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ABSTRACT 
 

Genomic Insights into the Marine Microbial Response to Oil Spills: Biogeographic Priming, 

Cryptic Hydrocarbon Cycling, and Substrate Specialization 

by 

Eleanor C. Arrington 
 

Our seas, oceans, and coastal zones are under great stress and pollution, 

particularly by crude oil, which fuels the global economy. Subsurface petroleum reservoirs 

originate from geo-thermo-chemical reactions on biological debris over millions of years, 

resulting in a complex heterogeneous mixture of hydrocarbons, with major components 

consisting of alkanes with different chain lengths and branch points, cycloalkanes, 

branched cycloalkanes, mono-aromatic, and polycyclic aromatic hydrocarbons. Populations 

of hydrocarbon-degrading bacteria, including many species that cannot utilize other carbon 

sources, are present in all marine systems and play an important role in turnover and fate of 

these compounds. In this dissertation, the microbial response to petroleum components is 

probed in multiple environments to understand the role different chemical fractions play in 

eliciting different niches of oil consumers, and to identify factors controlling basal seed 

populations of hydrocarbon degraders poised to bloom to petroleum disasters. 

Through study in the subtropical North Atlantic Ocean, a cryptic long-chain alkane 

cycle has been confirmed, originating from cyanobacteria, dwarfing the quantity of other 

petroleum inputs to the ocean. In Chapter 1, I demonstrate waters in the mesopelagic 

underlying the photic zone hosted n-alkane degrading bacteria that bloomed rapidly when 

fed pentadecane, exhibiting exponential oxygen loss due to respiration within a week. 

Parallel experiments performed with sinking particles collected in situ from beneath the 

deep chlorophyll maximum—representing an export flux of particulate-phase pentadecane 

and its microbial consumers from the euphotic zone—exhibited similarly rapid bloom timing 
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with pentadecane, but with greater oxygen decline. Notably, bloom onset timing for other 

petroleum compounds with no biogenic origin in the mesopelagic is an order of magnitude 

slower compared to biogenic alkanes. Metagenomic analyses of pentadecane blooms 

exposes the metabolic pathways used for pentadecane consumption. Analysis of gene 

abundance in unaltered seawater from oligotrophic settings reveals long-chain alkane 

genes are prolific in this setting and highlights the much lower prevalence of genes related 

to aromatic and short-chain alkane consumption. This work emphasizes the impact of 

phytoplankton-derived alkanes on the widespread abundance of long-chain alkane 

degraders in the ocean. 

The lack of biological hydrocarbon accumulation in the ocean points to their efficient 

consumption by networks of microorganisms. From analysis of sinking particles out of the 

photic zone, we know biogenic alkane consumption largely occurs in the sunlit ocean. To 

gain an understanding of which microbes consume biogenic alkanes we analyze the Tara 

Oceans global dataset for the presence of the alkane-1-monooxygenase gene (alkB). 

Stations within the North Atlantic subtropical gyre reveal alkB-related genes are abundant in 

the surface ocean and deep chlorophyll maximum and these genes are phylogenetically 

distinct from the ancestrally related delta-9 fatty acid desaturase and xylene 

monooxygenase. Notably, a dominant clade of alkB-like monooxygenases belongs to the 

globally abundant Marine Group II (MGII) archaea and is consistently present in all surface 

and DCM stations. This highly successful group of surface-ocean-dwelling archaea is 

known for a chemoorganoheterotrophic lifestyle targeting lipids, proteins and amino acids 

and can utilize photoheterotrophy, but a key role in biohydrocarbon cycling was unexpected 

as MGII archaea are not among the ~300 genera of bacteria and archaea previously 

identified as hydrocarbon degraders. Our further analysis of MGII genomes show alkane-1-

monooxygenase genes are present in every genus of the MGII taxonomic order, and that 
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other genes required to shunt alkane-derived carboxylic acids into central carbon 

metabolism are common among MGII.  

In the Gulf of Mexico (GOM), the biodegradation of n-pentane in the deep ocean 

was investigated along a gradient of natural seepage influences, illuminating the regional 

influence natural seeps have on priming petroleum hydrocarbon consumption. This 

seawater-soluble, volatile, compound is known to partition to the ocean’s interior following 

release from the seafloor and is abundant in petroleum reservoirs and refined products. The 

predominant member of the microbial community in n-pentane blooms is Cycloclasticus, 

and interestingly one Cycloclasticus ecotype favors the seep-ridden region of the GOM, 

whereas the other favors the open ocean environment far from natural seepage. 

Metagenomic analysis of the contrasting Cycloclasticus variants indicate the open ocean 

adapted variant encodes more general pathways for alkane consumption including short-

chain alkanes, aromatics, and long-chain alkanes and possess pathways for dissimilatory 

nitrate reduction and thiosulfate oxidation, whereas the near-seep variant specializes solely 

on short-chain alkanes and aerobic metabolism. Metagenomic reconstruction and 

phylogenetic analysis of Cycloclasticus from publicly available sequence data reveals 

distinct strategies in hydrocarbon generalization and specialization for each major clade 

within the Cycloclasticus genera. 

Cycloalkanes are a major component of petroleum and many refined petroleum 

products. Methylated cycloalkane incubations using methylcyclohexane and 

methylcyclopentane were conducted in stations spanning a transect across the Gulf of 

Mexico. In three out of four stations, a single strain belonging to a novel genus within the 

Poricccaceae family and class Gammaproteobacteria bloomed to consume the methyl-

cycloalkane provided within 18-21 days. Metagenomic reconstruction and analysis of the 

central carbon metabolism reveal a distinct strategy to oxidize cycloalkanes. A larger 

phylogenomic analysis reveals this methyl-cycloalkane consumer belongs to a 
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monophyletic clade of genomes belonging to the same genera which originate from other 

environments with petroleum influence at subseafloor aquifers, hydrothermal vents, and 

petroleum mesocosms from a variety of marine sources. A defining feature of this clade is 

the presence of a divergent particulate hydrocarbon monooxygenase, which in the 

phylogenetic tree of the CuMMO enzyme superfamily (of ammonia and hydrocarbon 

monooxygenases) forms a distinct novel monophyletic clade from all other ammonia, 

methane, ethane, and ethylene monooxygenases.   
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Introduction 
 Petroleum-based products are the major source of energy for modern industry and 

daily life. Leaks and accidental spills occur regularly during the exploration, production, 

refining, transport, storage, and use of petroleum and petroleum products. Hydrocarbons 

naturally enter the ocean through petroleum seepage from geologic strata and enzymatic 

reactions in the biosphere. Together, natural and anthropogenic inputs add more than 

1,300,000 metric tons of petroleum to the marine environment annually (National Resource 

Council, 2003). Release of petroleum hydrocarbons into the environment is a major cause 

of water and soil pollution. Contamination with petroleum causes extensive damage to local 

ecosystems as accumulation of pollutants within animal and plant tissue causes mutations 

and death.  

Petroleum originates from geo-thermo-chemical reactions on biological debris over 

millions of years. As such, it is an extremely diverse mixture of organic compounds 

consisting of several thousand individual structures, each with unique physical-chemical 

properties, reactivity, and environmental fates. One of the primary mechanisms by which 

petroleum and other hydrocarbon pollutants are eliminated from the environment is 

microbial attack and degradation. General biodegradation rates have been shown to be 

highest for the saturates, followed by light aromatics, with high-molecular-weight aromatics 

and polar compounds exhibiting extremely low rates of degradation (Leahy and Colwell, 

1990).  

The work in this dissertation began four years after the Deepwater Horizon blowout 

caused the release of several million barrels of oil and gas to the deep Gulf of Mexico, 

prompting the collection and analysis of the most comprehensive dataset in existence for 

hydrocarbons in the marine setting (Diercks et al., 2010; Hazen et al., 2010a; Valentine et 

al., 2010, 2012, 2014; Kessler et al., 2011; Mason et al., 2012; Reddy et al., 2012; Rivers et 

al., 2013; Dombrowski et al., 2016). The context of the hydrocarbon release at the Macondo 
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wellhead (1,544 m below the sea surface) posed a challenge to scientists and responders 

alike and highlighted a major knowledge gap regarding the fate of petroleum compounds in 

both the oligotrophic surface waters and the deep ocean, which together comprise the 

majority of marine ecosystems. This bias became clear in the microbiology realm when the 

bacterial response was dominated mainly by unknown or unexpected genera, or genera 

performing unexpected functions (Hazen et al., 2010b; Valentine et al., 2010; Eren et al., 

2015; Hu et al., 2017). The deep hydrocarbon intrusion prevented the typical loss of volatile 

compounds to the atmosphere, which also highlighted another major knowledge gap 

regarding this class of compounds in the ocean (Valentine et al., 2010; Redmond and 

Valentine, 2012a). Together, these unknowns regarding the fate of volatile compounds in 

the oligotrophic and deep ocean prompted the questions that led to Chapter 3 and 4.  

In the first year of this dissertation work a finding by (Lea-Smith et al., 2015) 

implicating cyanobacteria as the source of a major hydrocarbon cycle in the ocean changed 

the course of this dissertation. As our lab began working on observing and constraining this 

cycle in nature it became clear that microbial consumption was a key factor in this cycle 

which warranted study and resulted in Chapter 1 and 2. Each of the four chapters are 

unified in elucidating the processes (whether it is natural seepage or biogenic alkane 

production) that maintain populations of hydrocarbon degraders in uncontaminated 

seawater and how those populations respond to colonize petroleum inputs in various 

settings.   

The complex lifestyle of hydrocarbon-consuming marine microbes governs their 

distribution in marine ecosystems, which in turn controls the rate and degree consumption 

of petroleum occurs. Until recently, our studies on petroleum microbiology have been 

focused on a select number of obligate petroleum-consuming cultivated isolates. These 

isolates have provided our foundational knowledge of the enzymes used to convert various 

petroleum compounds to the central carbon currency used to generate energy in cells. 
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Using these metabolic blueprints, we can now utilize current sequencing technology to scan 

for similar genomic pathways in environmental DNA and infer function from phylogenetic 

analysis. This type of analysis is utilized in every chapter of this dissertation and leads to 

many findings regarding uncultivated microbes performing key functions in the marine 

response to oil spills and the potential utility of facultative petroleum degraders making a 

living off other natural organic compounds in the ocean.  
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Chapter 1 

1. Biogenic Pentadecane Consumption in the North Atlantic Mesopelagic  

In Chapter 1, I explore the fate of hydrocarbons produced biologically by 

cyanobacteria and other photosynthetic organisms in oligotrophic regions. This work 

derives from a recent hypothesis presented by (Lea-Smith et al., 2015) of a widespread 

cyanobacterial hydrocarbon cycle and the work conducted in the dissertation of my lab 

mate, Connor Love, demonstrating the existence of this cycle in nature and its 

magnitude in the ocean. The work presented in this chapter has been published in 

(Love and Arrington et al., 2021).  

 
1.1 Introduction 

Petroleum hydrocarbons, totaling ~1.3 Tg per year, enter the ocean via natural 

means—such as seepage from geologic strata (Kvenvolden and Cooper, 2003)—as well as 

from anthropogenic sources, such as industrial oil spills associated with extraction, 

transportation, and consumption of petroleum (National Resource Council, 2003). Oceanic 

microorganisms also contribute to natural hydrocarbon sources in the form of methane in 

both anoxic (Saunois et al., 2020) and oxic (Repeta et al., 2016) settings, as well as 

microalgal production of isoprene (McGenity et al., 2018) and ethylene (Seifert et al., 1999). 

Among these sources, petroleum inputs to the ocean have received significant attention 

because of petroleum’s inherent toxicity to marine life, the negative impacts high 

concentration of pollutants have in ecologically sensitive areas, and because discharge 

sometimes occurs through catastrophic and preventable events such as tanker spills (e.g., 

Exxon Valdez), pipeline breaches (e.g., Kalamazoo River), and blowouts (e.g., Deepwater 

Horizon). 

1.2 Background  

1.2.1 Cyanobacterial Hydrocarbons 
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(Lea-Smith et al., 2015) estimated the global scale production of pentadecane 

(C15H32; nC15), heptadecane (C17H36; nC17), and heptadecene (C17H34; DC17) from the two 

most abundant marine cyanobacteria Prochlorococcus and Synechococcus. This work 

involved scaling cultivation-observed alkane production to the global production of these 

genera, concluding a hypothetical global source of ~308-771 million tons of hydrocarbons 

per year. Authors further noted all Prochlorococcus and Synechococcus strains have the 

predicted capacity for alkane production via the acyl-ACP reductase (FAR) and aldehyde 

deformylating oxygenase (FAD), enzymes which catalyze the decarboxylation of the acyl 

chains typically used for membrane lipid tails (Schirmer et al., 2010; Lea-Smith et al., 2015). 

 nC15-nC19 hydrocarbons play a key physiological role for cyanobacteria, whereby 

they accumulate in thylakoid and cytoplasmic membranes promoting membrane flexibility 

and curvature (Lea-Smith et al., 2016). Hydrocarbons may be particularly useful to alter 

membrane structure for phytoplankton under nutrient limitation because unlike polar lipids, 

hydrocarbons lack headgroups with phosphate, nitrogen, and sulfur. Indirect evidence for 

this global alkane and alkene cycle is also present in past literature where long-chain 

alkanes/alkenes were first noted in blue green algae by (Han and Calvin, 1969), as well as 

in active cyanobacterial mats and sediments/fossils associated with cyanobacterial inputs 

(Grimalt et al., 1992; Arp et al., 1999). Alkanes and alkenes have also been detected in the 

form of spot measurements in water-column samples from cyanobacterial blooms, albeit 

with little dynamical context (Winters et al., 1969; Gschwend et al., 1980; Carpenter et al., 

1997; Wang et al., 2011; White et al., 2019). Collectively, studies have provided pieces to a 

past and current complex biogeochemical cycle of cyanobacterial derived alkanes and 

alkenes. However, the biogeochemical cycle of oceanic hydrocarbons has not been directly 

observed in nature or closed, and the ecological ramifications of this input are scarcely 

considered beyond an untested hypothesis that biohydrocarbons prime the oceans for 

consumption of petroleum. 
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1.2.2 Pentadecane Production in the North Atlantic  

In our study (Love and Arrington et al., 2021) we directly observe and constrain the 

biogenic alkane/alkene cycle in nature. The dissertation of Connor Love covers his work on 

constraining the pentadecane stock, production rates, and global budget, and is briefly 

summarized here as background information. Our collective efforts focus on the North 

Atlantic subtropical oligotrophic gyre for which productivity is dominated by hydrocarbon-

producing cyanobacteria Prochlorococcus and Synechococcus, genera estimated to 

account for ~25% of the global ocean’s net primary production (Chisholm et al., 1988; Field 

et al., 1998; Flombaum et al., 2013). Subtropical oligotrophic gyres comprise ~40% of the 

planet’s surface (Polovina et al., 2008; Karl and Church, 2014), tend to host predominantly 

Figure 1. This work was completed by Connor Love and will be included in his dissertation. 
Study area (at left) shows station coordinates mapped onto 4-km resolution MODIS-Aqua 
satellite chlorophyll (Chl) concentration for 2017. Station 3 was located in the Gulf Stream and 
station 9 targeted a Synechococcus bloom; all other stations captured more 
‘typical’ Prochlorococcus-dominated oligotrophic water. Pentadecane depth distributions for 
each station are displayed with fluorescence (top row) and cyanobacterial abundance (bottom 
row). Depth distributions are organized by descending latitude with pentadecane distribution 
and station number duplicated for ease of comparison. Open black circles show biologically 
independent pentadecane measurements; each data point represents the contents of one 
distinct sample bottle. Replicates are sequentially moved 1 m below the other for visualization 
(water was taken from same depth, depth of top replicate); solid black circles indicate mean 
of n = 2 at stations 9, 4, 8 and 6 and represent mean of n = 3 for stations 3, 5 and 7. 
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cyanobacterial productivity (Polovina et al., 2008) and are far from the continents and 

associated petroleum sources that could mask the signal of cyanobacterial hydrocarbons. 

We report that for over 441 particulate samples (≥ 0.2µm), spanning seven locations 

in the western North Atlantic, cyanobacteria mainly produce n-pentadecane (Figure 1). 

Concentrations of n-pentadecane in oligotrophic gyres range from 2-65 ng L-1. We also 

observed pentadecane concentrations within the Gulf Stream at a maximum value of ~80 

ng L-1 and within a Synechococcus bloom at a maximum of ~130 ng L-1. We observe that 

pentadecane in oligotrophic waters presents as a distinct subsurface concentration 

maximum that coincides with both fluorescence and cyanobacteria cell counts, aligning with 

the deep chlorophyll maximum (DCM). Compared to the DCM, concentrations of 

pentadecane above the DCM are lower (10-15 ng L-1), however they become undetectable 

at the base of the euphotic zone (150-200 m). Using 13C-enriched bicarbonate as an 

isotopic tracer we observed production of pentadecane in shipboard incubations conducted 

at ambient temperature and light levels (Love and Arrington et al., 2021). Using this 

method, we observed the greatest pentadecane production near the DCM (~30 ng nC15 L-1 

d-1) where approximately 1% of photosynthetically active radiation penetrates. Diel 

variability in pentadecane concentration is also greatest at the DCM and 1% PAR, further 

consistent with the concept that pentadecane production and consumption is concentrated 

to the lower euphotic zone.  

Importantly, cyanobacteria lack alkane degradation pathways to consume 

hydrocarbons once they are formed, indicating a widespread external degradation process 

(Lea-Smith et al., 2015). Pentadecane and other long chain n-alkanes can also be major 

components of spilled oil (Head et al., 2003, 2006; Reddy et al., 2012), and thus a priming 

effect has been proposed by which populations of petroleum degraders are sustained in a 

latent hydrocarbon cycle enabling a rapid response to oil spills (Lea-Smith et al., 2015). 

However, petroleum contains thousands of compounds in addition to n-alkanes (Frysinger 



 

 8 

et al., 2003; Wardlaw et al., 2008; McKenna et al., 2014), leading us to question the extent 

to which steady state biohydrocarbon consumption primes the ocean with a microbial 

community capable of rapidly consuming this myriad of other compounds. This chapter 

includes my work to constrain the consumption component of the biogenic pentadecane 

cycle in the North Atlantic Ocean and to understand how the cycle may impact the microbial 

response to oil spills. Biodegradation was thus investigated to differentiate factors driving 

consumption of biological versus petroleum hydrocarbons. 

