are impacted in piezosensitive hydrocarbonoclastic bacteria?
Scientific Reports, 6(November 2015), 1-14. https://doi.org/10.1038/srep23526

Semple, K. M., and D. W. S. Westlake. (1987). Characterization of iron-reducing
Alteromonas putrefaciens strains from oil field fluids. Can. J. Microbiol. 33:366-371

Serres, M. H., & Riley, M. (2006). Genomic analysis of carbon source metabolism of
Shewanella oneidensis MR-1: Predictions versus experiments. Journal of Bacteriology,
188(13), 4601-4609. https://doi.org/10.1128/JB.01787-05

Singer, E., Wagner, M., & Woyke, T. (2017). Capturing the genetic makeup of the active
microbiome in situ. ISME Journal, 11(9), 1949-1963.
https://doi.org/10.1038/isme;j.2017.59

Solomon, E. A., Kastner, M., MacDonald, I. R., & Leifer, 1. (2009). Considerable
methane fluxes to the atmosphere from hydrocarbon seeps in the Gulf of Mexico. Nature
Geoscience, 2(8), 561-565. https://doi.org/10.1038/ngeo574

43



70.

71.

72.

73.

74.

75.

76.

77.

78.

Swannell, RPJ, Daniel, F. (1999) Effect of dispersants on oil biodegradation under
simulated marine conditions. In: Proceedings of the international oil spill conference.
American Petroleum Institute, Washington, DC, pp 169-176

Techtmann, S. M., Zhuang, M., Campo, P., Holder, E., Elk, M., Hazen, T. C., ... Santo
Domingo, J. W. (2017). Corexit 9500 Enhances Oil Biodegradation and Changes Active
Bacterial Community Structure of Oil-Enriched Microcosms. Applied and environmental
microbiology, 83(10), €03462-16. doi:10.1128/AEM.03462-16

Tiedje, J. M. (2002). Shewanella — the environmentally versatile genome The genome
sequence of Shewanella oneidensis reveals a breathtakingly versatile respiratory electron
transport chain system . Nature Biotechnology, 20, 1093.

Urbach, E., Vergin, K.L., Giovannoni, S.J. (1999). Immunochem- ical detection and
isolation of DNA from metabolically active bacteria. Appl Environ Microbiol 65: 1207—
1213.

Urich, T., Lanzén, A., Qi, J., Huson, D.H., Schleper, C., Schuster, S.C. (2008).
Simultaneous assessment of soil microbial community structure and function through
analysis of the meta-transcriptome Ward N (ed). PLoS One 3: €2527.

Valentine D. L., Kessler J. D., Redmond M. C., Mendes S. D., Heintz M. B., Farwell C.,
Hu, L., Kinnaman, F.S., Yvon-Lewis, S., Du, M., Chan, E.W., Garcia, T.F., Villanueva,

C.J. (2010). Propane respiration jump-starts microbial response to a deep oil
spill. 330 208-211. 10.1126/science.1196830

Venosa A.D., Holder E.L. (2007). Biodegradability of dispersed crude oil at two different
temperatures. Marine Pollution Bulletin, 545-553.
https://doi.org/10.1016/j.marpolbul.2006.12.013

Verma, P., Pandey, P. K., Gupta, A. K., Kim, H. J., Baik, K. S., Seong, C. N, ...
Shouche, Y. S. (2011). Shewanella indica sp. nov., isolated from sediment of the Arabian
sea. International Journal of Systematic and Evolutionary Microbiology, 61(9), 2058—

2064. https://doi.org/10.1099/ijs.0.026310-0

Wang Y.N., Cai, H., Chi, C.Q., Lu, A.H., Lin, X.G., Jiang, Z.F., Wu, X.L. (2007a).
Halomonas shengliensis sp. nov., a moderately halophilic, denitrifying, crude-oil-
utilizing bacterium. Microbiology Siciety. https://doi.org/10.1099/ijs.0.64973-0

44



79.

80.

81.

82.

83.

&4.

85.

86.

