
Potential for oil hydrocarbon

biodegradation by microbial

communities in marine environments

A Dissertation Presented for the

Doctor of Philosophy

Degree

The University of Tennessee, Knoxville

John Izaak Miller

December 2019



Abstract

In 2010 the Deepwater Horizon spill released 4.9 million barrels into the Gulf of Mexico

before being contained in September of that year. The native microbial community degraded

petroleum in the water column, and a variety of hydrocarbon-degrading microorganisms

were present in the deep-sea plume. In the years following the DWH spill (2011-present),

there have been 1,917 reported spill or contamination events resulting in more than

2,989,675 barrels of petroleum released into the environment. Traditional methods for

cleaning up petroleum spills are expensive in efficient; bioremediation (i.e., biodegradation

by microorganisms) of petroleum can be effective while having minimal additional adverse

affects on the environment However, environmental variables such as temperature, oxygen

concentration, and available nutrients impact the rate and extent of microbial biodegradation

of petroleum. This dissertation examines microbial communities in six marine basins

around the world with particular attention to the petroleum degrading sub-population

to determine the potential for oil biodegradation in each basin. Oil degrading bacteria

were ubiquitous in all six marine environments. The Eastern Atlantic receives nutrient

enrichment from the Angola-Benguela Front, which is likely to facilitate oil biodegradation

in that basin. Microcosm experiments were conducted to investigate the effect of oxygen

amendment to communities from hypoxic environments, which one might expect to enhance

oil biodegradation. Most of the individual oil hydrocarbons were degraded more efficiently

in anoxic microcosms. Anoxic microcosms degraded a larger proportion of the shorter

aliphatics (< 22 carbons; including branched aliphatics, e.g., pristane and phytane) than

oxic microcosms. Conversely, oxic microcosms more completely degraded most of the longer

aliphatics (≥ 22 carbons). Anoxic microcosms were similar to or exceeded oxic microcosms

in the degradation of all aromatic hydrocarbons. When the communities are exposed to
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oxygen, aerobic organisms may grow rapidly on labile carbon and dominate the community,

limiting overall oil biodegradation. On the other hand, these effects would be limited under

anoxic or hypoxic conditions. These results suggest that deep water communities in the

Caspian Sea are adapted for better oil biodegradation under anoxic or hypoxic conditions

when compared to oxic conditions.
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1.1 Petroleum spill events

In April of 2010 an explosion on the Deepwater Horizon (DWH) petroleum drilling rig

initiated the largest recorded petroleum spill, releasing 4.9 million barrels into the Gulf

of Mexico before being contained in September of that year [292]. It was later reported

that the native microbial community degraded petroleum in the water column, and a

variety of hydrocarbon-degrading microorganisms were present in the deep-sea plume [117].

Furthermore, the microbial communities appeared to change rapidly as the composition of

the petroleum changed during the degradation process [117]. After this event, BP (formerly

British Petroleum) was under increased scrutiny by countries in which they had leases for

petroleum production and exploration to ensure that a similar event would not happen again

(personal correspondence). Therefore, BP set out to do a comprehensive risk assessment

of several marine basins around the world in which the company held petroleum leases.

A component of this risk assessment was the investigation and characterization of the

in situ microbial community at these sites, which was motivated by the finding of rapid

biodegradation of petroleum by the native microbial community in the Gulf of Mexico [117].

In the years following the DWH spill (2011-present), there have been 1,917 reported

spill or contamination events resulting in more than 2,989,675 barrels of petroleum released

into the environment [5]. These incidents may occur during petroleum exploration or

production-related activities, or due to improper storage or transport [282, 311, 113, 101].