1.3 Methods  

 1.3.1 Respiration Experiment  

Pentadecane respiration incubations were conducted at station 3 (36° 50.93ʹ N, 71° 

23.94ʹ W) and station 6 (29° 4.79ʹ N, 69° 44.38ʹ W) with water collected from 500 m. 

Pentane respiration incubations were conducted at stations 2 (40° 9.14ʹ N, 68° 19.889ʹ W), 

4 (33° 58.21ʹ N, 69° 43.38ʹ W), 10 (27° 30.41ʹ N, 87° 12.41ʹ W), 11 (27° 15.00ʹ N, 89° 05.05ʹ 

W), 12 (27° 11.60ʹ N, 90° 41.75ʹ W) and 13 (27° 38.40ʹ N, 90° 54.98ʹ W) with water 

collected from 1,000 m. Water samples from the CTD Niskin bottles were transferred to 

250-ml glass serum vials using a small length of Tygon tubing. Vials were filled with at least 

three volumes of water to overflow. Care was taken to ensure no bubbles were present 

before sealing with a Teflon-coated rubber stopper and crimp cap. Abiotic controls were 

amended with 14 g of zinc chloride before sealing. All bottles except for unamended blank 

controls immediately received 10 μl of pentadecane or pentane using a gas-tight syringe 

and were maintained in the dark at in situ temperature (15°C for pentadecane, 4°C for 

pentane). Sediment traps at stations 3 and 6 were deployed for 24 h at 150 m. For each 

particle addition, 10 ml of particle-laden seawater was vortexed lightly for 1 min, then 2 ml of 

the vortexed seawater was added to the bottom of each serum bottle with a pipet via 

displacement. Each serum bottle was fixed with a contactless optical oxygen sensor 

(OXSP5, Pyroscience) on the inner side with silicone glue and oxygen content was 
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monitored approximately every 12 h with a fibre optic oxygen meter (FireStingO2, 

Pyroscience). Observed changes in oxygen content were normalized to abiotic and 

unamended seawater controls to correct for variability due to temperature and background 

respiration not caused by alkane addition. In the case of the pentadecane particle 

incubations, oxygen losses from particles and seawater were subtracted from particle plus 

pentadecane treatments to isolate pentadecane respiration. Bloom onset is operationally 

defined as three consecutive time points with oxygen loss >0.21 µM h−1. At the end of each 

respiration experiment incubations were sacrificially harvested and filtered on a 0.22-μm 

polyethersulfone filter.  

 1.3.2 DNA Extraction  

DNA extraction was performed from ¼ of each filter. The PowerSoil DNA Extraction 

(Qiagen) was used according to manufacturer recommendations with the following 

modifications: 200 μl of bead beating solution was removed in the initial step and replaced 

with phenol chloroform isoamyl alcohol, the C4 bead binding solution was supplemented 

with 600 μl of 100% ethanol and we added an additional column-washing step with 650 μl of 

100% ethanol. Extracts were purified and concentrated with ethanol precipitation. 

 1.3.3 16S rRNA Gene Amplification and Analysis 

We amplified and barcoded the V4 region of the 16S rRNA gene using the method 

described (Kozich et al., 2013) previously with small modifications to the 16Sf and 16Sr 

primers (Caporaso et al., 2012). Amplicon PCR reactions contained 1 μl of template DNA, 

2 μl of forward primer, 2 μl of reverse primer and 17 μl of AccuPrime Pfx SuperMix. 

Thermocycling conditions consisted of 95°C for 2 min; 30 cycles of 95 °C for 20 s, 55 °C for 

15 s and 72 °C for 5 min; and a final elongation at 72 °C for 10 min. Sample DNA 

concentrations were normalized using the SequelPrep Normalization Kit, cleaned using the 

DNA Clean and Concentrator kit, visualized on an Agilent Tapestation and quantified using 

a Qubit fluorometer. Samples were sequenced and demultiplexed at the University of 
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California Davis Genome Center on the Illumina MiSeq platform with 250-nucleotide paired-

end reads. A PCR-grade water sample was included in extraction, amplification, and 

sequencing as a negative control to assess for DNA contamination. 

Trimmed fastq files were quality-filtered using the fastqPairedFilter command within 

the dada2 R package, v.1.9.3 (Callahan et al., 2016), with the following parameters: 

truncLen = c(190,190), maxN = 0, maxEE = c(2,2), truncQ = 2, rm.phix = TRUE, 

compress = TRUE, multithread = TRUE. Quality-filtered reads were dereplicated using 

derepFastq command. Paired dereplicated fastq files were joined using the mergePairs 

function with the default parameters. A single-nucleotide variant table was constructed with 

the makeSequenceTable command and potential chimeras were removed de novo using 

removeBimeraDenovo. Taxonomic assignment of the sequences was done with the 

assignTaxonomy command using the Silva taxonomic training dataset formatted for DADA2 

v.132. If sequences were not assigned, they were left as not applicable (NA). 

1.3.4 Metagenome Assembly, Binning, and Relative Abundance 

Metagenomic library preparation and shotgun sequencing were conducted at the 

University of California Davis DNA Technologies Core. DNA was sequenced on the Illumina 

HiSeq4000 platform, producing 150-base pair (bp) paired-end reads with a targeted insert 

size of 400 bp. Quality control and adaptor removal were performed with Trimmomatic 

(Bolger et al., 2014) (v.0.36; parameters: leading 10, trailing 10, sliding window of 4, quality 

score of 25, minimum length 151 bp) and Sickle (Joshi and Fass, 2011) (v.1.33 with paired-

end and Sanger parameters). Concatenation of high-quality reads for replicate samples (for 

coassembly) was conducted before assembly (see Table 1 for more details on 

coassembly). The trimmed high-quality reads were assembled using metaSPAdes (Nurk et 

al., 2017) (v.3.8.1; parameters k = 21, 33, 55, 77, 88, 127). The quality of assemblies was 

determined using QUAST (Gurevich et al., 2013) (v.5.0.2 with default parameters). 

Sequencing coverage (and differential coverage for coassemblies) was determined for each 
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assembled scaffold by mapping high-quality reads to the assembly using Bowtie2 

(Langmead and Salzberg, 2012) (v.2.3.4.1; default parameters) with Samtools (Li et al., 

2009) (v.1.7). Contigs greater than 2,500 bp were manually binned using Anvi’o with 

Centrifuge (Eren et al., 2015; Kim et al., 2016) (v.1.0.1) based on coverage uniformity (v.5). 

Quality metrics for metagenome-assembled genomes (MAGs) were determined using 

CheckM (Parks et al., 2015) (v.1.0.7; default parameters). The taxonomic identity of each 

MAG was determined using GTDB-Tk (Chaumeil et al., 2020) (v.1.0.2) against The 

Genome Taxonomy Database 

(https://data.ace.uq.edu.au/public/gtdb/data/releases/release89/89.0/, v.r89). The length-

normalized relative abundance of MAGs was determined for each sample as by (Tully et 

al., 2017). 

 1.3.5 Metagenomic Annotation of Hydrocarbon Degradation Genes 

 Open reading frames were predicted for MAGs using Prodigal (Hyatt et al., 2010) 

(v.2.6.3; default parameters). Functional annotation was determined using HMMER3 (Eddy, 

2011)(v.3.1b2) against the Pfam database (v.31.0) with an expected value (e-value) cutoff 

of 1 × 10−7 and KofamScan (v.1.1.0) (Aramaki et al., 2020) against the Hidden Markov 

model (HMM) profiles for Kyoto Encyclopedia of Genes and Genomes and Kegg Orthology 

(KEGG/KO) with a score cutoff of 1 × 10−7. To find the number of hits for almA we used 

Pfam (PF00743), for rhdA we used Pfam (PF00848) and for pHMO we summed Pfam hits 

(subunit a: PF02461; subunit b: PF04744; subunit c: PF04896). 

For alkane-1-monooxygenase (alkB) detection we used both HMMER3 against the 

Pfam database (PF00487) and KofamScan against the KEGG/KO HMM profiles (K00496). 

Each hit was manually curated using Geneious Prime v.2019.2.3 

(https://www.geneious.com) to search for the eight-histidine residues considered 

catalytically essential for function (Shanklin et al., 1994a). The base seed alignments for 

both PF00487 and K00496 include the ancestrally related proteins, fatty acid desaturase 
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and xylene monooxygenase; therefore, we found it necessary to phylogenetically analyze 

each hit to determine relation to alkB. Through this method we learned that the HMMER3 

method with Pfam ID PF00487 identifies more hits within each MAG for alkB than 

KofamScan with K00496; however, those additional hits were generally more closely 

related to fatty acid desaturases than alkB. We excluded any hits that formed a well-

supported monophyletic clade with xylene monooxygenase or fatty acid desaturase from 

our final number of copies of alkB. In total, we used KofamScan with K00496 to search 

for alkB, manually curated the results to ensure presence of eight-histidine residues 

essential for function and phylogenetically analyzed each hit for relation to alkB compared 

with fatty acid desaturase and xylene monooxygenase. 

1.3.6 Phylogenetic analyses 

Each putative alkB hit was aligned using MUSCLE (Edgar, 2004) (v.3.8.425). All 

columns with >95% gaps were removed using TrimAL (Capella-Gutiérrez et al., 2009) 

(v.1.2). Phylogenetic analysis of concatenated alkB was inferred by RAxML (Stamatakis, 

2014) (v.8.2.9; parameters: raxmlHPC -T 4 -s input -N autoMRE -n result -f a -p 12345 -x 

12345 -m PROTCATLG). Resulting trees were visualized using FigTree (FigTree) (v.1.4.3). 

1.3.7 Hydrocarbon Gene Abundance in the Tara Oceans Dataset 

To quantify the abundance of genes involved with hydrocarbon degradation we 

queried the Ocean Microbial Reference Gene Catalogue (OM-RGC) dataset 

(see http://ocean-microbiome.embl.de/companion.html) from the Tara Oceans expedition 

(Sunagawa et al., 2015) for KEGG identifiers of interest. These included genes for the 

activation of alkanes such as alkane-1-monooxygenase (K00496), flavin-binding 

monooxygenase (K10215) and particulate hydrocarbon monooxygenase 

(K10944, K10945, K10946), as well as aromatic hydrocarbons such as toluene 

dioxygenase (K03268), naphthalene 1,2-dioxygenase (K14579, K14580, K14578, K14581), 

toluene methyl-monooxygenase (K15757 and K15758), p-cymene methyl-monooxygenase 
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(K10616), benzene/toluene/chlorobenzene dioxygenase (K18089) and biphenyl 2,3-

dioxygenase (K08689, K15750). We extracted the abundance of each gene from the Tara 

Oceans OM-RGC profiles dataset which was calculated from read counts mapped to each 

reference gene normalized by the gene length (Sunagawa et al., 2015). The total 

abundance of OM-RGC sequences matching the reference gene identifier was normalized 

to the total abundance of the single-copy gene recA (KEGG identifier: K03553), as 

performed in previous studies, to calculate abundance on a per-genome level (Martinez et 

al., 2010; Sosa et al., 2019). The resulting data are included in Supplementary Data 1. 

1.4. Results and Discussion 

 1.4.1 Biohydrocarbon consumption decoupled from petroleum 

Our findings indicate a biological pentadecane cycle at steady state based on rapid 

production, consistent concentrations, and the tight coupling to cyanobacterial physiology – 

spanning ³40% of the Earth. Ocean-going experimentation revealed that waters in the 

mesopelagic underlying the North Atlantic subtropical gyre photic zone hosted n-alkane 

degrading bacteria that bloomed rapidly when fed pentadecane, exhibiting exponential 

oxygen decline within ~1 week (Fig. 2d-e). Parallel experiments performed with sinking 

particles collected in-situ from beneath the DCM – representing an export flux of particulate 

phase pentadecane and its bacterial consumers from the euphotic zone – exhibited 

similarly rapid bloom timing with pentadecane, but with greater oxygen decline. Despite 

similar timing of respiratory blooms on pentadecane with and without particles, each station 

and treatment displayed a distinctive bacterial response by a limited number of taxa (Fig. 
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Figure 2. Microbial respiratory blooms on pentane and pentadecane quantified via contactless optical 

oxygen sensors, followed by metagenomic analysis. a, Oceanographic sampling stations relative to natural 

petroleum seepage with increasing distance from intense seepage as follows: 13, 12, 11, 10, 6, 4, 3 and 

2. b, Occurrence of respiratory blooms on pentane (petroleum proxy compound) at 1,000 m with increasing 

distance from seepage (n = 6 at stations 10–13, n = 8 at stations 2 and 4). c, Timing of respiratory blooms 

on pentane with experiment duration 30 d at stations 10–13 and 115 d for stations 2 and 4. Numbers listed in 

white are median bloom times over the entire duration of the experiment, which varied from 30 d to 115 d, 

assuming all bottles bloom given enough time. d, Pentadecane respiration at station 3 (500 m) ± particles 

(solid line indicates mean; shading indicates ± standard deviation; n = 6 at station 3). e, Pentadecane 

respiration at station 6 (500 m) ± particles (solid line indicates mean; shading indicates ± standard 

deviation; n = 4 at station 6). f, Relative abundance of metagenomes (MAGs) at final time point of 

pentadecane incubations (~28 d) from station 3. g, Relative abundance of metagenomes at final time point 

of pentadecane incubations (~28 d) from station 6. h, Genome quality and metabolic potential for MAGs. 

Abbreviations include completion (Com); redundancy (Red); alkB (alkane-1-monooxygenase); almA (flavin-

binding monooxygenase); rhdA (ring-hydroxylating dioxygenase subunit a); and pHMO (particulate 

hydrocarbon monooxygenase subunits A, B and C). *MAG 12 is unclassified at the family and genus level, 

and therefore we have listed the class and order. For panels b–e, ‘n’ describes the number of biologically 

independent incubations. 
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2f-h, Fig. 3a). Blooms on pentadecane were dominated by Alcanivorax at station 6 and 

Methylophaga at station 3, whereas the addition of particles favored Thalassolituus and an 

uncharacterized genus belonging to the family Marinomonadaceae, at these respective 

stations (Fig. 2f-h, Fig. 3). Using metagenomics, we compiled genomes for the dominant 

organisms that bloomed on pentadecane, finding the alkB and almA genes (Fig. 2h; Table 

1) – genes known to encode proteins that act on medium (C5 to C11) and long chain n-

alkanes (C12-C30) – to be common among these taxa, with up to 10 copies (almA + alkB) 

per genome (Smits et al., 2002; van Beilen et al., 2003; Wang and Shao, 2012). It was 

necessary to use a phylogenetic analysis to differentiate alkB genes from ancestrally 

Figure 3. a-b, Microbial community composition within pentadecane incubations informed via 
the V4 region of the 16 S rRNA gene for initial samples and those harvested at 27 days (station 
3) and 29 days (station 6). Labels on x axis are sample IDs of biologically independent DNA 
samples with the following abbreviations (T0: time point 0, T0part: initial sediment trap particle 
community, T0SW (a and b): initial seawater community, T0sw + part (a, b, and c): initial 
seawater community immediately after particles added, #: pentadecane enrichment). 
Nucleotide variants are grouped by genus and are listed under associated family and genus; if 
genus is unclassified than it is listed as NA. All taxa less than 5% are aggregated and shaded 
gray. c, Shannon diversity index for each biologically independent DNA sample. Shannon 
indices for pentadecane (n = 2 at station 3, n = 3 at station 6) and pentadecane + particles 
(n = 4 at station 3, n = 3 at station 6). 
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related xylene monooxygenase and fatty acid desaturase genes (Fig. 4). Each genome also 

encodes beta oxidation functionality, essential for shunting alkane-derived carboxylic acids 

into central carbon metabolism.  

The genomes containing the greatest number of almA + alkB copies belong to the 

genera Alcanivorax and Thalassolituus, neither of which contain key genes for catabolism 

of aromatic (rhdA - ring hydroxylating dioxygenases) or short chain (pHMO - particulate 

hydrocarbon monooxygenase subunit A, B, C) alkanes, and both of which bloomed at the 

North Atlantic subtropical gyre stations. We interpret these genomes to indicate a 

specialization in long-chain n-alkanes (i.e., biohydrocarbons) with an undefined upper limit 

on the carbon chain length. Testing for potential crossover catabolism to aromatic 

hydrocarbons using the approach of (González-Gaya et al., 2019), we also analyzed the 

MAG name
Assembly 
Method

(sample ID)

Comp.
(%)

Red.
(%) # Contigs N50

(bp)
GC 

Content
Length
(bp) Taxonomy

1_P54_P55_methylophagaceae Coassembly
(54 + 55) 82.1 0.9 211 25666 45.2 2556684 d Bacteria;p Proteobacteria;c Gammaproteobacteria;o Nitrosococcales;f

Methylophagaceae;g Methylophaga;s Methylophaga sp002696735

2_P54_P55_saccharospirillaceae Coassembly
(54 + 55) 98.5 1.6 45 126959 46.7 3730513 d Bacteria;p Proteobacteria;c Gammaproteobacteria;o Pseudomonadales;f

Saccharospirillaceae;g Thalassolituus;s Thalassolituus oleivorans

3_P61_P62_methylophagaceae Coassembly
(61 + 62) 95.4 1.2 94 44824 45.8 2556822 d Bacteria;p Proteobacteria;c Gammaproteobacteria;o Nitrosococcales;f

Methylophagaceae;g Methylophaga;s Methylophaga thiooxydans

4_P61_P62_pseudohongiellaceae Coassembly
(61 + 62) 95.4 1.3 74 79032 53.3 2910293 d Bacteria;p Proteobacteria;c Gammaproteobacteria;o Pseudomonadales;f

Pseudohongiellaceae;g OM182;s OM182 sp001438145

5_P61_P62_marinomonadaceae Coassembly
(61 + 62)

100 1.5 17 479598 42.5 4846406 d Bacteria;p Proteobacteria;c Gammaproteobacteria;o Pseudomonadales;f
Marinomonadaceae;g ;s unknown

6_P61_P62_rhodobacteraceae
Coassembly

(61 + 62) 99.7 0.7 40 243772 59.1 4474503 d Bacteria;p Proteobacteria;c Alphaproteobacteria;o Rhodobacterales;f
Rhodobacteraceae;g Pseudophaeobacter;s unknown

7_P61_P62_flavobacteriaceae Coassembly
(61 + 62) 99.7 0.0 23 267233 33.0 2816890 d Bacteria;p Bacteroidota;c Bacteroidia;o Flavobacteriales;f Flavobacteriaceae;g