Wang, Y.N., Cai, H., Yu, S.L., Wang, Z.Y., Liu, J., Wu, X.L. (2007b). Halomonas
gudaonensis sp. nov., isolated from a saline soil contaminated by crude oil. Int J Syst
Evol Microbiol 57, 911-915.

White, H. K., Hsing, P. Y., Cho, W., Shank, T. M., Cordes, E. E., Quattrini, A. M., ...
Fisher, C. R. (2012). Impact of the Deepwater Horizon oil spill on a deep-water coral
community in the Gulf of Mexico. Proceedings of the National Academy of Sciences of
the United States of America, 109(50), 20303-

20308. https://doi.org/10.1073/pnas.1118029109

Widdel F. 2010. Cultivation ofanaerobic microorganisms with hydrocar- bons as growth
substrates, p 3787-3798. In Timmis KN, McGenity TJ, van der Meer JR, de Lorenzo V
(ed), Handbook of hydrocarbon and lipid microbiology. Springer-Verlag, Berlin,
Germany.

Wilson, R.M., Cherrier, J., Sarkodee-Adoo, J., Bosman, S., Mickle, A., Chanton, J.P.,
2016. Tracing the intrusion of fossil carbon into coastal Louisiana macrofauna using
natural 14C and 13C abundances. Deep Sea Res. 129, 89-95. http://dx.doi.
org/10.1016/j.dsr2.2015.05.014.

Wu, Gang, Wu, Xiao-Qing, Wang, Ya-Nan, Chi, Chang-Qiao,Tang, Yue-Qin & Kida,
Kenji, Wu, Xiao-Lei & Luan, Zhao-Kun. (2009). Halomonas daqingensis sp nov., a
moderately halophilic bacterium isolated from an oilfield soil. International journal of
systematic and evolutionary microbiology. 58. 2859-65. 10.1099/ijs.0.65746-0.

Yakimov, M. M., Timmis, K. N. & Golyshin, P. (2007). N. Obligate oil-degrading
marine bacteria. Curr Opin Biotechnol. 18, 257-266.

Yayanos, A. A., and Pollard, E. C. (1969). A study of the effects of hydrostatic pressure
on macromolecular synthesis in Escherichia coli. Biophys. J., 9, 1464—1482.

Yin, B, Crowley, D, Sparovek, G, De, Melo WJ, Borneman, J. (2000). Bacterial
functional redundancy along a soil reclamation gradient. Appl Environ Microbiol 66:
4361-4365.

45



APPENDIX

Appendix Table 1. List of alkB-targeting primers used in this study.

Primer code(a) alkB-targeting primers Primer sequences Approxinate position of alkB fragments
a Rh alkB1-F2 5' ATCTGG GCG CGT TGG GAT TTG AGCG 3' 331 to 950 nt (b)
Rh alkB1-R1 5' CGC ATG GTG ATC GCT GTG CCG CTG C3'
b AIkBF 5' CCT GCT CCC GAT CCT CGA 3' 170 to 911 nt
AIkBR 5' TCG TAC CGC CCG CTG TCC AG 3'

(a) Primer code used throughout the results section and figures
(b) nt = nucleotide

Appendix Table 2. PCR parameters needed to amplify the alkB genes based on fragment size and
melting temperatures (Tm) of the primers.

RhalkB

Segment # of cycles Temperature (°C) Duration
Initial denaturation 1 95 4min
Denaturation 95 45sec
Primer annealing 30 65 Imin
Extending 72 1min
Final extending 1 72 5min
AlkB

Segment # of cycles Temperature (°C) Duration
Initial denaturation 1 94 5min
Denaturation 94 45sec
Primer annealing 30 65 45sec
Extending 72 45sec
Final extending 1 72 7min
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Primer Rh Primer alkB

1Kb

0.5Kb

Appendix Figure 1. Gel results of al/kB gene PCR using primer RhalkB and AlkB. No alkB gene
band was detected for the three strains.

This thesis, in full, is co-authored with Mullen, Kelli. and Douglas, D.H. The thesis author is the

second author of the paper.

47