Petroleum spills and petroleum hydrocarbon contamination have severe, detrimental effects

in the immediate exposure site as well as nearby ecosystems into which even small

amounts of hydrocarbons are transmitted [273, 251]. Traditional methods for cleaning

up petroleum spills include skimming (to recover petroleum from the surface of water),

shoreline cleanup, administration of dispersants, burning petroleum from the surface of the

water, and bioremediation (Figure 1.6) [5]. Of these available methods, bioremediation

(i.e., biodegradation by microorganisms) of petroleum can be effective while having minimal

additional adverse affects on the environment [265, 126, 220]. However, environmental

variables such as temperature, oxygen concentration, and available nutrients impact the

rate and extent of microbial biodegradation of petroleum [176, 19, 118].
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1.2 Formation, composition, and structure of petroleum

Petroleum is a naturally occurring component of marine biomes [174]. The term “petroleum”

can refer both to “crude oil” and to refined petroleum products such as gasoline; in this

work the term “petroleum” is used exclusively to refer to “crude oil”, and I attempt to avoid

the term “oil”, which may refer to many hydrophobic liquids. Petroleum is a mixture of

hydrocarbons that is formed naturally from algal biomass over millions of years [119, 116].

An estimated 600,000 tonnes of petroleum enters marine environments around the world

each year [59]. Natural petroleum seeps are hypothesized to contribute the largest fraction

of this estimate, with anthropogenic runoff accounting for the next largest fraction. However,

petroleum spill events (not including major events such as the DWH) routinely contribute

approximately 45,000 tonnes of petroleum per year, on average.

Petroleum is an extremely complex mixture containing hundreds or thousands of different

compounds [181]. Petroleum is ~90% comprised of hydrocarbons, with linear/branched

alkanes, cyclic alkanes, and aromatics making up equal proportions, on average [118, 286].

The remaining ~10% is comprised of various sulfur- and nitrogen-containing compounds.

During biodegradation of petroleum, the lighter, more labile components are degraded first,

and overtime the remaining petroleum becomes more dense and recalcitrant [299]. Microbial

biodegradation at natural seeps is thought to produce “unresolved complex mixtures”

containing thousands of component chemicals [85, 120].

Linear, branched, and cyclic alkanes (naphthenes) together comprise ~60% of petroleum

[273, 137]. Linear alkanes are often the most abundant component of petroleum. Short-chain

alkanes (C1-C9) are more toxic than long-chain (>C9) because they can pass through the

cell membrane [262]. Alkanes with fewer than ~40 carbon atoms are typically degraded in

1-2 months [118].

Cyclic and polycyclic aromatic hydrocarbons (PAHs) comprise as much as 30% of

petroleum [137]. Benzene is the simplest aromatic hydrocarbon (a single aromatic ring),

and naphthalene is the simplest PAH (two fused aromatic rings). These two chemicals are

often the most abundant aromatic compounds in petroleum [212, 187]. Other model PAHs

include acenaphthene, anthracene, phenanthrene, fluoranthene, pyrene, benz[a]anthracene,

3



and benzo[a]pyrene (Figure 1.1) [48]. PAHs in the environment are sometimes classified

as either petrogenic or pyrogenic [68, 176]. Petrogenic PAHs are components of petroleum

that can enter an environment either through natural seeps or through petroleum spills,

while pyrogenic PAHs are combustion products that are spread through the atmosphere.

PAHs are highly hydrophobic and therefore they can persist in the environment for years

[142]. Biodegradation of PAHs is possible, but these molecules are often considered to be

recalcitrant [60, 144, 219]. The preferential biodegradation of more labile hydrocarbons can

lead to persistence of PAHs [266]. Because of their low solubility in water, PAHs are often

more concentrated in soil and sediments [21, 48].

1.3 Microbial biodegradation of petroleum hydrocar-

bons

The half-life of dispersed petroleum in marine environments vary widely from days to months

[118]. Methods for cleanup of spilled petroleum include burning, UV oxidation, fixation, and

solvent extraction [91, 205, 88, 5]. These methods, however, are often high in cost, difficult to

implement in situ, and may not completely break down the petroleum components. On the

other hand, microbial biodegradation can completely mineralize petroleum hydrocarbons to

carbon dioxide and small organic molecules that can be incorporated into microbial biomass

[153, 178]. Many marine microbes are able to degrade petroleum hydrocarbons, and these

organisms are now considered to be ubiquitous in marine environments [119, 107]. The

advantages of microbial biodegradation make this an attractive option for bioremediation of

contaminated environments [19].