Winogradskyella;s Winogradskyella sp002163855

8_P98_alcanivoracaceae Single assembly
(98) 95.5 0.0 25 422209 58.3 3726153 d Bacteria;p Proteobacteria;c Gammaproteobacteria;o Pseudomonadales;f

Alcanivoracaceae;g Alcanivorax;s Alcanivorax sp000155615

9_P100_alcanivoracaceae Single assembly
(100)

99.6 0.7 27 1001868 58.0 4606115 d Bacteria;p Proteobacteria;c Gammaproteobacteria;o Pseudomonadales;f
Alcanivoracaceae;g Alcanivorax;s Alcanivorax sp000155615

10_P100_P98_flavobacteriaceae Coassembly
(98 + 100) 90.0 0.4 64 56874 40.5 2497634 d Bacteria;p Bacteroidota;c Bacteroidia;o Flavobacteriales;f Flavobacteriaceae;g

LPB0005;s unknown

11_P100_P98_maricaulaceae Coassembly
(98 + 100) 97.7 0.7 44 108979 64.1 3165928 d Bacteria;p Proteobacteria;c Alphaproteobacteria;o Caulobacterales;f

Maricaulaceae;g Maricaulis;s unknown

12_P102_P105_flavobacteriales Coassembly
(102 + 105) 98.2 0.3 219 35785 44.3 3641863 d Bacteria;p Bacteroidota;c Bacteroidia;o Flavobacteriales;f UA16;g ;s unknown

13_P102_P105_crocinitomicaceae
Coassembly
(102 + 105) 97.8 2.8 115 59205 41.1 3641863 d Bacteria;p Bacteroidota;c Bacteroidia;o Flavobacteriales;f Crocinitomicaceae;g

UBA4466;s unknown

14_P102_P105_flavobacteriaceae
Coassembly
(102 + 105) 97.9 1.7 132 29412 31.1 2365969 d Bacteria;p Bacteroidota;c Bacteroidia;o Flavobacteriales;f Flavobacteriaceae;g

SCGC-AAA160-P02;s unknown

15_P102_P105_maricaulaceae
Coassembly
(102 + 105) 99.5 0.0 8 627500 62.7 3372584 d Bacteria;p Proteobacteria;c Alphaproteobacteria;o Caulobacterales;f

Maricaulaceae;g Maricaulis;s Maricaulis maris

16_P105_saccharospirillaceae Single assembly
(105) 99.0 1.8 45 122390 46.6 3878442 d Bacteria;p Proteobacteria;c Gammaproteobacteria;o Pseudomonadales;f

Saccharospirillaceae;g Thalassolituus;s Thalassolituus oleivorans

Table 1. Metagenome assembled genome (MAG) information and statistics. Quality metrics for 
MAGs were determined using CheckM2 (Version 1.0.7; default parameters). The taxonomic 
identity of each MAG was determined using GTDB-Tk3 (Version 1.0.2) against The Genome 
Taxonomy Database. 
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genomes for rhdA, finding copies in Pseudophaobacter, Flavobacteria, Maricaulis and 

Pseudohongiellaceae genomes. However, further analysis of protein hits for rhdA reveals 

that hits within our pentadecane-enriched taxa could originate from amino acid metabolism 

rather than aromatic hydrocarbon catabolism and point to a need to analyze rhdA hits in 

close detail before assuming hydrocarbon oxidation functionality (Table 2). Despite 

ambiguity with the function of rhdA, observed blooms of n-alkane specialists underlying the 

oligotrophic ocean point to a decoupling between biohydrocarbons and dissimilar petroleum 

hydrocarbons such as aromatics. 

1.4.2 Genes for Alkane Activation Abundant in the Photic Zone  

To further probe alkane specialization among oligotrophic microbial populations, we 

analyzed gene abundance from the Tara Oceans dataset. The relative abundance of alkB-

like genes in the upper oligotrophic ocean (relative to the single copy gene, recA) was 

substantially greater than for genes involved in the activation of other hydrocarbons 

including C1-C5 alkanes, phenanthrene, benzene, toluene, naphthalene, xylene, cymene, 

and biphenyl (Supplementary Data 1), supporting a greater capacity for long-chain n-alkane 

degradation relative to other hydrocarbons. 

1.4.3 Effect of Particle Additions on the Community 

Table 2. Further analysis of hits for rhdA (ring-hydroxylating dioxygenase subunit A) within 
metagenomes. KofamScan against the Kegg database hmms was performed for each hit to PF00848 
(ring-hydroxylating dioxygenase subunit A). Resulting Kegg Orthology (KO) IDs and definitions 
indicate rhdA hits are for genes related to amino acid metabolism and catabolism. This is explained by 
the seed alignment for PF00848 (rhdA) including dioxygenases for aromatic hydrocarbon catabolism 
as well as genes for cytochrome P450 oxidoreductase, glutathione S-transferase, choline 
monooxygenase, proline dehydrogenase, as well as ambiguous genes containing Rieske-type iron-
sulfur clusters.  
 

Metagenome Contig#_ORF# Assigned 
KO ID

KO 
Threshold

Hmmsearch
Score E-value KO definition

14_P102_P105_flavobacteriaceae c_000000000444_9 K00499 313.87 319.3 2.00E-99 choline monooxygenase

15_P102_P105_maricaulaceae c_000000000002_229 K00499 313.87 367 6.30E-114 choline monooxygenase

4_P61_P62_pseudohongiellaceae c_000000000337_16 K00499 313.87 173.9 2.60E-55 choline monooxygenase

6_P61_P62_rhodobacteraceae c_000000000007_301 K00479 305.97 552.6 2.30E-170 glycine betaine catabolism

6_P61_P62_rhodobacteraceae c_000000000010_117 K00479 305.97 269.4 2.40E-84 glycine betaine catabolism

6_P61_P62_rhodobacteraceae c_000000000010_118 K00479 305.97 269.8 1.80E-84 glycine betaine catabolism
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The pentadecane incubations with particle treatments at both sites elicited response 

by a greater number of taxa compared to pentadecane only treatments. This response was 

quantified using Shannon diversity indices whereby (particle + pentadecane) enrichments 

had a higher Shannon diversity index compared to the pentadecane only treatments (two 

tailed t-test: Station 3, p < 0.023; Station 6, p < 0.017) (Fig. 3c). Presumably, the particles 

provided a diverse range of substrates beyond the added pentadecane and/or more taxa 

that could consume pentadecane. Nonetheless, several taxa that contain opportunistic 

hydrocarbon degraders were observed to bloom in these treatments including Litoribacillus 

(Saccharospirillaceae), Pseudophaeobacter (Rhodobacteraceae), and Aurantivirga 

(Flavobacteriaceae) at station 3 and Thalassolituus (Saccharospirillaceae) and Olleya 

(Flavobacteriaceae) at station 6. From this data, we postulate a possible association of 

alkane specialists with the hydrophobic phase and alkane generalists with particulate 

matter.  

1.4.4 Natural Seeps Prime Petroleum Hydrocarbon Consumption  

Figure 4. a, Maximum likelihood tree of alkB hits within metagenomes compared to fatty acid 
desaturase, xylene monooxygenase, and alkB functionally expressed/characterized 
representatives. Δ-X indicates activity X carbons from the carboxylic end of the fatty acid and ω-X 
indicates activity X carbons from the methyl end of the fatty acid. b, Expanded view of the alkane-
1-monooxygenase, xylene monooxygenase, and related hits from metagenomes. Coloration in 
panel b is according to position in panel a. Gene copies for alkB in MAGS (in green) used in 
Fig. 2h.  
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 Results from our investigation indicate that the biohydrocarbon cycle primes the 

ocean for consumption of long-chain n-alkanes, but that this effect is at-least partially 

decoupled from the consumption of petroleum hydrocarbons by microbial n-alkane 

specialization. We therefore explore an alternative hypothesis, that priming for petroleum 

hydrocarbon degradation occurs by proximity to petroleum sources. The test of this 

biogeographic hypothesis is a bloom response experiment conducted at a single depth 

across seven stations representing a gradient of natural oil seep intensity, spanning from 

the seep-ridden northern Gulf of Mexico to the North Atlantic subtropical gyre (Fig. 2a). n-

Pentane was used for these experiments as it is a model non-biogenic compound that is 

unique to and abundant in petroleum, a structural analog to pentadecane (linear chain with 

an odd number of carbons), readily bioavailable based on its higher vapor pressure and 

aqueous solubility, relatively-low in toxicity, and is known to partition to the ocean’s interior 

following release from the seafloor (Ryerson et al., 2011, 2012b). We find the microbial 

response to n-pentane to be structured by proximity to seepage, with ~10X more rapid 

bloom onset in the Gulf of Mexico versus the North Atlantic subtropical gyre (Fig. 2c). 

Notably, the bloom onset for pentane underlying the North Atlantic subtropical gyre is ~9X 

slower than for pentadecane in the same region, albeit with experiments conducted at 

different depths and stations. Results demonstrate a clear biogeographic dependence on 

natural seepage for biodegradation of a petroleum hydrocarbon, providing another example 

of decoupling between petroleum versus biological hydrocarbon consumption, and pointing 

to source-specific priming by which the capacity for rapid consumption of a petroleum-

derived hydrocarbon is defined by proximity to petroleum inputs.  

1.5 Conclusion 

Through our studies in the subtropical North Atlantic Ocean, we have confirmed the 

existence and magnitude of a cryptic hydrocarbon cycle as proposed by Lea-Smith et al., 

(2015). We further demonstrate a decoupling between biological alkanes and petroleum-
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derived hydrocarbons that points to a complex interplay of chemical composition and 

biogeography that structure the Ocean’s response to oil spills. Importantly, our findings are 

most applicable to the oligotrophic regions of the Ocean, encompassing ~40% of Earth’s 

surface. Other oceanic regions may harbor abundant Eukaryotic phytoplankton, many of 

which are capable of producing hydrocarbons (Sorigué et al., 2016, 2017; Aleksenko et al., 

2020). Based on our qualitative observations from productive waters on the continental 

shelf of the Northwest Atlantic Ocean, we expect such environments to harbor a dynamic 

and complex hydrocarbon cycle including biological alkanes and alkenes, structured in-part 

by proximity to continental sources and interaction with the sea floor. Cryptic hydrocarbon 

cycling and its relationship to biogeographic structuring of microbial populations represents 

an important factor in understanding the metabolic response capacity of the oceanic 

microbiome to oil inputs and should be incorporated as a predictive tool in oil spill response 

planning.  
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Chapter 2 

2. Genomic Evidence for Marine Group II Euryarchaeota Consumption of Biogenic 

Alkanes  

 While analyzing data for the (Love and Arrington et al., 2021) manuscript we 

realized most biogenic alkane consumption likely occurs in the photic zone and not in the 

mesopelagic where our experiments were conducted. At sea, we were limited to 

mesopelagic incubations due to the nature of our experimental design, which relied on 

ambient nutrient availability to enable a robust growth of microbes to observe via a large 

respiratory signal. This chapter encompasses my work to use publicly available genomic 

datasets to begin to fill in our knowledge gap regarding alkane degradation in the 

oligotrophic euphotic zone. By analyzing the phylogenetic placement of putative hits to 

alkane-1-monooxygenase from multiple Tara Oceans stations I noted the presence of an 

“unknown” clade at each surface (5 meter) and deep chlorophyll maximum station. The 

homology search for close representatives to sequences within this unknown clade 

indicated all sequences belonged to the phylum Euryarchaeota. As I began to look for more 

evidence that these archaeal alkB-like sequences could be used to consume biogenic 

alkanes I generated the remaining data for this chapter. Aspects of this chapter (Figure 7 

and 8, and some discussion) were included in the publication (Love and Arrington et al., 

2021). 

2.1 Introduction  

Biogenic hydrocarbons (or cryptic microbial hydrocarbons) originate from 

cyanobacteria and other microalgae in the form of long-chain alkanes and alkenes, and are 

released into the ocean in a massive and rapid cycle that greatly exceeds all oceanic 

petroleum inputs (Lea-Smith et al., 2015; Love and Arrington et al., 2021). Our recent study 

constrained this global hydrocarbon cycle in oligotrophic waters with stock measurements 

throughout the water-column, production experiments in the sunlit ocean, and consumption 



 

 22 

studies in the mesopelagic (Love and Arrington et al., 2021). However, our analysis of the 

export flux of biogenic alkanes on sinking particles collected in situ beneath the euphotic 

zone indicates only ~1x10-4% of pentadecane production was exported below 150 m, 

highlighting a major gap in our understanding of the 131-649 Tg of biogenic hydrocarbons 

consumed in the oligotrophic photic zone annually. In this chapter, I use bioinformatic 

approaches to elucidate which microorganisms encode genes for alkane degradation in the 

photic zone of the North Atlantic Ocean.  

2.1 Background 

 2.1.1 Hydrocarbon Degradation Across the Tree of Life  

The ability to use hydrocarbons as the sole or major source of carbon is present in 

all three domains of life, including approximately 320 bacterial and 115 fungal genera (Head 

et al., 2006; Hazen et al., 2016; Prince et al., 2019a). Approximately 18 genera of archaeal 

isolates currently use hydrocarbons as major or sole sources of carbon, with smaller 

taxonomic diversity likely related to obstacles with cultivation techniques (Prince et al., 

2019b, 2019a). Major environmental controls on hydrocarbon degradation include 

temperature, salinity, pressure, radiation and desiccation, with various reviews summarizing 

these findings (Atlas, 1981; Leahy and Colwell, 1990; Van Hamme et al., 2003; Head et al., 

2006; Hazen et al., 2016; Scoma et al., 2019). Despite the considerable amount of literature 

on microbial hydrocarbon degradation, until recently we have had limited knowledge about 

which microorganisms are environmentally relevant during pollution events. With the advent 

of novel cultivation-independent approaches in stable isotopes and next generation 

sequencing we have significantly increased our breadth and depth of understanding of 

hydrocarbon degrading taxa over the last decade.  

2.1.2 Kinetic Theory of Dilute Alkanes  

Many planktonic chemoheterotrophic organisms regulate the concentrations of 

dissolved biogenic organics down to nanomolar concentrations in the ocean (Button, 1985; 
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Button and Jüttner, 1989) until concentrations decrease to levels that are sufficient for 

growth of only organisms with good transport systems, or organisms that can grow very 

slowly. We sought to understand the extent dilute pentadecane concentrations could 

sustain obligate hydrocarbon degraders in the photic zone. Assuming a pentadecane to 

biomass conversion of 5-50% and a carbon mass of hydrocarbon consuming microbes of 

120 fg C cell-1 (Valentine et al., 2012) pentadecane in the lower photic zone (1% PAR) 

would support microbial production of the order of ~10-100 cells ml-1 d-1 and the upper 

photic zone (30% PAR) could support ~2-20 cells ml-1 d-1 (Love and Arrington et al., 2021). 

The size of the supported community further depends on cellular turnover time, and an 

assumed turnover rate of 0.1 day-1 equates to a steady state population of ~102 -103 cells 

ml-1 in the lower photic zone (1% PAR) and ~20-200 cells ml-1 in the upper photic zone (30 

% PAR) of the oligotrophic ocean. 

We further sought to understand whether the collision frequency of pentadecane 

molecules to microbial cells could sustain growth of free-living obligate degraders at 

ecologically relevant cell sizes and rates. Using a theoretical model for molecular diffusion 

and microbial growth developed after work by (Berg and Purcell, 1977; Button et al., 1998) 

on the organism Cycloclasticus and the substrate toluene. This work assumes the cells are 

perfect spheres and they sequester every hydrocarbon molecule that reaches its surface.  

Doubling	Time = m ∙ Z ∙ !"                (Equation 1) 

Where m is the dry mass of cells of radius r, Z is the number of molecules of hydrocarbon 

required to double per cell dry mass, and J is the flux of molecules into the cell per unit 

time.  

Cell	Dry	Mass	(m) = 717	 #$
%&! 	r',                                     (Equation 2) 

where r Cycloclasticus cell radius in µm 
 
 

Z()*+,-, =
	'.01	2	!3	"	&)*,4+*,5	()*+,-,

63.!	#$	 	,  
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values for Cycloclasticus and toluene (Button et al., 1998) 
 

Z7,-(89,48-, =
	1.47x	10	:	molecules

40.1	fg	
 

 
The free-energy yield from toluene is -3,653 kJ mol-1, whereas for pentadecane it is greater 

at -9,102 kJ mol-1, therefore we expect 2.49x less pentadecane molecules required for 

doubling. 

Flux	(J) 	= 4πrDC C;.61!2!3
#!&)*,4+*,5	7,-(89,48-,∙=

%&∙%$∙4&$ D,	            (Equation 3) 

Where r is the cell radius in µm, D is the diffusion constant (described below), and C is the 

concentration far from the cell in µg L-1.  

Diffusion	Coefficient	(D) = 8.6x10>0 4&
$

5,4 , 

We assume here the diffusion coefficient is the same for toluene and pentadecane 

(Oelkers, 1991; Button et al., 1998).  

Doubling	Time = 	717	
fg
µm' 	r

'	x	
	1.47x	10	:	molecules

40.1	fg	
	x	

1

	rC ∙ 2.65x10:molecules ∙ L	sec ∙ µm ∙ µg 	
 

Doubling	Time = 	 :.?@	A
$

B 	, r is radius in µm and C is concentration in µg L-1. 

 
 Pentadecane concentrations reach a maximum of 0.08 µg L-1 in the Gulf stream and 

reach 0.13 µg L-1 for a Synechococcus bloom (Love and Arrington et al., 2021). From the 

results of our theoretical diffusion model, we expect free-living degraders of pentadecane 

with doubling times between 0.5-2 day-1 likely use other sources of carbon and energy 

coupled to pentadecane consumption. If an organism were to use biogenic pentadecane as 

a sole source of carbon and energy, we expect the cell radius to be small (i.e., 0.35µm) and 

have a slow doubling time of ~13 days. If an organism were to be an obligate degrader of 

pentadecane we would expect the low but sustained production of pentadecane to act as a 

selective pressure for a small cell size and low carbon content. Another ecological strategy 
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for an obligate degrader could be to spatially exist on hydrophobic phases such as 

necromass or particles where pentadecane may accumulate to higher concentrations per 

volume of seawater.  

 

2.1.3 Metabolism of Dilute Substrates 

Much of our knowledge of alkane biodegradation comes from studies on cultivated 

isolates, which introduces a bias toward organisms that can form colonies on agar and that 

excel at conditions of high nutrients and high substrate loading – a bias against the 

conditions common in the oligotrophic ocean. This bias towards pure culture hydrocarbon 

metabolism causes us to underestimate the diversity of organisms that govern the fate of 

dilute biogenic alkanes in the environment in multiple ways. First, it is becoming clear that 

auxotrophic organisms may grow and metabolize biogenic alkanes while living dependent 

on interspecies cooperation or transfer of essential precursors and metabolites (Kanaly et 

al., 2002; Allen and Banfield, 2005; Brenner et al., 2008; McGenity et al., 2012; Hays et al., 

Figure 5. Theoretical relationship between doubling time and substrate concentration for cell 
radius of a perfect sphere.  
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2015). Second, organisms may co-metabolize compounds (a strategy often utilized in the 

bioremediation field) whereby a microorganism uses a non-specific enzyme to oxidize an 

alkane without using it as a growth-substrate, while sustaining its own growth by 

assimilating a different substrate. Co-metabolism provides no apparent benefit to the 

microorganism yet enables biodegradation of hydrocarbons at concentrations too low to 

solely sustain a consumer, and is particularly relevant in the case of hydrocarbon 

monooxygenases which are strong oxidizers that can have activity on over 300 substrates 

(Hazen, 2010; Nzila, 2013; Hazen et al., 2016). Finally, active hydrocarbon degraders in the 

oligotrophic environment may simultaneously metabolize other substrates such as organic 

acids, lipids, or amino acids as major sources of carbon and use dilute alkanes as a 

supplemental source of carbon and energy.  

2.1.4 Fatty Acid and Alkane Metabolism 

As an ecological strategy, fatty acid metabolism coupled to biogenic alkane 

metabolism is a rational tactic for multiple reasons. First, the metabolic pathways for fatty 

acid and medium-to-long chain alkane incorporation into central carbon metabolism overlap 

in their use of hydrophobic transporters belonging to the FadL family (in bacteria) and ABC 

(ATP-binding cassette) transporters in archaea, and in the utilization of beta-oxidation (Van 

Den Berg, 2005). These compounds also spatially co-exist because biogenic alkanes tend 

to reside within the biological membranes of cyanobacteria or to adsorb to 

biomass/necromass (Love and Arrington et al., 2021). This is further supported by work 

done by (Lea-Smith et al., 2015, 2016), and the low solubility of straight-chain hydrocarbons 

15–17 carbons in length. 

2.1.5 Enzyme Classes Involved in the Oxidation of Alkanes  

The initial terminal hydroxylation of n-alkanes in aerobic environments can be 

carried out by enzymes belonging to multiple different families. Each enzyme uses oxygen 

as a reactant, and overcomes the low chemical reactivity of hydrocarbons by generating 



 

 27 

reactive oxygen species (van Beilen et al., 2003; Rojo, 2010). Bacterial strains consuming 

medium-chain alkanes (~C5-C16) often encode multiple copies of enzymes for alkane-1-

monooxygenase (alkB), cytochrome P450 belonging to the CPY153 family (CYP), or flavin-

binding monooxygenases (almA). One of the most well studied model isolates for alkane 

oxidation, Alcanivorax dieselolei strain B5, has been the subject of numerous studies (Liu 

and Shao, 2005; Qiao and Shao, 2010; Liu et al., 2011). Strain B5 actively degrades 

numerous alkanes (C6–C36), including branched alkanes and encodes a complex alkane 

monooxygenase system that includes two membrane-bound non-heme iron alkane 

hydroxylases (alkB), one cytochrome P450 (CYP) and a putative flavin-binding 

monooxygenase (almA) (Wang and Shao, 2014). Each enzyme underwent heterologous 

expression and showed differential expression with alkB1 and alkB2 responding to C12–C26, 

the P450 to C8–C16, and almA was upregulated in the presence of C22–C36 alkanes (Liu et 

al., 2011).  

A large body of work exists on the functional analysis of the alkB enzyme family 

across multiple model organisms (i.e., Pseudomonas putida, Pseudomonas 

aeruginosa PAO1, Pseudomonas fluorescens CHA0, Alcanivorax 

borkumensis AP1, Mycobacterium tuberculosis H37Rv, Acinetobacter sp. ADP1, 

and Prauserella rugosa NRRL B-2295) as well as the ancestrally related proteins xylene 

monooxygenase and fatty acid desaturase (in eukaryotes and bacteria). Together, this body 

of work makes the alkB enzyme class more tractable to comparative genomics and is the 

focus of this chapter. Importantly, there is a major gap in our knowledge of aerobic 

hydrocarbon degrading archaea. None of the archaeal strains reported to use hydrocarbons 

as sole or major sources of carbon currently exist in publicly accessible culture collections 

and no genomic studies were reported on them as well (Oren, 2019). Previous work on 

genomic surveys of alkB exist. In one study, 3,979 microbial genomes and 137 

metagenomes from terrestrial, freshwater, and marine environments were surveyed for the 
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presence of alkB in archaea, finding alkB to be absent from the domain (Nie et al., 2014). 

This study was likely flawed due to the narrow nature of the custom Hidden Markov Model 

created to scan for alkB, which was created based off an alignment of only 28 

experimentally validated bacterial alkB sequences.  

2.2 Methods  

 2.2.1 Tara Oceans AlkB Analysis  

For select Tara Oceans stations underlying the North Atlantic subtropical gyre (Fig. 

6) we conducted a survey of the diversity of alkane-1-monooxygenase (alkB) genes. First, 

we took the assembled Tara Oceans data (see http://ocean-

microbiome.embl.de/companion.html) and used Prodigal (v.2.6.3; default parameters) to 

identify open reading frames and translate each gene to amino acid sequences (Hyatt et 

al., 2010; Sunagawa et al., 2015). We then used multiple methods to scan for alkane-1-

monooxygenase (alkB): we used both HMMER3 against the Pfam database (PF00487) and 

KofamScan against the KEGG/KO HMM (Hidden Markov Models) profiles (K00496) (Eddy, 

2011; El-Gebali et al., 2019; Aramaki et al., 2020). Importantly, both methods use Hidden 

Markov Models which encompass fatty acid desaturase, alkB, and xylene monooxygenase 

due to their ancestral nature and shared catalytic motifs. By using this method to scan for 

potential hits we are broadly scanning for this protein family, not just alkB. Each putative hit 
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Figure 6. Tara Oceans stations analyzed in this chapter. Depths included the surface (5m), deep 
chlorophyll maximum, and the mesopelagic (590-740m). The size fractions analyzed were 0.22-
3µm.  
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was then manually curated using Geneious Prime v.2019.2.3 (https://www.geneious.com) 

to search for the eight-histidine residues considered catalytically essential for function 

(Shanklin et al., 1994b). This manual refinement excluded many sequences that contained 

5-7 histidine residues, and future work is needed to determine whether these sequences 

can also perform the function of interest. To differentiate between alkB, xylene 

monooxygenase, and fatty acid desaturase, we found it necessary to phylogenetically 

analyze each hit to determine relation to alkB or fatty acid desaturase. Through this method 

we learned that the HMMER3 method with Pfam ID PF00487 identifies more putative hits 

for alkB in a given environmental sequence than KofamScan with K00496; however, those 

additional hits were generally more closely related to fatty acid desaturases than alkB. 

Regardless of the initial scanning method, the phylogenies produced are necessary to 

determine similarity to the related xylene monooxygenase protein which acts on the methyl 

groups of xylene. In total, we used KofamScan with K00496 to search for alkB, manually 

curated the results to ensure presence of eight-histidine residues essential for function and 

phylogenetically analyzed each hit for relation to alkB compared with fatty acid desaturase 

and xylene monooxygenase. 

Following phylogenetic analysis, each curated hit was assigned a taxonomic 

classification through homology search using BLAST (v.2.7.1) against the nr database (v.38 

accessed December 2019) (Camacho et al., 2009). Read mapping of high-quality reads 

from each respective station using Bowtie2 (v.2.3.4.1,--very sensitive preset) was used to 

determine the abundance of each unique alkB-like protein at each station (Langmead and 

Salzberg, 2012).  

 2.2.2 Analysis of Marine Group II Archaea Genomes 

 We analyzed 268 metagenomes of Marine Group II Archaea (MGII), each genome 

was originally gathered by (Rinke et al., 2019). To scan for the presence of alkB we used 

the same general method as the Tara Oceans analysis: briefly, we used the program 
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KofamScan against the KEGG/KO HMM profile (K00496) for the monooxygenase/fatty acid 

desaturase enzyme family, manually refined the sequences for histidine residues, and 

phylogenetically analyzed each putative hit alongside reference sequences for bacterial 

alkB, fatty acid desaturase, and xylene monooxygenase. To further assess the presence of 

alkB across the phylogenetic diversity of MGII we constructed a ribosomal protein tree 

based on 122 concatenated archaeal marker genes as in (Rinke et al., 2019).  

We also searched for other genes in the metabolic pathway of alkane consumption 

with both HMMER3 and Pfam, as well as Kofamscan and KEGG (Eddy, 2011; El-Gebali et 

al., 2019; Aramaki et al., 2020). The following HMM models were used to scan for the 

function of interest: PQQ-dependent alcohol dehydrogenase (PF13360), aldehyde 

dehydrogenase (PF00171), acyl-CoA synthase (FadD; K01897), acyl-CoA dehydrogenase 

(FadE; K00249), enoyl-CoA hydratase/3-hydroxyacyl-CoA dehydrogenase (FadB; 

PF00378), and acetyl-CoA C-acyltransferase (FadA; K00632 and K00626). In our broader 

analysis of alkane metabolism, we deviate from the alkane degradation pathway in the 

KEGG database in two ways: first, the alcohol dehydrogenase encoded by MGII is likely a 

NAD(P)+ independent pyrroloquinoline (PQQ) alcohol dehydrogenase, a common metabolic 

strategy among alkane degraders (Rojo, 2010) and, second to search for the FadB/YfcX 

protein we used an annotation method with Pfam (PF00378) for the crotonase family. This 

broader search for the crotonase family was performed because previous methods to scan 

for FadB/YfcX using the KEGG identifier (K01692) and (K07516) have shown these genes 

are missing from many MGII genera (Tully, 2019). Authors of this previous work note the 

absence of FadB/YfcX could be the result of uncharacterized family-specific analogs of this 

function and due to the abundance of genes belonging to the crotonase family in MGII this 

is likely the case. 

2.2.3 Phylogenetic Trees 
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Two separate phylogenetic trees were created for alkB and the archaeal 

concatenated marker genes. In each case, protein sequences were aligned using MUSCLE 

(Edgar, 2004) (v.3.8.425). All columns with >95% gaps were removed using TrimAL 

(Capella-Gutiérrez et al., 2009) (v.1.2). Phylogenetic analysis of concatenated alignments 

were performed with RAxML (Stamatakis, 2014) (v.8.2.9; parameters: raxmlHPC -T 4 -s 

input -N autoMRE -n result -f a -p 12345 -x 12345 -m PROTCATLG). Resulting trees were 

visualized using (FigTree) (v.1.4.3). 

2.3 Results and Discussion 

2.3.1 AlkB Diversity and Abundance in the North Atlantic  

A detailed analysis of the Tara Oceans dataset in the North Atlantic reveals alkB-

related genes are abundant in the surface ocean and DCM and are phylogenetically distinct 

from the related delta-9 fatty acid desaturase (Fig. 7). We observe diverse bacterial classes 

belonging to Alphaproteobacteria, Gammaproteobacteria, Flavobacteria, Bacteroidetes, 

and Chlorobi encode alkB-related genes (Supplementary Data 2). The most abundant 

bacterial alkB hits belong to a newly proposed phylum Candidatus Marinimicrobia (Hawley 

et al., 2017). Many well-studied obligate hydrocarbon degraders are infrequently 

represented among these data (i.e., Cycloclasticus, Oleiphilus, Oleispira, Thalassolituus 

genera are absent and only two Alcanivorax sequences detected at one station) 

(Supplementary Data 2).  

Notably, a dominant clade of alkB-like monooxygenases belongs to the globally 

abundant Marine Group II (MGII) archaea (with possible occurrence also in Marine Group 

III archaea) and is consistently present in all surface and DCM stations (Fig. 7, Fig. 8, 

Supplementary Data 2). This highly successful group of surface-ocean-dwelling archaea is 

known for a chemoorganoheterotrophic lifestylee targeting lipids, proteins and amino acids 

(Rinke et al., 2019; Tully, 2019) and can utilize photoheterotrophy, but a key role in 

biohydrocarbon cycling was unexpected as MGII archaea are not among the ~300 genera 
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Figure 7. Phylogenetic analysis of genes closely related to alkB from Tara Ocean dataset reveal 
bacterial and archaeal clades distinct from xylene monooxygenase and fatty acid desaturases. a, 
Protein domain architecture across select representatives of xylene monooxygenase, alkane-1 
monooxygenase, fatty acid desaturase, and related proteins from the Tara Oceans dataset which 
share a core fatty acid desaturase-like region (blue) expanded on in panel b. b, Abbreviated 
protein alignment for phylogenetic analyses (for details see Methods). Each column of alignment 
figure represents a sliding window of 5 bp with the following identity to consensus sequence 
coloration: green (100%), mustard (80-99% similar), yellow (60-79% similar), gray (<60% similar). 
The black box represents the region containing the eight histidine residues considered 
catalytically essential which were used for phylogenetic analyses in panels c-d. c, Maximum-
likelihood phylogenetic tree with scale bar of substitutions per site. For clarity, bootstrap values 
are not shown for the full tree. Δ-X indicates activity X carbons from the carboxylic end of the fatty 
acid and ω-X indicates activity X carbons from the methyl end of the fatty acid. d, Expanded 
subtree of membrane monooxygenases and delta-9 fatty acid desaturases (outgroup). Clade 
coloration in panel d is according to position in panel c. NCBI accession codes are given for 
functional representatives in the subtree (accession_ORF#). 
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Figure 8. a, Maximum-likelihood phylogenetic analysis for each station with scale bar of 
substitutions per site. Clade designations as follows: green (alkane-1-monoxygenase 
representatives and related Tara hits), blue (xylene monooxygenase representative and related 
Tara hits), yellow (putative Marine Group II/III archaeal monooxygenase). See Supplementary 
Data 2 for homology search results for putative MG II/III monooxygenase hits. Trees <27 
unknown Tara sequences are out-grouped with delta-9 fatty acid desaturases, whereas trees with 
>27 unknown Tara sequences are left unrooted. b, Meta-data for each Tara station and 
abundance of unique hits derived from read mapping. % Coverage indicates the fraction of reads 
that map to genes within each clade (xylene monooxygenase, alkB, or archaeal monooxygenase) 
over the total reads mapped to all alkB-like, xylene-like, and archaeal monooxygenases found at 
each station. 
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of bacteria and archaea previously identified as hydrocarbon degraders (Prince et al., 

2019b, 2019a).  

Archaea are ubiquitous and abundant members of marine water-column 

communities, yet their roles in biogeochemical cycles of carbon, nitrogen, phosphate, and 

sulfur are only beginning to be understood. The planktonic archaea comprise three major 

phylogenetic groups, each with distinct physiology and ecology: Marine Group I 

Thaumarchaeota (MGI), Group II Euryarchaeota (MGII), and Group III Euryarchaeota 

(MGIII) (DeLong, 1992; Fuhrman and McCallum, 1992). Marine Group II and Marine Group 

III have recently been proposed as Candidatus Poseidoniales and Pontarchaea, however 

for this chapter we maintain the use of MGII and MGIII (Adam et al., 2017; Rinke et al., 

2019). Only one group, the marine Thaumarchaeota (MGI), have cultivated representatives, 

limiting our understanding of the functional role for other archaea in the ocean (Könneke et 

al., 2005; Qin et al., 2014).  

Advances in genomic sequencing, in-situ measurements, and computational 

approaches are revolutionizing our understanding of planktonic archaea. MGII archaea 

have been found spanning from polar to tropical ocean regimes (Bano et al., 2004; Galand 

et al., 2010). MGII are often detected in surface sunlit waters (comprising up to 30% of the 

prokaryotic community), are consistent members of the microbial community present within 

the deep chlorophyll maximum (Orsi et al., 2015), and generally decrease in abundance 

beneath the photic zone (Massana et al., 1997; DeLong et al., 2006), yet have been 

observed in deeper mesopelagic regions (Parada and Fuhrman, 2017). Another feature of 

MGII is that they often bloom coincident with or just after phytoplankton blooms (Galand et 

al., 2010; Hugoni et al., 2013; Needham and Fuhrman, 2016). 

2.3.2 Evidence for Alkane Utilization in MGII 

Our analysis of 268 MGII metagenomes (MAGs) originally gathered by Rinke et al., 

2019 suggests that 83% encode homologs to alkane-1-monooxygenase (alkB) spanning 
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every genus within the taxonomic order (Fig. 9). Expanding beyond alkB, MGII also encode 

the beta-oxidation genes necessary to shunt alkane-derived carboxylic acids into the 

tricarboxylic acid cycle (Fig. 10). Recent metatranscriptomic work confirmed the expression 

of MGII alkB-like genes in coastal waters offshore Georgia (Damashek et al., 2021). I note 

within the MGII lineage, some subclades exhibit distinct biogeographic ranges, depth, 
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Figure 9. Prevalence of alkB homologs among the MGII taxonomic order. This phylogenomic tree 
is based on 122 concatenated archaeal marker gene alignments and modeled after Rinke et al., 
2019. Each tip label represents a single MAG, bold black typeface indicates at least one alkB-like 
gene was detected, gray indicates none were detected. In the larger tree topology, the entire tree 
represents the MGII order, with the families MGIIb and MGIIa highlighted in blue and black line 
colors, each highlighted clade represents a single genus. The outgroup is MGIII. The scale bar 
(lower right corner) represents 0.2 substitutions per site. 
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specialization, and nutrient preferences, however with respect to alkane degradation all 

MGIIs are of interest because of the widespread conservation of these genomic features. 

2.4 Conclusion  

The coincidence of efficient pentadecane recycling, euphotic zone niche 

specialization for MGII archaea and the high prevalence of MGII archaeal alkB-like 

monooxygenases in oligotrophic surface waters collectively point to a potentially important 

role for MGII archaea in biohydrocarbon cycling. A capacity for MGII to consume n-alkanes, 

coupled with an inability to outcompete bacteria in a spill scenario, is consistent with 

existing theories of archaea’s ecological specialization (Valentine, 2007) and, if correct, 

provides a further example of decoupling from petroleum, given the lack of reported MGII in 

oil spill bloom response. 