During an petroleum spill event, the petroleum presents a carbon surplus that may

contribute to microbial growth [118]. However, nutrients including nitrogen, phosphorous,

potassium, and iron may become limiting, preventing microbial biodegradation of the

available petroleum hydrocarbons [91]. Furthermore, environmental conditions such as

temperature, available dissolved oxygen, mixing of the water column, and diffusion of

petroleum impact the rate of microbial biodegradation. One way to increase the rate

4



Figure 1.1: Structural formulas, solubility, and carcinogenicities of model PAHs.
Recalcitrance (or resistance to enzymatic degradation) and carcinogenicity increase with
additional aromatic rings, while, simultaneously, solubility decreases. Figure from [48].

5



of microbial biodegradation is to add fertilizer to increase the available nitrogen and

phosphorous [223]. This method was used with success to assist in the cleanup of the

Exxon Valdez spill in Prince William Sound, Alaska over a period of three years [224].

Both laboratory-experiments and field-testing suggested that this strategy stimulated the

growth of hydrocarbon-degraders and increased the rate of petroleum biodegradation [18].

Nevertheless, natural, labile carbon sources are likely to be consumed by microorganisms

prior to contaminant carbon sources [266]. Petroleum biodegradation may be increased by

increasing the accessibility of recalcitrant petroleum components (e.g., polycyclic aromatic

hydrocarbons; Table 1.1) [91]. Oxygen limitation may be an additional factor affecting the

rate of petroleum biodegradation, but the extent to which petroleum contamination impacts

oxygen concentration in the water column is disputed [118, 176].

Microbial communities are a vital component of carbon cycling in the ocean [118].

Petroleum that enters marine environments through natural seeps on the ocean floor can

be a carbon source for microbial communities (Figure 1.2) [59, 116]. Most petroleum

that enters aerobic marine waters is degraded within weeks, but if it becomes trapped in

anaerobic sediments, in can remain there for much longer (Figure 1.3). Petroleum is a

complex, heterogeneous mixture, and its biodegradation also requires a complex mixture of

microorganisms [117, 182, 151, 238]. Following the DWH oil spill, a few petroleum-degrading

microbes were consistently enriched, which was accompanied with an overall decrease in

diversity. This process has been describes as “bloom and succession” [70]. Knowledge

about microbial community composition, diversity, and functional potential will enable the

development of strategies to predict petroleum biodegradation by microbial communities in

situ.

Microbial biodegradation of petroleum is complex and involves interactions between

microbial taxa and the environment [176]. Nutrient availability, temperature, and solubility

of hydrocarbons are a few of the important environmental factors that affect petroleum

biodegradation in impacted sites. This makes it difficult to link specific microbial taxa to

specific petroleum component chemicals. Further complicating the issue is the fact that

sequencing bias leads to systemic distortions in diversity analysis in microbial communities,

making accurate assignment specific taxa to specific functions difficult [10, 285].
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Table 1.1: Microbes known to degrade polycyclic aromatic hydrocarbons. Table from [48].