 

 

Figure 10. a Alkane metabolism encoded among MGII archaea. Heatmap is scaled from 0 to 1, where 1 
indicates all MAGs within the designated genus possess the gene of interest. b Model of cell 
cytoplasmic membrane whereby blue enzymes indicate alkane specific pathway: alkB (alkane-1-
monooxygenase; PF00487), alcohol-dh (PQQ-dependent alcohol dehydrogenase; PF13360), aldehyde-
dh (aldehyde dehydrogenase; PF00171). Beta-oxidation (lipid) specific genes in green: FadD (acyl-CoA 
synthase; K01897), FadE (acyl-CoA dehydrogenase; K00249), FadB (enoyl-CoA hydratase/3-
hydroxyacyl-CoA dehydrogenase; PF00378), FadA (acetyl-CoA C-acyltransferase; K00632 and 
K00626). 
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Chapter 3  

3. Hydrocarbon Metabolism and Petroleum Seepage as Ecological and Evolutionary 

Drivers for Cycloclasticus 

 This chapter is in the final stages of editing (with co-author input) before journal 

submission. The n-pentane respiration data from the GOM was included in Chapter 1 and 

within the (Love and Arrigton et al., 2021) manuscript and therefore is only mentioned in the 

background as it applies to our observations of the Cycloclasticus ecotypes. This chapter 

focuses on the microbiology and metabolism we observe within the Cycloclasticus 

organisms that bloom on n-pentane.   

3.1 Abstract 

Petroleum from natural seeps and spills typically includes abundant aqueous-

soluble hydrocarbons that can dissolve to the ocean’s interior and structure the metabolic 

response of deep-sea microbial populations at a regional scale. This study identifies two 

distinct free-living Cycloclasticus strains that bloom in response to n-pentane, with blooms 

seemingly differentiated by proximity to natural seepage within the deep Gulf of Mexico. n-

Pentane is a seawater-soluble, volatile compound that is abundant in petroleum products 

and reservoirs and can partition to the deep-water column following release from the 

seafloor. Using both 16S rRNA amplicon sequencing and comparative genomics from 

experimental treatments we explore the ecology and niche partitioning of these two 

Cycloclasticus ecotypes and distinguish them as an open ocean variant and a seep-

proximal variant, each with distinct capabilities for hydrocarbon catabolism. Metagenomic 

analysis indicates the open ocean adapted variant encodes more general pathways for 

hydrocarbon consumption including short-chain alkanes, aromatics, and longer-chain 

alkanes and possess pathways for respiratory nitrate reduction, thiosulfate oxidation, and 

nitrite oxidation; in contrast, the seep variant specializes on short-chain alkanes and relies 

on aerobic metabolism. Metagenomic reconstruction of 14 other Cycloclasticus genomes 
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along with publicly available sequences reveals distinct strategies in hydrocarbon 

metabolism for each major clade and lays an improved foundation to predict microbial 

response to deep sea petroleum spills.  

3.2 Introduction  

The abundant supply of hydrocarbons from subseafloor reservoirs fuels the global 

economy and their recovery as fuel products plays a pervasive role in modern society. 

Marine petroleum inputs, on the order of 1.3 Tg per year, range from catastrophic spills to 

chronic discharges, posing an array of environmental risks for ecologically sensitive areas 

and playing an important role in biogeochemical cycles (Oil in the Sea III, 2003). The 

introduction of oil and natural gas to the water-column stimulates development of 

hydrocarbon-degrading microbial communities, which in turn undergo complex ecological 

transformations and sequentially consume components of oil and gas substrates. The 

development of the hydrocarbon degrading community with time is a function of the 

composition of the source crude oil, interactions with viruses and predators, as well as 

environmental parameters such as nutrient availability, temperature, and salinity (Atlas, 

1981; Leahy and Colwell, 1990; Van Hamme et al., 2003; Head et al., 2006).  

3.3 Background 

3.3.1 Water-Soluble Hydrocarbons in the Deep Ocean  

As a scientific community our understanding of hydrocarbon biodegradation has 

been focused on liquid phase oil in the form of slicks existing at the ocean-atmosphere 

interface. Most studies have also focused on coastal environments with high nutrient 

loading but have generally excluded the bulk of the ocean including both oligotrophic 

surface waters and the deep ocean. However, much of the petroleum entering the ocean is 

released from the seafloor e.g., during pipeline ruptures, release from sinking tankers, or 

natural seeps and there are several compounds which may dissolve to the surrounding 

water-column due to their aqueous solubility (Ryerson et al., 2012a; Gros et al., 2017). 
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These aqueous-soluble, volatile compounds have largely been overlooked in 

biodegradation studies due to their tendency to evaporate to the atmosphere in surface oil 

slicks, yet these compounds are abundant in petroleum and refined petroleum products, 

and are semi-soluble (and as such bioavailable); therefore they may be major drivers of oil 

biogeochemistry following oil release from the seafloor (Reddy et al., 2012). Here, we focus 

on biodegradation in the deep ocean and the compound n-pentane, which is known to 

partition to the deep ocean following release from the seafloor (Ryerson et al., 2012a; Gros 

et al., 2017), and is representative of similar abundant compounds including butane and 

propane. 

 3.3.2 The Origin of Seed Populations  

Exposure of seawater to a petroleum source drives a remarkable decrease in 

prokaryotic diversity due to a strong selection for hydrocarbon-degrading microorganisms 

coupled to toxic effects on other taxa (Röling et al., 2002; Teira et al., 2007; Hazen et al., 

2010; Païssé et al., 2010; Redmond and Valentine, 2012a; Love and Arrington et al., 2021). 

Models of in-situ hydrocarbon biodegradation indicate that as a water parcel encounters a 

hydrocarbon source, a seed population of hydrocarbon degraders begins to grows in 

abundance (Hara et al., 2003; Yakimov et al., 2007; Valentine et al., 2012; Harris et al., 

2014; Nie et al., 2014; Mahmoudi et al., 2015; Techtmann et al., 2015; Liu et al., 2017). 

However, the origin and ecology of these seed populations is largely hypothetical. Many 

studies have suggested seed populations are prolonged and sustained by hydrocarbon 

substrates originating from various sources including hydrothermal vents (Zhou et al., 

2020), cyanobacteria and eukaryotic phytoplankton (Lea-Smith et al., 2015; Love et al., 

2021), as well as natural gas seepage (Rubin-Blum et al., 2017; Saunois et al., 2020). As 

an example, the ubiquitous alkane degrader, Alcanivorax, exhibits basal cell populations 

that range from 10 to 5,000 cells per mL in uncontaminated seawater (Hara et al., 2003; 

Coulon et al., 2007), with recent work suggesting high native abundance is subsidized by 
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widespread biosynthesis of long chain n-alkanes by marine phytoplankton (Chapter 1, Lea-

Smith et al., 2015; Love et al., 2021). Recent evidence has also shown that methanotrophs 

can be physically transported on bubbles from a gas seep (Jordan et al., 2020, 2021b), 

pointing to seeps as a potential mechanism to seed the water column with other 

hydrocarbon degraders. Alternatively, facultative hydrocarbon degraders could be present 

that rely on other metabolic inputs such as amino acids, carbohydrates, lipids, or other 

organic acids and switch to hydrocarbons under appropriate conditions (Button et al., 1998; 

Chung and King, 2001; Fernández-Martínez et al., 2003). Currently, very few studies have 

focused on the how these factors control the development of a petroleum degrading 

community during spills in previously uncontaminated waters.  

3.3.3 Pentane Bloom Kinetics 

In Chapter 1, our investigation of the ocean’s biological hydrocarbon cycle (Love 

and Arrington et al., 2021) revealed the microbial response to n-pentane is structured by 

proximity to seepage (Fig. 2). Chapter 1 and this current chapter focus on sea-going 

incubations from deep ocean seawater samples (1,000 m), taken along a transect spanning 

Figure 11. Sampling stations relevant to this chapter. a Sampling stations relative to natural 
petroleum seepage (MacDonald et al., 2015). DWH indicates the location of the sample collected 
during the DWH disaster. Pentane biodegradation observed via respiratory blooms in experiments 
conducted at station 1-6. b Kinetics of pentane blooms, data published in Love et al. 2021. c 
Oxygen loss with time for blooms at station 6 vs station 3. b indicates that one bloom (sample 180) 
was omitted as it was an outlier with delayed bloom response (23 days) compared to the other 5 
replicates which bloomed in 8 days. 
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both the Gulf of Mexico (GOM) and the North Atlantic. n-Pentane metabolism was 

observed through a closed-system optical oxygen technique in which population blooms 

were defined by the exponential rise in respiration. We observed distinct bloom response 

times to n-pentane in relation to natural seepage whereby bloom onset on pentane is ~9X 

faster in the seep-ridden Northwest Gulf of Mexico compared to the water underlying the 

North Atlantic subtropical gyre (MacDonald et al., 2015; Love et al., 2021). Median bloom 

times varied from 72.9 days furthest from natural seepage to 8.3 days closest to natural 

seepage. The fraction of samples that exhibited a bloom response also coincided with 

proximity to natural seepage (Fig. 2b)  

In this chapter, we investigate the influence of biogeography on microbial 

hydrocarbon metabolism by analyzing the genomic content of organisms with contrasting 

bloom response times and source water origins. We extract and analyze the 16S rRNA 

amplicon content of each bloom, then assemble high-quality draft genomes from bloom 

experiments and perform a complementary proteomic analysis to evaluate metabolism. We 

find the predominant microbial member of the n-pentane enriched community across the 

Gulf of Mexico belongs to the Cycloclasticus genus of ubiquitous hydrocarbon degraders, 

originally named for their metabolic capability to consume polycyclic aromatic hydrocarbons 

(PAHs). Interestingly, we find that among near-identical Cycloclasticus genomes, one 

variant favors the seep-influenced region of the northwestern GOM (hereafter referred to as 

the seep variant, SV), whereas the other favors the open ocean region far from natural 

seepage (hereafter referred to as the open ocean variant, OOV).  

3.4 Methods  

3.4.1 Incubation Design and Sample Collection 

Seawater samples were collected on two research cruises aboard RV Atlantis in 

June 2015 and the RV Neil Armstrong in May 2017. n-Pentane incubations were conducted 

at stations 1 (40° 9.14ʹ N, 68° 19.889ʹ W), 2 (33° 58.21ʹ N, 69° 43.38ʹ W), 3 (27° 30.41ʹ N, 
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87° 12.41ʹ W), 4 (27° 15.00ʹ N, 89° 05.05ʹ W), 5 (27° 11.60ʹ N, 90° 41.75ʹ W) and 6 (27° 

38.40ʹ N, 90° 54.98ʹ W) with seawater collected from 1,000 m. Respiration data and 

methods are available from (Love et al., 2021), with sample numbers re-named for this 

chapter to exclude irrelevant pentadecane data. Seawater collected from the CTD Niskin 

bottles were transferred to 250 mL glass serum vials using a small length of Tygon tubing. 

Vials were filled for at least 3 volumes of water to overflow. Care was taken to ensure no 

bubbles were present before sealing with a polytetrafluoroethylene (PTFE) coated 

chlorobutyl rubber stopper and crimp cap seal. All bottles, except for unamended blank 

controls, immediately received 10 µL of pentane using a gas-tight syringe (Hamilton) and 

were maintained in the dark at in-situ temperature (4ºC). Prior to filling, each serum bottle 

was fixed with a contactless optical oxygen sensor (Pyroscience, Aachen, Germany) on the 

inner side with silicone glue, and afterward were cleaned from organic contaminants with 

rinses of ethanol, 3% hydrogen peroxide, 10% hydrochloric acid, and MilliQ water, and 

were sterilized via autoclave. Oxygen concentration was monitored approximately every 8 

hours with a fiber optic oxygen meter (Pyroscience, Aachen, Germany). Observed changes 

in oxygen content were normalized to unamended controls to correct for oxygen loss from 

background respiration processes and variability due to temperature changes. 

3.4.2 DNA extraction, 16S rRNA community analysis 

After 27-30 days each bottle was harvested and filtered on a 0.22 µm 

polyethersulfone filter. DNA extraction was performed from ¼ of each filter using the 

PowerSoil DNA extraction kit with the following modifications: 200 µl of bead beating 

solution was removed at the initial step and replaced with phenol chloroform, the C4 bead 

binding solution was supplemented with 600 µL of 100% ethanol, and we added an 

additional column washing step with 650 µL of 100% ethanol. Extracts were purified and 

concentrated by ethanol precipitation, then stored at -80ºC. The V4 region of the 16S rRNA 

gene was amplified using the method described by (Kozich et al., 2013) with small 
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modifications to the 16Sf and 16Sr primers according to (Apprill et al., 2015; Parada et al., 

2016). Amplicon PCR reactions contained 1 µL of template DNA, 2 µL of forward primer, 2 

µL of reverse primer, and 17 µL of AccuPrime Pfx SuperMix. Thermocycling conditions 

consisted of 95° 2 min, 30 cycles of 95°C for 20 secs, 55°C for 15 secs, 72°C for 5 min, and 

a final elongation at 72°C for 10 min. Sample DNA concentrations were normalized using 

the SequelPrep Normalization Kit, cleaned using the DNA Clean and Concentrator kit, 

visualized on an Agilent Tapestation, and quantified using a Qubit Flurometer. Samples 

were sequenced at the UC Davis Genome Center on the Illumina MiSeq platform with 

250nt, paired end reads. A PCR-grade water sample was included in extraction, 

amplification, and sequencing as negative control to assess for DNA contamination. 

Trimmed fastq files were quality filtered using the fastqPairedFilter command within 

the dada2 R package, version 1.9.3 (Callahan et al., 2016) with following parameters: 

truncLen=c(190,190), maxN=0, maxEE=c(2,2), truncQ=2, rm.phix=TRUE, 

compress=TRUE, multithread=TRUE. Quality filtered reads were dereplicated using 

derepFastq command. Paired dereplicated fastq files were joined using the mergePairs 

function with the default parameters. A Single Nucleotide Variant (SNV) table was 

constructed with the makeSequenceTable command and potential chimeras were removed 

denovo using removeBimeraDenovo. Taxonomic assignment of the sequences was done 

with the assignTaxonomy command using the Silva taxonomic training dataset formatted 

for DADA2 v132 (Pruesse et al., 2007; Glöckner et al., 2017). If sequences were not 

assigned, they were left as NA.  

3.4.3 Metagenomic Reconstruction 

Metagenomic library preparation and shotgun sequencing were conducted at the 

University of California Davis DNA Technologies Core. DNA was sequenced on the Illumina 

HiSeq4000 platform, producing 150-base pair (bp) paired-end reads with a targeted insert 

size of 400 bp. Quality control and adaptor removal were performed with Trimmomatic 
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(Bolger et al., 2014) (v.0.36; parameters: leading 10, trailing 10, sliding window of 4, quality 

score of 25, minimum length 151 bp) and Sickle (Joshi and Fass, 2011) (v.1.33 with paired-

end and Sanger parameters). The trimmed high-quality reads were assembled using 

metaSPAdes (Nurk et al., 2017) (v.3.8.1; parameters k = 21, 33, 55, 77, 88, 127). The 

quality of assemblies was determined using QUAST (Gurevich et al., 2013) (v.5.0.2 with 

default parameters). Sequencing coverage was determined for each assembled scaffold by 

mapping high-quality reads to the assembly using Bowtie2 (Langmead and Salzberg, 

2012)(v.2.3.4.1; default parameters) with Samtools (Li et al., 2009) (v.1.7). Contigs greater 

than 2,500 bp were manually binned using Anvi’o with Centrifuge (Eren et al., 2015; Kim et 

al., 2016) (v.1.0.1) based on coverage uniformity (v.5). Quality metrics for metagenome-

assembled genomes (MAGs) were determined using CheckM (Parks et al., 2015) (v.1.0.7; 

default parameters). The taxonomy of each MAG was classified using GTDB-Tk (v.1.0.2) 

against The Genome Taxonomy Database (Chaumeil et al., 2020) 

(https://data.ace.uq.edu.au/public/gtdb/data/releases/release89/89.0/, v.r89). The average 

nucleotide identity of each genome was determined with the ANI Matrix via the Enveomics 

tool collection (Rodriguez-R and Konstantinidis, 2016). 

Using a 16S search tool through the Joint Genome Institute- Integrated Microbial 

Genomes and Microbiomes (JGI-IMG) portal, we identified public unprocessed 

environmental metagenomic datasets with Cycloclasticus representation. These datasets 

were downloaded and metagenomic reconstruction was performed according to the above 

protocol with the following modifications: binning was performed with the automated binning 

software, MetaBAT 2 (Kang et al., 2019). This tool at JGI-IMG has since been removed, 

however we have received explicit permission from authors of each dataset to include their 

data in our analyses.  

3.4.4 Phylogenetics 
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To define genome phylogenomic relationships of MAGs, 16 universal ribosomal 

proteins (RPs) were used (L2-L6, L14-L16), L18, L22, L24, S3, S8, S10, S17, and S19. For 

phylogenies of metabolic genes as well ribosomal proteins, all representative sequences 

and concatenated alignments that contained <25% informative sites were excluded in tree 

construction. Each protein was aligned using MUSCLE (v.3.8.425) (Edgar, 2004). All 

columns with >95% gaps were removed using TrimAL (Capella-Gutiérrez et al., 2009). 

Maximum-likelihood phylogenetic analysis of concatenated alignment was inferred by 

RAxML (Stamatakis, 2014) (v.8..9; parameters: raxmlHPC -T 4 -s input -N autoMRE -n 

result -f a -p 12345 -x 12345 -m PROTCATLG). Resulting trees were visualized using 

FigTree (FigTree) (v.1.4.3). 

3.3.5 Metaproteomics 

We analyzed metaproteomes from two of the SV (seep variant) samples with 

corresponding metagenomes (“3_C5_1” and “3_C5_2”) as the reference databases. 

Proteins from each sample were extracted and prepared from ¼ filter (equivalent to ~60 mL 

of filtered water and ~1.3x108 bacteria) for liquid chromatography and tandem mass 

spectrometry (LC-MS/MS) using a protocol adapted from (Timmins-Schiffman et al., 2016). 