Bacteria Cyanobacteria and algae
Acinetobacter calcoaceticus Agmenellum quadruplicatum
Acinobacter sp. Anabaena sp (strain CA)
Aeromonas sp. Anabaena sp (strain 1F)
Alcaligenes denitrificans Amphora sp.
Acaligenes faecaolis Aphanocapsa sp.
Arthrobacter polychromogenes Chlorella autotrophica
Arthrobacter sp. Chlorella sorokiniana
Bacillus cereus Chlamydomonas angulosa
Beijerinckia sp. Coccochloris elabens
Corynebacterium renale Cylindrotheca sp.
Flavobacterium sp. Dunaliella tertiolecta
Micrococcus sp. Microcoleus chthonoplastes
Moraxella sp. Navicula sp.
Mycobacterium sp. Nitzschia sp.
Nocardia sp. Nostoc sp.
Pseudomonas cepacia Oscillatoria sp. (strain JCM)
Pseudomonas fluorescencs Oscillatoria sp. (strain MEV)
Pseudomonas paucimobilis Porphyridium cruentum
Pseudomonas putida Selenastrum capricornutum
Pseudomonas testeroni Synedra sp.
Pseudomonas vesicularis Ulva fasciata
Pseudomonas sp.
Rhodococcus sp.
Staphylococcus auriculans
Streptomyces griseus
Streptomyces sp.
Vibrio sp.
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Figure 1.2: Petroleum degrading microbial taxa. Petroleum degrading microbial phyla,
highlighted in red, have been identified from all three domains of life. Figure from [116].
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Figure 1.3: Overview of aerobic degradation of hydrocarbons by microorganisms. Figure
from [62].
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It has been estimated that more than 67,000 tonnes of petroleum enter the Gulf of

Mexico through natural seeps each year, and that the microbial community is therefore

well-adapted for its biodegradation [59]. Following the DWH spill, Oceanospirillales quickly

dominated the community, and it was hypothesized that these bacteria degrade alkanes

[117, 182, 70, 152]. Approximately 6 weeks later, the microbial community composition

had changed and was dominated by Colwellia and Cycloclasticus. When the well was

finally closed approximately 12 weeks later, the community composition had again shifted

and was dominated by Flavobacteria, Alteromonadaceae, and Rhodobacteraceae, which are

hypothesized to degrade high molecular weight organic compounds. Microcosm experiments

have confirmed these results, indicating that Oceanospirillales, Colwellia, and Cycloclasticus

are enriched following amendment of sea-water samples with petroleum hydrocarbons [173].

To date, 175 Bacteria and Archaea have been identified that are capable of growing

on petroleum as the sole carbon source [118]. Nitrogen, phosphorous, and other nutrients

can be limiting to microbial growth, but the concentrations of these nutrients in marine

environments is usually adequate for microbial growth. However, some marine basins, such

as the Eastern Mediterranean Sea, are known to have quite low phosphorous content; it is

unknown what affect this would have on petroleum biodegradation in the event of a spill

[157, 284, 158]. The local nutrient conditions could substantially affect overall petroleum

biodegradation rates, even when the initial microbial community composition is similar.

Bacteria are capable of petroleum hydrocarbon biodegradation under both aerobic and

anaerobic conditions (Figure 1.4) [119, 225]. Aerobic heterotrophic Bacteria and Archaea are

found throughout the water column, even in areas of hypoxia, while anaerobic heterotrophs

are more localized to anoxic sediments and hydrocarbon seeps [226, 298]. Under anoxic

conditions, respiration of hydrocarbons requires the presence of an alternative electron

acceptor such as iron(III), sulfate, or nitrate [82, 122, 58]. It is assumed that anaerobic

hydrocarbon biodegradation is much slower that aerobic biodegradation, due to the lower

reduction potential of the typical alternative electron acceptors. Dissolved oxygen content in

some marine basins fluctuates due to vertical mixing (caused by temperature changes in the

water column) or currents, but other basins, such as the Caspian Sea, have semi-permanent

anoxic or hypoxic zones [218, 204, 139].
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Figure 1.4: Potential pathways for anaerobic biodegradation of n-alkanes. (A) Proposed
pathway for biodegradation by sulfure-reducing bacteria. (B) Proposed pathway for
biodegradation by denitrifying bacteria. Figure from [111].
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Degradation of many recalcitrant hydrocarbons including 4 and 5 ring PAHs by both

bacteria and fungi has been documented [219]. Fungi in particular are capable of degrading

a wide assortment of hydrocarbons that are similar in structure to constituent compounds

found in petroleum [219]. While some organisms may degrade only alkanes or only aromatics,

others are capable of degrading both (Figure 1.5) [109, 62, 207]. For example, Colwellia

degrades propane, ethane, and butane, while Cycloclasticus degrades BTEX (butane,

toluene, ethylbenzene, and xylene) and some PAHs [118, 234]. The ability to degrade

petroleum hydrocarbons is believed to be not only the result of adaptation (in and around

hydrocarbon seeps, for example), but also as a result of broad substrate specificity by some

enzymes [109, 212].