Briefly, filters were submerged in 100 µL of 6M urea and 600 µL of 50 mM NH4HCO3 and 

sonicated (5 x 20s) to lyse cells. Proteins within the lysate were reduced and alkylated 

using dithiothreitol and iodoacetamide, respectively, digested with Trypsin (12 h; 1:20 

enzyme to protein) and desalted with C18 centrifugal spin columns. Peptides were dried 

down and resuspended in 2% ACN, 0.1% formic acid prior to analysis with a nanoAcquity 

UPLC (Waters Corp., Milford, MA) in line with a Q-Exactive-HF (Thermo Fisher Scientific, 

Waltham, MA). All database searches were performed with Comet (Eng et al., 2013). All 

relevant peptide hits with an e-value less than 0.01 were used to define protein presence. 

All peptides tandem mass spectra discussed here were manually investigated to verify b 

and y ions. 
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3.5 Results and Discussion  
 

3.5.1 Variant Biogeography 

 Incubations conducted with seawater from 1,000 m depth containing ambient 

nutrients successfully exhibited robust blooms of bacteria, when supplied with n-pentane as 

a source of carbon and energy. Blooms are characterized by bacterioplankton abundance, 

increasing by ~10X (Supplementary Data 3), significant drawdowns in inorganic phosphate 

and nitrate concentration (Fig. 12c, Fig. 12d, Fig. 12e; Supplementary Data 3), and the 

emergence of dominant taxa comprising >70% of the microbial community at the 

termination of the experiment (Fig 12a). Community analysis of incubations that failed to 

bloom within experimental timeframe (27-30 days) revealed instances where the community 

was dominated by a limited number of taxa, indicating a microbial community shift precedes 

major respiratory signals (Supplementary Data 4). Over 60% of all pentane blooms in the 

deep GOM were dominated by Cycloclasticus (Fig 12a). Variation among replicate 

incubations was observed as a shift in the dominant taxa, potentially related to greater 

microbial diversity and abundance of alkane degraders near seepage. At station 6 Colwellia 

and an unclassified genus belonging to Cellvibrionaceae bloomed, and the same 

unclassified Cellvibrionaceae bloomed at station 5 (Fig 12a). Among blooms, we observed 

two dominant Cycloclasticus variants with one (SV) being the primary blooming population 

at station 6 within the northwestern GOM seep field and the other (OOV) being the primary 

blooming organism at station 3 within the more seep deplete region (Fig. 11a, Fig. 12a, 

Supplementary Data 3). The occurrence of SV and OOV at stations 4 and 5 is patchier with 

both variants occurring at station 4 and only OOV blooming at station 5 (Fig. 12a). The 

success of OOV over SV at station 5 may be explained by the western flow of eastern 

sourced seep-deplete waters observed at the time seawater was collected (Fig. 13). Cell-

specific respiration is higher for SV compared to the OOV (Fig. 12b), and the respiration 
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Figure 13. ADCP data showing deep ocean currents over the course of the GOM sampling 
expedition (Atlantis, 2015).   

Figure 12. Microbial and geochemical characteristics of blooms. a Microbial community composition 
of pentane blooms informed via the V4 region of the 16S rRNA gene for initial environmental samples 
(denoted “T0”) and pentane incubations harvested after significant oxygen loss was observed. DWH 
sample collected on 5/30/10 during the DWH event. Variant 1 of Cycloclasticus blooms in 8-20 days 
in locations close to natural seepage and was abundant on 5/30/10 during the Deepwater Horizon 
disaster. Variant 2 of Cycloclasticus blooms in 16-20 days and dominates seawater originating further 
from natural seepage inputs. *No taxonomic representative at the family or genera level. b Cell 
specific respiration in incubations dominated (>80%) by Cycloclasticus variant 1 (close to seepage) 
and 2 (far from seepage/open ocean). c Dissolved phosphate vs dissolved nitrate concentration in 
initial samples (T0) and at sample harvest. d Dissolved phosphate concentration in final samples is 
depleted compared to unamended controls and initial samples (T0). e Dissolved nitrate concentration 
in final samples is depleted compared to unamended controls and initial samples (T0). 
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profile (Fig. 11c) of these variants also showed distinct patterns, where OOV presents more 

gradual oxygen loss with time. The OOV also was observed in small relative abundances 

(<1%) at station 6 (Supplementary Data 4). In each pentane incubation where the two 

variants co-occurred, the SV numerically dominated by ~3 orders of magnitude except for 

the Colwellia/Cellvibrionaceae bloom at station 6 where both variants were detected at <1% 

abundance. This suggests that SV is more adapted to conditions associated with natural 

seepage, as it outcompeted OOV, which only boomed at stations that are distant from 

seeps. 

3.5.2 Pentane Metabolism  

 We reconstructed high quality metagenomes from five pentane bloom samples, with 

completeness >97% and redundancy <2% (black stars in Fig 12). Three MAGs, named 

“6_C5_1”, “6_C5_2”, and “6_C5_3”, originated from station 6 (natural seep region) and two 

MAGs, named “3_C5_1” and “3_C5_2”, originated from station 3 (open ocean region). Our 

analyses were further supported by proteomic analysis of the two MAGs from station 3 

(gray stars in Fig. 12a; Fig 14b). Each MAG was recovered from biologically independent 

incubations, yet every major component of metabolism and every taxonomic marker was 

nearly identical across each station, therefore we will refer to “SV-MAG” as the three MAGs 

from station 6 and “OOV-MAG” as the two MAGs from station 3. Within both SV- and OOV-

MAGs we found genomic potential for pentane utilization for catabolism and anabolism (Fig. 

14a).  

The first step in the consumption of pentane is the oxidation to pentanol, and we 

hypothesize that this step is catalyzed by the copper-containing membrane associated 

monooxygenase, called particulate hydrocarbon monooxygenases (pHMOs). The most 

well-characterized pHMO is the particulate methane monooxygenase, which oxidizes 

methane to methanol (Jordan et al., 2021a). We found multiple copies of genes encoding 

pHMOs in both Cycloclasticus MAG variants (Fig. 14a). Each copy of pHMO varies 
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Figure 14. Carbon, nitrogen, and sulfur metabolism present in Cycloclasticus variants blooming on pentane. a pathways used for 
carbon assimilation and respiration via oxygen, nitrate, and sulfate. Color of half circles indicate the gene or pathway is present in 
MAG variant 1 (SV, purple) or MAG variant 2 (OOV, green). Enzyme abbreviations: particulate hydrocarbon monooxygenase 
pHMO(a,b,c,d); PQQ-dependent alcohol dehydrogenase (ADH PQQ); aldehyde oxidoreductase (AOR); malate dehydrogenase 
(MD); isocitrate lyase (ICL); malate synthase (MS); 2-methylcitrate synthase (2-MCS); 2-methylcitrate dehydratase (2-MCD); 2-
methylaconitate isomerase (2-MAH); methylisocitrate lyase (MICL); respiratory nitrate reductase (Nir); thiosulfate oxidation 
complex (Sox); alkane-1-monooxygenase (alkB). b presence and absence matrix of proteomic data for MAG variant 2 only 
(“3_C5_1” and “3_C5_2”), where dark green indicates peptides observed in one of the two samples, light blue indicates peptides 
observed in both samples, and yellow indicates peptides were undetected. 
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phylogenetically from the other copies within the same genome, suggesting each operon 

may have different substrate specificities (Fig. 15). Both MAG-SV and MAG-OOV have 

pHMO sequences that form monophyletic clades with reference sequences with 

demonstrated affinity for ethane and butane. Both variants also contain a sequence that 

forms a monophyletic clade that is only distantly related to pMMOs; however, this clade 

contains no currently validated reference sequences, and we refer to its function as 

“unknown”. Proteomics confirmed the expression of pHMOs, specifically subunit a and b 

(Fig.14b) in the presence of pentane. The pHMO for which peptides were detected belongs 

to a sequence from OOV-MAG in the “unknown” clade of pHMOs. AlkB, a gene known to 

function on medium to long-chain alkanes, was found encoded in the MAG-OOV, however 

no peptides were observed in the proteomics analyses (Fig. 14b). Still, given the minimal 

sample size analyzed for proteomics and false negatives are a possibility due to ionization 

and extraction efficiencies, we do not exclude the possibility that alkB could also be active 

in these samples and used to consume pentane by the OOV.  

The second step in the consumption of pentane is the conversion of pentanol to an 

aldehyde. In many bacteria that oxidize alcohols, this reaction is catalyzed by 

pyrroloquinoline quinone-dependent alcohol dehydrogenases (PQQ-ADH). We found genes 

encoding PQQ-ADHs in both Cycloclasticus MAG variants, as well as proteomic expression 

of PQQ-ADH in both OOV-MAG samples, “3_C5_1” and “3_C5_2” (Fig. 14b, Fig.16). None 

of the PQQ-ADH’s formed a monophyletic clade with reference sequences known to act on 

methane, providing evidence against methane metabolism in SV and OOV. In the third step 

of pentane consumption the aldehydes are oxidized to carboxylic acids, which could be 

achieved via a tungsten-containing aldehyde ferredoxin reductase (AOR), known to use 

short-chain alkane derived aldehydes as their substrate (White et al., 1993). This 

conversion can also be performed by PQQ-ADH, as activity on aldehydes has been 

confirmed with reference sequences related to those encoded by SV and OOV (Fig. 16). 



 

 

Figure 15. Phylogeny of pHMO subunit A protein sequences. a Description of pHMO clusters containing 95% amino acid 
identity. The representative sequence for each cluster is colored according to the phylogentic placement. b Maximum 
likelihood tree is drawn to scale, with branch lengths representing the number of substitutions per site. Bootstrap values 
below 50% are not shown. Each major clade is color coded for readability with green representing pMMOs with activity on 
methane, the blue clade is “unknown” and lacks any known substrate specificity, the purple clade represents group X 
pHMOs (ethane/ethylene, propane, and butane activity), and the yellow clade are group-X like (ethane, propane, and 
butane activity). Sequences from the pentane enriched Cycloclasticus MAGs are in bold, boxed values indicate pHMOs 
detected in proteomic data.  
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Here, pentanoate is likely beta-oxidized using acyl-CoA dehydrogenase and enoyl-CoA 

hydratase and shunted into central carbon metabolism via the citric acid cycle (Fig. 14a).  

3.5.3 Differences in Variant Metabolic Capability 

 Interestingly, the metabolic capabilities of the SV-MAG and OOV-MAG differ 

substantially (Fig. 17b). The OOV-MAG encodes for general hydrocarbon metabolism that 

includes the nearly complete pathway for toluene consumption via the toluene 

monooxygenase conversion of toluene to benzoate (7 of 8 genes), benzoate conversion to 

catechol (3 of 4 genes), and the catechol metacleavage to acetyl-CoA which enters the 

tricarboxylic acid cycle (13 of 13 genes). The OOV-MAG also encodes toluene 2-

monooxyenase which converts benzene to catechol (6 of 6 genes) and utilizes the catechol 

metacleavage pathway to acetyl-CoA (13 of 13 genes) and the tricarboxylic acid cycle. The 

Figure 16. Maximum-likelihood phylogenetic tree of PQQ-dependent alcohol 
dehydrogenase sequences rooted to polyvinylalcohol reference sequences. 
Experimentally validated reference sequences are annotated with known substrate 
activity. Sequence denoted with a star was observed in proteomic samples from pentane 
enrichment. No experimentally validated reference sequences present in the orange 
clade.  
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OOV could also use the toluene-2 monooxygenase system to convert toluene to 3-

methylcatechol (6 of 6 genes) and then convert 3-methylcatechol to acetyl-CoA and shunt 

to the tricarboxylic acid cycle (3 of 5 genes). Furthermore, the OOV-MAG encodes for alkB 

(1 of 1 gene), which is commonly used by other organisms for consumption of long chain 

alkanes via beta oxidation (OOV encodes 7 of 7 genes) resulting in propionyl-CoA and 

acetyl-CoA which are also incorporated into the tricarboxylic acid cycle. Interestingly, 

neither OOV or SV (or any other Cycloclasticus genome analyzed in this study) encode a 

complete canonical naphthalene degradation pathway (naphthalene 1,2, dioxygenase is 

missing from all genomes) although Cycloclasticus SP-1 isolate has been experimentally 

validated to use naphthalene as a sole carbon source (Fig. 17b) (Wang et al., 2018). Both 

Cycloclasticus SP-1 and MAG-OOV encode 3 of 10 genes for naphthalene degradation 

whereas SV encodes 0 of 10 genes. In instances of fragmented pathways with highly 

conserved genes, it is likely that divergent genes are present which are undetected by our 

protein scanning methods.  

Overall, the SV-MAG lacks many metabolic pathways for longer chain alkanes and 

aromatic compounds compared to the OOV-MAG, seemingly limiting its hydrocarbon 

metabolism potential (Fig. 14, Fig. 17b). These observed differences are consistent with SV 

specialization on short chain, aqueous-soluble alkanes and biogeography that includes 

seeding from the petroleum-rich source region in the Northern Gulf of Mexico. The genomic 

capacity for catabolism of multiple hydrocarbon classes in the OOV-MAG is consistent with 

an ability to capitalize on hydrocarbon sources that expand beyond natural seeps to include 

atmospheric deposition, biogenic inputs, and oil spills. This enhanced capacity in OOV is 

consistent with an expanded biogeographic range relative to SV, which appears to be more 

highly reliant on substrate sourced from natural seepage.  
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Figure 17. Phylogeny and capabilities for hydrocarbon consumption of Cycloclasticus. a Phylogeny constructed 
using 16 ribosomal proteins, subclades are designated based on relative distance from the root and supported 
by %ANI (supplementary material). b Completeness of select metabolic pathways relating to alkane (blue), 
aromatic (red) metabolism, and redox (green). The number of genes considered in calculating pathway 
completeness are shown in parentheses.  
 

54 



 

 55 

 

3.5.4 Anaerobic Metabolism in Cycloclasticus  

Anaerobic metabolism has not yet been observed in Cycloclasticus, and it remains 

unknown how these bacteria could contribute to hydrocarbon cycling in oxygen minimum 

zones or anoxic sediments. Here, we show OOV Cycloclasticus exhibits adaptations for life 

so is without oxygen, including the occurrence of genes for respiratory nitrate reductase 

(Nar), as well as a potential linkage to thiosulfate metabolism (Fig. 14). In OOV we identify 

a complete canonical nar operon (narGHJI) encoding: i) the α subunit that catalyze 

NO3
− reduction to NO2

− (narG); ii) the iron–sulfur-containing β subunit (narH) that transfers 

electrons to the molybdenum cofactor of narG; iii) the transmembrane cytochrome b-like γ 

subunit (narI) involved in electron transfer from membrane quinols to narH; and iv) the narJ 

chaperone involved in enzyme formation. Among these genes, narH peptides were 

observed in the proteomic analysis (Fig. 14b). Phylogenetic placement of Cycloclasticus 

narG sequences also confirms relation to narG reference sequences (Fig. 18). 

Furthermore, OOV also encodes the nitrite oxidation genes nxrAB which is also reversible 

and can catalyze the reduction of nitrate to nitrite (Fig. 17b) (Starkenburg et al., 2006). OOV 

also contains the sox operon (soxCDXYZAB), which encodes periplasmic sulfur oxidizing 

proteins (Fig. 14). This operon can be used as a means of detoxification in some 

Gammaproteobacteria (Spring, 2014), however we do not exclude the possibility that 

Cycloclasticus could employ a lithoheterotrophic strategy. Use of thiosulfate to supplement 

heterotrophy is a strategy that has been demonstrated in other proteobacteria and could be 

useful in seeps and other benthic environments (Moran et al., 2004).  

Samples for DNA and proteomics were C5_1” and “3_C5_2”, which is greater than 

the so-called hypoxic barrier (~20 µM) in marine environments (Giovannoni et al., 2021). 

Interestingly, within the same sample (“3_C5_1”) we see evidence for aerobic metabolism 

in the form of terminal oxidases (cytochrome c. cbb3 type) and particulate hydrocarbon 
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monooxygenase, as well as the anaerobic process of nitrate reduction via Nar. We 

conclude that the Cycloclasticus community was likely transitioning from aerobic to 

anaerobic metabolism in which some portion of the community was performing aerobic 

processes while another portion was functioning anaerobically. However, we cannot 

exclude the possibility that individual cells within that population use oxygen concurrently 
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Figure 18. Maximum-likelihood phylogenetic tree with scale bar of substitutions per site 
of DMSO reductase superfamily modeled after Castelle et al. 2013. NarG sequences from 
Cycloclasticus OOV variant in bold and noted with star symbol.  
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with nitrate as electron acceptors. It is currently unknown how Cycloclasticus might initiate 

the first step of pentane consumption while functioning anaerobically, given pHMOs are 

dependent on oxygen, but the potential to do so is important to the biogeochemical 

processing of hydrocarbons in the ocean.  

3.5.5 Deepwater Horizon Cycloclasticus 

  The microbial response to the 2010 Deepwater Horizon blowout in the Gulf of 

Mexico induced blooms of Cycloclasticus in the deep ocean from large scale intrusions of 

dissolved hydrocarbons (Valentine et al., 2010). These DWH blooms included multiple 

Cycloclasticus 16S rRNA sequence variants (Redmond and Valentine, 2012b), which led us 

to ask whether SV and OOV were among those DWH variants. Therefore, we extracted and 

analyzed two replicate archive DNA samples collected while the wellhead was still leaking 

into the Gulf of Mexico on 5/30/10 from a depth of 1,090 m. At this depth, there was an 

oxygen anomaly characteristic of the respiratory response associated with the DWH 

subsurface intrusions (Kessler et al., 2011). Upon initial analysis of the microbial community 

via the V4 region (252 bp) of the 16S rRNA gene we found the SV-MAG to be identical to 

the dominant member of the DWH sample, and OOV-MAG to be identical to the second 

most abundant Cycloclasticus 16S rRNA single nucleotide variant (Fig. 12a).  

We carried out additional shotgun sequencing on DNA from one of the DWH 

samples and reconstructed a high-quality metagenome, here named “MAG_DWH_1”, 

which is 94% complete and 3.3% redundant. Unfortunately, the second variant related to 

OOV was unable to be recovered with metagenomics due to issues with assembly 

fragmentation and binning of the two closely related strains. To obtain a high-quality draft 

genome of “MAG_DWH_1”, we subsampled our reads by 50% until the OOV-related 

sequences were a small fraction of the assembled data. Upon expanding our analysis to 

the full length 16S rRNA gene we find that the SV-MAG is 99.5% identical to MAG_DWH_1, 

and through a phylogenomic analysis of 16 ribosomal proteins, we find MAG_DWH_1 forms 
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a monophyletic clade with SV-MAG (Fig. 17a). For comparison, we also drew from our 

previously published single amplified genomes (SAGs) from DWH, which are 71%, 49%, 

and 46% complete and herein referred to as “SAG_DWH_3”, “SAG_DWH_1”, and 

“SAG_DWH_2” (Rubin-Blum et al., 2017). We find “SAG_DWH_1” and “SAG_DWH_3” are 

closely related to OOV whereas “SAG_DWH_2” appears related to SV. For the relation of 

SV and OOV to the SAGs and MAG_DWH_1 we also find supporting evidence in analysis 

of Average Nucleotide Identity and the 16S rRNA phylogeny (Fig. 19 and Fig. 20). These 

phylogenomic results indicate a previously unrecognized distinction in the microbial 

response to the DWH event – that SV-like Cycloclasticus may have responded specifically 

Figure 19. Maximum-likelihood phylogenetic tree of16S rRNA rooted to representatives 
from Piscirickettsiaceae and Methylococcacae family. “_rnammer” denotes 16S 
sequences recovered from assembled contigs prior to binning for the DWH sample. 
Alignment includes 1,547 amino acid residues. 
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to the highly abundant soluble n-alkanes whereas OOV-like Cycloclasticus may have 

responded to soluble n-alkanes as well as other components including benzene and 

toluene.  

  
To further asses the ecological relevance of SV and OOV Cycloclasticus to DWH 

we compared the similarities in the pHMO phylogenetic placement between SV- and OOV-

MAGs and previously published transcripts from DWH subsurface plumes (Fig. 15) (Rivers 

et al., 2013). These results indicate that pHMOs most closely related to SV and OOV 

Cycloclasticus were expressed at high relative abundance during the DWH event, 

consistent with data showing the rapid microbial response by Cycloclasticus to short chain 

n-alkanes (but not methane) concurrent with active discharge (Valentine et al., 2010). The 

pulse of bacterial growth in the deep ocean from the DWH event has been estimated at > 

1023 cells, with a substantial fraction being SV Cycloclasticus (Valentine et al., 2012). We 

therefore questioned if this level of ecological disturbance might have structured the 

hydrocarbon-degrading community in the GOM through 2015, when samples for this work 

were collected. While there is insufficient data to rigorously assess this hypothesis, previous 

work suggests that methanotrophic biomass remained elevated in the years following the 

DWH event, perpetuating elevated methanotrophic activity above the background levels 

existing prior to the disaster (Rogener et al., 2018). Therefore, it remains possible SV 

Cycloclasticus observed in our pentane incubations were poised to bloom 5 years following 

the spill due to some form of a memory effect from the large influx of biomass caused by 

the disaster.  

3.5.6 Hydrocarbon Metabolisms Across Cycloclasticus 

 To gain an understanding for how hydrocarbon metabolic capability within 

Cycloclasticus relates to ecological and evolutionary patterns, we reconstructed 

Cycloclasticus metagenomes from a variety of environments using publicly available 
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datasets. This effort resulted in the curation of eight high-quality MAGs with completion 

>80% and <2% redundancy. These eight MAGs are in addition to the five pentane MAGs 

and the one DWH MAG, and include one from the uncontaminated North Sea “NS_1”, six 

from a coastal salt marsh in Skidaway Island, Georgia, “CSM_1”, “CSM_2”, “CSM_3”, 

“CSM_4”, “CSM_5”, and “CSM_6”, and one metagenome from coastal seawater near 

Pivers Island, North Carolina “CSW_1”. The 14 genomes reconstructed for this chapter 

along with other publicly available genomes were used to form a phylogenomic tree of all 

Cycloclasticus (Fig. 17a). Each genome was then scanned for hydrocarbon-related 
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Figure 20. Average nucleotide identity of Cycloclasticus genomes. SV and OOV are 
highlighted in bold.  
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pathways of interest and for other metabolic functions related to energy generation (Fig. 

17b).  

From this analysis, we observe distinct metabolic strategies by each major clade 

within the Cycloclasticus genera (Fig. 17b). Notably, all cultivated Cycloclasticus are very 

closely related to each other (Fig. 5a, bottom clade, denoted ‘isolates’), and within this 

clade we found no evidence for genes involved in the use of short-chain alkanes. This is a 

major bias in our present understanding of Cycloclasticus, especially notable because all 

other Cycloclasticus genomes analyzed contained pHMO genes. These pHMO genes were 

genetically distinct from pMMOs across all currently analyzed Cycloclasticus genomes (Fig. 

15). We also observe two water-column clades from uncontaminated seawater that harbor 

diverse pathways for short-chain and long chain alkanes, as well as near-complete 

pathways for naphthalene and xylene, and complete pathways for toluene and benzene 

consumption. In all, we find a minimum of seven clades within the Cycloclasticus, 

seemingly unified as marine organisms that grow from aqueous soluble hydrocarbons. One 

key factor distinguishing the clades is the evolved preference to access certain classes of 

aqueous soluble hydrocarbons and not others. 

 
3.6 Conclusion 

 Our study provides genomic and proteomic evidence for pentane metabolism by 

free-living Cycloclasticus in contrasting oceanic regimes, one with prolific natural seep 

influence and another far removed from prolific seepage. Through the comparison of 

Cycloclasticus genomes and metagenomes we show that the hydrocarbon metabolism 

within this genus is not limited to PAH degradation, with genomic variability enabling 

different ecotypes to access different ecological niches and structural classes of 

hydrocarbons. The apparent commonality among Cycloclasticus is not the ability to 

consume aromatic hydrocarbons, as the genus name suggests, but rather metabolic 
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specialization among the subset of hydrocarbons that exhibit aqueous solubility in marine 

settings.  

Our results further expand on previous findings that illuminated the contrasting 

strategies between cultivated Cycloclasticus relying solely on aromatic hydrocarbons and 

mussel and sponge symbionts that primarily consume short-chain alkanes. We identify 

distinct clades of free-living Cycloclasticus that further expand on these contrasting 

specializations: a seep variant clade that selectively targets short-chain alkanes using 

pHMO, and an open ocean variant clade that exhibits broader hydrocarbon versatility and 

the ability for anaerobic metabolism. A versatile metabolism could be advantageous for 

Cycloclasticus in the ephemeral natural seep environment or in the context of accessing 

non-seep hydrocarbon sources.  

 The specialization of SV Cycloclasticus on short-chain alkanes is perhaps more 

perplexing because of the apparent ecological risk. The apparent strategy of these SV 

Cycloclasticus requires a consistent supply of short-chain alkanes for growth, which are 

supplied almost exclusively from petroleum-rich environments such as seeps or spills. 

Given the geographic constraints on petroleum seepage and the ephemeral nature of 

discharge, it is perhaps surprising that specialist bacterioplankton have evolved into this 

niche. Nonetheless, results of our experiments and the clear success of SV Cycloclasticus 

during DWH indicate that such specialization results in a successful ecological strategy. 

The success of SV Cycloclasticus is potentially related to rapid cellular respiration that 

presumably enables rapid response and growth upon exposure to substrate.  

 The insight gained from this work provides a new vantage to consider the deep 

ocean microbial response to hydrocarbon discharge during DWH. SV Cycloclasticus were 

well adapted to bloom in response to the massive intrusions of aqueous-soluble n-alkanes 

that accompanied this event. The OOV Cycloclasticus may have engaged in direct 

competition by consuming these same compounds, but they may have also accessed other 
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compounds in parallel or in sequence. This work goes beyond the DWH and provides a 

predictive capacity for understanding the ocean’s response to future industrial incidents on 

a variety of scales such as a rupture of a subsea pipeline or the sinking of a tanker vessel 

carrying gas condensate, light crude oil, or diluted bitumen; or another well blowout. 
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Chapter 4 

4. Methylated Cycloalkanes Fuel a Novel Genera in the Porticoccaceae Family 

4.1 Background 

 4.1.1 Cycloalkanes in Petroleum 

In this chapter, we focus on the microbial metabolism of methylcyclohexane (MCH) 

and methylcyclopentane (MCP) in the deep (1,000m) Gulf of Mexico. Cycloalkanes were 

chosen for study for several reasons. First, they are abundant in subsurface reservoirs and 

are thus quantitatively important to both natural seeps and to spills. For example, over 50 

different cycloalkane structures were identified in one bitumen sample from Green River 

Shale and authors noted many structures were composed of cyclopentane and 

cyclohexane rings originating from ancient isoprenoid lipids and carotenoid pigments 

(Anders and Robinson, 1971). The specific cycloalkanes studied in this chapter, MCH and 

MCP, are often the most abundant cycloalkanes observed in petroleum. Cycloalkanes 

composed 16% of the total oil and gas released in the Macondo oil from the Deepwater 

Horizon event, and MCP and MCH together represented 2.4% of the total (Reddy et al., 

2012). Second, cycloalkanes belong to the class of water-soluble volatile alkanes 

(Discussed in Chapter 3.3.1) that display distinct behaviors compared with traditional oil. 

Cycloalkanes will partition into seawater or the atmosphere depending on the context by 

which they enter the ocean, a set of characteristics which make them unsuitable for 

traditional fate and transport models that govern our understanding of liquid oil. Third, these 

compounds form their own product streams – known as natural gas condensate or natural 

gas liquids – with potential for ocean discharge (Mokhatab and Poe, 2012). These product 

streams are also used as diluents to enable pipeline transport of heavy oils and bitumen, 

with multiple high-profile ruptures of diluent-containing pipelines in the recent past 

(Fitzpatrick et al., 2016; National Academies Press, 2016; Perez et al., 2016; Walker et al., 

2016). Finally, these volatile liquid compounds are known to have toxicological impacts on 
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aquatic organisms and pose human health risks via air emissions, a major concern during 

oil spill response operations and for communities near spill areas (Peterson, 1994; 

McKenzie et al., 2012).  

 4.1.2 Cycloalkane Metabolism 

Despite their abundance in petroleum, only a few seminal studies have focused on 

cycloalkane metabolism. This work began with Imelik in 1948 with the isolation of the first 

strain of bacteria (Pseudomonas aeruginosa) capable of degrading cyclohexane (Imelik, 

1948). Insights from early cultivation studies suggest that in comparison to n-alkanes such 

as pentane, cycloalkanes are more resistant to microbial attack due to additional metabolic 

steps required for ring cleavage (Ooyama and Foster, 1965; Perry and Gibson, 1977a). In 

cultivated isolates, degradation of substituted cycloalkanes appears to occur more readily 

than the degradation of unsubstituted forms, particularly if there is an n-alkane substitution 

of adequate chain length (Stirling et al., 1977). This preference towards the alkylated 

saturated rings occurs because microbes beta-oxidize the n-alkyl chains on cyclic 

compounds prior to attacking the saturated ring. Longer chain lengths allow for more 

rounds of beta-oxidation before the n-alkyl chains are 1-2 carbons in length which blocks 

beta-oxidation and initiates ring cleavage (Willetts and Cain, 1972; Beam and Perry, 1974). 

MCH and MCP specifically are of interest because their carboxylic acid counterparts 

(cyclohexane carboxylic acid and cyclopentane carboxylic acid) are often intermediate 

compounds in beta-oxidized alkylated cycloalkane and alkylated cyclo-carboxylic acid (also 

called naphthenic acid) degradation (Perry and Gibson, 1977b; Herman et al., 1993). 

Stirling et al. 1977 first characterized cyclohexane metabolism in Nocardia finding 

growth, respiration, and enzymes from culture extracts are consistent with cyclohexane 

degradation via cyclohexanol, cyclohexanone, caprolactone, and ε-hydroxycaproate 

(Stirling et al., 1977). This metabolic route for cyclohexane consumption was further 

corroborated in Pseudomonas and Xanthobacter cultures. Enzymes used in this pathway 
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include cyclohexanol dehydrogenase, cyclohexanone monooxygenase, ε caprolactone 

hydrolase (Anderson et al., 1980; Trower et al., 1985). Tonge and Higgins found the isolate 

Norcardia petroleophilia grows on methylcyclohexane and found 3-methylcyclohexanol and 

3-methylhexanone in the growth medium during exponential growth (Tonge and Higgins, 

1974). The cyclopentane degradation pathway, first elucidated by (Griffin and Trudgill, 

1972), occurs via cyclopentanol, cyclopentanone, 5-valerolactone, 5-hydroxyvalerate, 

glutarate, and acetyl-CoA (Griffin and Trudgill, 1972). This pathway has been also observed 

in Comamonas sp. and Acinetobacter with significant efforts to define key enzymes 

including: cyclopentane monooxygenase, cyclopentanol dehydrogenase, cyclopentanone 

1,2-monooxygenase, a ring-opening 5-valerolactone hydrolase, 5-hydroxyvalerate 

dehydrogenase, and 5-oxovalerate dehydrogenase (Iwaki et al., 2002). These seminal 

works on cycloalkane enzymology are vital points of comparison for our study.  

 4.1.3 Particulate Ammonia/Hydrocarbon Monooxygenases 

 The first step in hydrocarbon consumption is oxidation. For methylated cycloalkanes 

initial oxidative attack can be performed by a number enzymes including the soluble non-

heme iron monooxygenase (sMMO), soluble cytochrome P450, non-heme iron 

monooxygenase (alkB), flavin-binding monooxyenases (alma), or the particulate copper-

containing monooxygenase (phmoCAB) (Moreno and Rojo, 2017). In this chapter, I focus 

on the phmoCAB enzyme due to its conserved nature within the metagenomes of 

methylcyclohexane and methylcyclopentane consumers. The particulate hydrocarbon 

monooxygenase (phmoCAB) enzyme class was originally named pMMO (particulate 

methane monooxygenase) due to its original classified activity on methane, however in 

recent years its substrate specificity has expanded to ethane, ethylene, propane, butane, 

pentane and therefore we use the term particulate hydrocarbon monooxygenase (phmo) 

(Tavormina et al., 2011). Genes encoding phmo and ammonia monooxygenase share high 
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sequence identity and structural analysis has confirmed they are evolutionarily related 

(Holmes et al., 2006). 

4.2 Methods 

4.2.1 Incubation Design and Sample Collection 

Seawater samples were collected aboard RV Atlantis in June 2015. MCP and MCH 

incubations were conducted at stations 1 (27° 30.41ʹ N, 87° 12.41ʹ W), 2 (27° 15.00ʹ N, 89° 

05.05ʹ W), 3 (27° 11.60ʹ N, 90° 41.75ʹ W) and 4 (27° 38.40ʹ N, 90° 54.98ʹ W) with seawater 

collected from 1,000 m. Seawater collected from the CTD Niskin bottles was transferred to 

250 mL glass serum vials using a small length of Tygon tubing. Vials were filled for at least 

3 volumes of water to overflow. Care was taken to ensure no bubbles were present before 

sealing with a polytetrafluoroethylene (PTFE) coated chlorobutyl rubber stopper and crimp 

cap seal. All bottles, except for unamended blank controls, immediately received 10 µL of 

MCH or MCP using a gas-tight syringe (Hamilton) and were maintained in the dark at in-situ 

temperature (4ºC). Prior to filling, each serum bottle was fixed with a contactless optical 

oxygen sensor (Pyroscience, Aachen, Germany) on the inner side with silicone glue, and 

afterward were cleaned from organic contaminants with rinses of ethanol, 3% hydrogen 

peroxide, 10% hydrochloric acid, and MilliQ water, and were sterilized via autoclave. 

Oxygen concentration was monitored approximately every 8 hours with a fiber optic oxygen 

meter (Pyroscience, Aachen, Germany). Observed changes in oxygen content were 

normalized to unamended controls to correct for oxygen loss from background respiration 

processes and variability due to temperature changes. Bloom onset is operationally defined 

as three consecutive time points with oxygen loss >0.21 µM h−1. At the end of each 

respiration experiment incubations were harvested and filtered on a 0.22-μm 

polyethersulfone filter.  

4.2.2 DNA extraction, 16S rRNA community analysis 
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DNA extraction was performed from ¼ of each filter using the PowerSoil DNA 

extraction kit with the following modifications: 200 µl of bead beating solution was removed 

at the initial step and replaced with phenol chloroform, the C4 bead binding solution was 

supplemented with 600 µL of 100% ethanol, and we added an additional column washing 

step with 650 µL of 100% ethanol. Extracts were purified and concentrated by ethanol 

precipitation, then stored at -80ºC. The V4 region of the 16S rRNA gene was amplified 

using the method described by (Kozich et al., 2013) with small modifications to the 16Sf 

and 16Sr primers according to (Apprill et al., 2015; Parada et al., 2016). Amplicon PCR 

reactions contained 1 µL of template DNA, 2 µL of forward primer, 2 µL of reverse primer, 

and 17 µL of AccuPrime Pfx SuperMix. Thermocycling conditions consisted of 95° 2 min, 30 

cycles of 95°C for 20 secs, 55°C for 15 secs, 72°C for 5 min, and a final elongation at 72°C 

for 10 min. Sample DNA concentrations were normalized using the SequelPrep 

Normalization Kit, cleaned using the DNA Clean and Concentrator kit, visualized on an 

Agilent Tapestation, and quantified using a Qubit Flurometer. Samples were sequenced at 

the UC Davis Genome Center on the Illumina MiSeq platform with 250nt, paired end reads. 

A PCR-grade water sample was included in extraction, amplification, and sequencing as 

negative control to assess for DNA contamination. 

Trimmed fastq files were quality filtered using the fastqPairedFilter command within 

the dada2 R package, version 1.9.3 (Callahan et al., 2016) with following parameters: 

truncLen=c(190,190), maxN=0, maxEE=c(2,2), truncQ=2, rm.phix=TRUE, 

compress=TRUE, multithread=TRUE. Quality filtered reads were dereplicated using 

derepFastq command. Paired dereplicated fastq files were joined using the mergePairs 

function with the default parameters. A Single Nucleotide Variant (SNV) table was 

constructed with the makeSequenceTable command and potential chimeras were removed 

denovo using removeBimeraDenovo. Taxonomic assignment of the sequences was done 

with the assignTaxonomy command using the Silva taxonomic training dataset formatted 
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for DADA2 v132 (Pruesse et al., 2007; Glöckner et al., 2017). If sequences were not 

assigned, they were left as NA.  

4.2.3 Metagenomic Reconstruction 

Metagenomic library preparation and shotgun sequencing were conducted at the 

University of California Davis DNA Technologies Core. DNA was sequenced on the Illumina 

HiSeq4000 platform, producing 150-base pair (bp) paired-end reads with a targeted insert 

size of 400 bp. Quality control and adaptor removal were performed with Trimmomatic 

(Bolger et al., 2014) (v.0.36; parameters: leading 10, trailing 10, sliding window of 4, quality 

score of 25, minimum length 151 bp) and Sickle (Joshi and Fass, 2011) (v.1.33 with paired-

end and Sanger parameters). The trimmed high-quality reads were assembled using 

metaSPAdes (Nurk et al., 2017) (v.3.8.1; parameters k = 21, 33, 55, 77, 88, 127). The 

quality of assemblies was determined using QUAST (Gurevich et al., 2013) (v.5.0.2 with 

default parameters). Sequencing coverage was determined for each assembled scaffold by 

mapping high-quality reads to the assembly using Bowtie2 (Langmead and Salzberg, 

2012)(v.2.3.4.1; default parameters) with Samtools (Li et al., 2009) (v.1.7). Contigs greater 

than 2,500 bp were manually binned using Anvi’o with Centrifuge (Eren et al., 2015; Kim et 

al., 2016) (v.1.0.1) based on coverage uniformity (v.5). Quality metrics for metagenome-

assembled genomes (MAGs) were determined using CheckM (Parks et al., 2015) (v.1.0.7; 

default parameters). The taxonomy of each MAG was classified using GTDB-Tk (v.1.0.2) 

against The Genome Taxonomy Database (Chaumeil et al., 2020) 

(https://data.ace.uq.edu.au/public/gtdb/data/releases/release89/89.0/, v.r89). The average 

nucleotide identity of each genome was determined with the ANI Matrix via the Enveomics 

tool collection (Rodriguez-R and Konstantinidis, 2016). 

4.2.4 Metagenome Annotation 

Open reading frames were predicted for MAGs using Prodigal (Hyatt et al., 2010) 

(v.2.6.3; default parameters). Functional annotation was determined using HMMER3 (Eddy, 
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2011)(v.3.1b2) against the Pfam database (v.31.0) with an expected value (e-value) cutoff 

of 1 × 10−7 and KofamScan (v.1.1.0) (Aramaki et al., 2020) against the Hidden Markov 

model (HMM) profiles for Kyoto Encyclopedia of Genes and Genomes and Kegg Orthology 

(KEGG/KO) with a score cutoff of 1 × 10−7. To find hits for almA we used Pfam (PF00743), 

for rhdA we used Pfam (PF00848) and for pHMO we summed KO hits (subunit a: K10944; 

subunit b: K10945; subunit c: K10946). For alkane-1-monooxygenase (alkB) detection we 

used KofamScan with K00496 to search for alkB. 

4.2.5 Phylogenetics 

To define genome phylogenomic relationships of MAGs, 16 universal ribosomal 

proteins (RPs) were used (L2-L6, L14-L16), L18, L22, L24, S3, S8, S10, S17, and S19. For 

phylogenies of metabolic genes as well ribosomal proteins, all representative sequences 

and concatenated alignments that contained <25% informative sites were excluded in tree 
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Figure 21. Sampling stations relative to natural oil seepage in the Gulf of Mexico.  
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construction. Each protein was aligned using MUSCLE (v.3.8.425) (Edgar, 2004). All 

columns with >95% gaps were removed using TrimAL (Capella-Gutiérrez et al., 2009). 

Maximum-likelihood phylogenetic analysis of concatenated alignment was inferred by 

RAxML (Stamatakis, 2014) (v.8..9; parameters: raxmlHPC -T 4 -s input -N autoMRE -n 

result -f a -p 12345 -x 12345 -m PROTCATLG). Resulting trees were visualized using 

FigTree (FigTree) (v.1.4.3). 

4.3 Results and Discussion 

 4.3.1 Methylated Cycloalkane Bloom Occurrence  

 Cycloalkane incubations were 

conducted in parallel with pentane 

incubations in the Gulf of Mexico (Fig. 21, 

Chapter 1, and Chapter 3). Incubations 

included enrichments with MCH and 

MCP. Three out of eleven incubations at 

the station furthest from natural seepage 

(Station 1) bloomed with MCP whereas 

zero out of eleven incubations bloomed 

with MCH at the same station. In contrast, 

at locations closet to seepage(stations 2, 

3, and 4) over 50% of the incubations 

bloomed within 18-21 days for both MCP 

and MCH treatments. The average 

respiration profile for blooms on MCP and 

MCH showed similar patterns in oxygen 
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Figure 22. Average oxygen loss with time 
for blooms (defined by oxygen loss 
>0.21 µM h−1) on methylcyclopentane and 
methylcyclohexane at station 2, 3, and 4.  
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loss with time across each station (Fig. 22).  

 4.3.2 Cycloalkane Community Analysis 

 Methylcyclohexane and methylcyclopentane enrichments typically elicited the 

emergence of a single dominant taxa comprising >50% of the 16S rRNA amplicon 

sequences across all stations (Fig. 23). The full taxonomy of the closest match to the 

dominant SNV (observed in all but two samples regardless of bloom status) is as follows in 

Figure 23. Microbial characteristics of blooms. Microbial community composition of 
methylcyclohexane (MCH) and methylcyclopentane (MCP) blooms informed via the V4 region of 
the 16S rRNA gene for initial environmental samples (denoted “T0”) and incubations harvested 
after significant oxygen loss was observed. “NA_NA” taxonomic representative at the family or 
genera level. Diamond color indicates which compound was added (MCP or MCH). Oxygen loss 
at DNA sample harvest is labeled for each sample with bold samples indicating bloom 
occurrence (i.e., sample had 3 time points with >0.21 µM O2 loss per hour). Black stars note 
which samples were sequenced further for metagenomic analyses.  
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the Silva and NCBI database: Bacteria; Proteobacteria; Gammaproteobacteria; 

Cellvibrionales; Porticoccaceae; C1-B045 (Glöckner et al., 2017). Blooms containing 

abundant taxa other than C1-B045 occurred four times out of the twenty-two methylated 

cycloalkane blooms sequenced. These other blooming taxa belong to the genera 

Cycloclasticus, Colwellia, and Moritellaceae (each >30% abundant in a single bloom). Only 

one bloom at station 1 with Cycloclasticus occurred without the co-occurrence of C1-B045. 

The C1-B045 SNV is a novel (uncultivated) bacteria at the genera level that was first 

detected in deep-sea hydrothermal vents (Teske et al., 2002), has been detected in other 

oil contaminated regions (Liao et al., 2015), and is distantly related to SAR92 (Stingl et al., 

2007). To the best of our knowledge, a complete phylogenomic analysis of the 

Porticoccacea family has never been conducted.  

 4.3.3 Genome Reconstruction and Taxonomic Inferences 

 We reconstructed high quality metagenomes from seven MCP and MCH treatments 

in a state of active respiratory bloom, with completeness >97% and redundancy <2% (black 

stars in Fig. 23, Table 3). Two MAGs, named “MCH_2_108” and “MCH_2_109”, originated 

from station 2 (further from natural seepage) and MCH enrichment, and two MAGs, named 

“MCP_3_146” and “MCP_3_148”, originated from MCP enrichments at station 3; and three 

MAGs, named “MCP_4_184”, “MCP_4_160”, and “MCH_4_158” originated from MCP and 

MCH blooms in the natural seep region at station 4. Each MAG was recovered from 

biologically independent incubations, yet every major component of metabolism and every 

taxonomic marker was nearly identical across each; therefore, we will refer to them as 

“B045-MAG”. Using our high-quality genomes as queries to the Genome Taxonomy 

Database we found the family Porticoccacea has recently been reclassified to resolve 

polyphyletic phylogenetic relationships among the Cellvibrionales family (Parks et al., 

2020). The taxonomy of the B045-MAGs according to GTDB-Tk is Bacteria; Proteobacteria; 

Gammaproteobacteria; Pseudomonadales; Porticoccacea; 500-400-T64. The genera 
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designation “500-400-T64” refers to non-standard placeholder name assigned by GTDB-Tk. 

There have been no genus names proposed formally for this group of genomes, so for the 

purpose of this study we refer to the genera as B045.  

4.3.4 Methylcyclohexane Metabolism 

Within the B045-MAGs we found genomic potential for cycloalkane utilization for 

catabolism and anabolism. We found evidence for both MCP and MCH metabolism, 

however given there is a large amount of redundancy between the two pathways and the 

larger number of studies conducted on cyclohexane metabolism in cultured isolates, we 

have focused on the compound MCH in this chapter (Fig. 24 and Table 4). The first step in 

the consumption of MCH in our hypothesized pathway is the oxidation to 3-

methylcyclohexanol. Previous work on Norcardia petroleophilia suggests oxidation acts on 

the 3- carbon position during methylcyclohexane metabolism, therefore we have 

reconstructed the methylcyclohexane pathway from 3-methycyclohexanol; however, it is 

possible B045-MAG initially oxidizes another carbon position or the methyl group as we 

also observe genes for cyclohexane carboxylic acid metabolism (Tonge and Higgins, 1974).  

Table 3. Bin statistics for metagenomic constructions from this study. Completion and 
redundancy were calculated with CheckM.   
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We hypothesize that the first step MCH metabolism is catalyzed by the copper-

containing membrane associated monooxygenase, called particulate hydrocarbon 

monooxygenases (phmo).The most well-characterized phmo is the particulate methane 

monooxygenase, which oxidizes methane to methanol (Jordan et al., 2021a). We searched 

for other possible enzymes to catalyze the initial oxidation of methylcyclohexane including 

flavin binding monooxygenases (almA; PF00743) and alkane-1-monooxgyenase (alkB; 

K00496) finding all almA hits corresponded to aldehyde dehydrogenases further down in 

the cycloalkane metabolic pathway and alkB hits were absent from B045-MAGs (hits are 

closely related to the ancestrally related fatty acid desaturase instead). We did find a single 

copy of a gene belonging to the cytochrome P450 enzyme family within each B045-MAG, 

and we do not exclude the possibility that this gene could function to oxidize cycloalkanes. 

The second step of methylcyclohexane consumption utilizes an alcohol dehydrogenase to 

convert 3-methylcyclohexanol to 3-methylcyclohexanone.  

The third step in the consumption of methylcyclohexane is the conversion of 3-

methylcyclohexanol to delta-methyl-epsilon caprolactone using a cyclohexanone 

monooxygenase that is evolutionarily related to almA and catalyzes Baeyer-Villiger 

oxidations on a number of ketones including cyclopentanones and cyclobutanones (Kim et 

al., 2008). We found 7 copies of cyclohexanone monooxygenase genes present in each 

genome of the B045-MAG, possibly illustrating the diversity of cyclic compounds targeted 

by the organism. In the fourth step of methylcyclohexane consumption the delta-methyl-

epsilon-caprolactone is hydrolyzed to from 6-hydroxy-5-methyl-hexanoic acid, which is a 

function likely performed by the epsilon-lactone hydrolase. Another alcohol dehydrogenase 

is used in the fifth step of consumption to convert the 6-hydroxy-5-methyl-hexanoic acid to 

5-methy adipate semialdehyde. The sixth step of consumption requires an aldehyde 

dehydrogenase to convert 5-methyl adipate semialdehyde to 5-methyl adipate. In the 
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Figure 24. Hypothetical pathway for methylcyclohexane consumption via ring oxidation. Enzymes are denoted by each 
number with a circle around it. Numbers correspond to the information in Table 4.  
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seventh step, medium-chain CoA ligase prepares the compound for beta oxidation by 

adding CoA resulting in 5-methyl adipyl CoA. Beta-oxidation subsequently occurs with 

acetyl-CoA and methyl malonyl CoA as the products. Interestingly, the B045-MAG contains 

many copies of the genes required for beta-oxidation, including 17 individual copies of acyl-

CoA dehydrogenase per genome, which may suggest B045-MAG specializes on beta-

oxidation of a variety of chemical substrates. The remaining methyl malonyl CoA contains a 

methyl group in the beta-carbon position preventing traditional beta-oxidation. The methyl 

malonyl CoA mutase is used in the final step to overcome this obstacle and convert methyl 

malonyl CoA to succinyl-CoA. Both the acetyl-CoA and succinyl-CoA resulting from the 

metabolic pathway are shunted into central carbon metabolism via the tricarboxylic acid 

cycle (TCA).  

4.3.5 Phylogenomic Analysis of B045-MAG 

Table 4. KEGG Gene Identifiers used for Fig. 24.  
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To gain an understanding for how hydrocarbon metabolic capability within the 

Porticoccacea family relates to ecological and evolutionary patterns, we compiled a total of 

176 high quality (>70% complete, <5% redundant) Porticoccacea genomes from a variety 

of environments using publicly available data. These environments included marine 

oligotrophic surface waters, marine mesopelagic waters, coastal sand, hydrothermal vents, 

marine phytoplankton blooms at a variety of latitudes, contaminated groundwater, and oil 

mesocosms from a variety of sources including Labrador Sediment, Gulf of Mexico, and the 

Douglas Channel. Each genome was analyzed using the Genome Taxonomy Database 

(GTDB-Tk) (Chaumeil et al., 2020) (v.1.0.2) which uses 120 bacterial marker genes to 

classify the taxonomic identity of each genome and then uses s a threshold of average 

nucleotide identity >95% to designate microbial species. The 176 genomes were used to 

construct a phylogenomic tree of the Porticoccacea family and each genus was labeled 

according to designations provided by GTDB-Tk (Fig. 25). For all genera without a 

cultivated isolate, GTDB-Tk provides a “non-standard placeholder name” which is typically 

a MAG “isolate name” from the National Center Biotechnology Information (NCBI) database 

of a genome within that clade (Fig. 25).  

The B045-MAGs forms a well-supported monophyletic clade with other genomes 

within the same genera. Genomes within the B045 genera all appear to respond to 

petroleum compounds including two genomes from Gulf of Mexico enrichments with 

Macondo oil, two genomes from Labrador Shelf sediment inoculated with diesel, a single 

genome from the Guaymas Basin and a single genome from North Pond subseafloor 

aquifer. Both Guaymas Basin and North Pond sites are locations where petroleum 

compounds have been noted in previous studies (Didyk and Simoneit, 1989; Zhou et al., 

2020). The most closely related genera to B045 are the HB2-32-21 and FW300_53. The 

HB2-32-21 include genomes from the Douglas Channel incubated with diluted bitumen, 
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Figure 25. Phylogenomic analysis of Porticoccacea ribosomal proteins. a Phylogeny constructed using 16 ribosomal proteins, 
colored subclades are designated and labeled based on GTDB-Tk classification of genera. Cultivated isolates are noted with 
green diamond. Genera that encode phmoCAB are highlighted with maroon circle. b Phylogenomic tree of B045-MAG and 
close relative ribosomal proteins rooted on SAR92. Genomes that encode phmoCAB are noted with maroon circle. The tree 
scale bar represents substitutions per site.  
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coastal sediment from Pensacola, Florida, and another genome from a Guaymas Basin 

hydrothermal vent (Fig. 25). The FW300-53 genera include two genomes: one from 

Labrador Shelf sediment incubated with diesel and another from groundwater in Tennessee 

listed as an uncontaminated well nearby sites exposed to early nuclear research under the 

Manhattan Project (Tian et al., 2020).  

 4.3.6 CuMMO Phylogeny 

 Interestingly, out of the 176 genomes analyzed in the Porticoccacea family, the only 

genomes to encode particulate hydrocarbon monooxygenase (phmoCAB) belong to the 

HB2-32-21, B045, FW300_53 genera (Fig. 25). This suggests that the acquisition of phmo 

and the resulting metabolic function could be intertwined with the evolution of these three 

closely related genera. Within the B045 genera the amino acid identity of the phmoA 

subunit varies from 82-100%. Representatives from the phmo and amo enzyme class, 

called the CuMMO enzyme superfamily, can be found across the tree of life of bacteria and 

archaea and we sought to understand where the phmo from B045 and its close relatives 

exists within the diversity of the CuMMO superfamily. Here, we analyze the phylogenetic 

relationship of all archaeal and bacterial amo and phmo sequences by using the alpha 

subunit as a phylogenetic marker similar to the method previously done in other studies 

(Tavormina et al., 2011, 2013). By using B045-MAG phmoA sequences to query the 

National Center Biotechnology Information (NCBI) and Department of Energy Joint 

Genome Institute (DOE-JGI) databases we also found more distantly related sequences to 

the novel phmo sequences, which originate from diverse environments including 

contaminated groundwater from mine drilling fluid, agricultural soil, brackish Black Sea 

water, and hydrothermal vents.  

From our phylogenetic analysis, we observe all proteobacterial and Verrucomicrobia 

amoA and pmoA (including sequences that function on methane, ethane, butane, and 

ethylene) form a monophyletic clade which excludes B045-related phmoA sequences. Each 
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sequence related to B045-phmo, HB2-32-21-phmo, FW300_53-phmo, and the 

environmental relatives form single monophyletic clade (Fig 26). Our phylogeny is largely 

consistent with a recently published tree on the CuMMO enzyme superfamily except for the 

placement of the Verrucomicrobia and NC10 clades, which in our tree branch with the 

proteobacterial sequences with high bootstrap support. In the previous study these clades 

branched closer to the gram-positive actinobacteria with poor bootstrap support (Alves et 

al., 2018). Future research examining the expression of these genes at the RNA or protein 

level in cultures or environmental incubations, in tandem with extended geochemical 

analyses, may aid in extending our understanding of the function B045 phmo and the role it 

plays in the metabolism of the B045 genera.  

 4.4 Conclusion 

 Our study provides genomic evidence for methyl-cycloalkane metabolism by the 

free-living novel B045 genera within the Porticoccaceae family. We have elucidated the 

pathway for MCH consumption which is the first environmental genomic study of methyl-

cycloalkane consumption. Through the comparison of Porticoccaceae genomes and 

metagenomes we show that the acquisition of the particulate hydrocarbon monooxygenase 

(phmoCAB) may have been a key event in the evolution of hydrocarbon metabolism within 

the B045 genera and the closely related HB2-32-21 and FW300_53 genera. The 

phylogenetic analysis of the CuMMO enzyme superfamily revealed the placement of the 

phmo from B045 (and its close relatives) is separated from all other proteobacterial 

amo/mmo/phmo and it forms its own novel monophyletic clade.  



 

 

Figure 26. Phylogeny of phmo and amo subunit A amino acid sequences. Maximum likelihood tree is drawn 
to scale, with branch lengths representing the number of substitutions per site. Bootstrap values below 50% 
are not shown. Each major clade is color coded for readability. Tree scale represents the number of 
substitutions per sits. The B045 sequences are denoted by a star symbol. 
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