Petroleum hydrocarbons and other complex organic contaminants are sometimes de-

graded in a step-wise manner, in which multiple organisms are required to completely degrade

the larger hydrocarbons [103]. This may be the norm in hypoxic or anaerobic environments

in which microorganisms rely on alternative electron acceptors [303]. It is well-known that

fungi are able to degrade many recalcitrant PAHs [31, 21, 47]. Most fungi, however, are

not capable of growth on high molecular weight PAHs as the sole carbon source, and it has

been hypothesized that bacteria in PAH-contaminated soil metabolize the PAH-degradation

products produced by fungi [47, 140]. Furthermore, synergistic metabolism involving bacteria

and fungi can improve overall hydrocarbon biodegradation [31, 52, 150].

The topic of microbial biodegradation of petroleum hydrocarbons has been visited

numerous times over the years [17, 48, 188, 180, 288]. Heterotrophic bacterial degradation

of hydrocarbons is an energetically favorable, ‘assimilatory’ process [273]. The most easily

degraded hydrocarbons are alkanes, followed by mono-aromatic hydrocarbons, then cyclic

alkanes, and then polycyclic aromatic hydrocarbons [107]. The most common pathway for

microbial hydrocarbon biodegradation begins with incorporation of one atom of molecular

oxygen into the substrate catalyzed by an oxygenase or peroxidase enzyme [118]. Degradation

of aromatic compounds is typically initiated by a monooxygenase or dioxygenase enzyme that

incorporates one or both atoms of molecular oxygen into the substrate [21]. The products of

these reactions are converted to intermediates of the tricarboxylic acid (TCA) cycle. Alkanes

are similarly converted into fatty acids which are then metabolized via beta-oxidation [239].
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Figure 1.5: Microbial biodegradation of aromatic hydrocarbons. Initial steps in the
microbial pathways for oxidation of polycyclic aromatic hydrocarbons. Figure from [48].
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Figure 1.6: Methods for the removal of polycyclic aromatic hydrocarbons (PAHs) from
contaminated environments. Non-biological processes convert PAHs directly to non-toxic
compounds, while biological processes (bioremediation) converts PAHs to intermediate
metabolites. Figure from [48].
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1.4 Oxygen minimum zones

Microbial communities are a critical component of the global carbon and nitrogen cycles

[61, 310, 172]. The composition and functional capacity of marine microbial communities

can be altered by pollution in the form of nutrient enrichment (“eutrophication”) [271, 191,

255]. Nutrient-rich industrial and agricultural runoff into marine environments has increased

substantially in the last century [32]. Eutrophication in the form of an influx of nitrates

in marine waters causes increased microbial growth in shallow water, chiefly algae [129].

When these microbes die, the biomass is consumed by aerobic heterotrophic bacteria, which

depletes the oxygen in the water column, forming OMZs. Stratification between the shallow

and deep waters causes OMZs to persist in deep waters in the open ocean [169, 218, 139].

The shallow, warm water is less dense than the deep, cold water, and this prevents mixing

of the two water masses.

In addition to pollution, human activity also affects marine environments through climate

change in the form of acidification and increasing water temperatures, which may exacerbate

OMZs [300]. Predicting the direct and indirect effects of climate change on microbial

production in the oceans is complex [279]. Some preliminary models indicate the possibility

of a positive feedback mechanism between climate change and OMZ formation, primarily

by increased global nitrous oxide production. OMZs often produce nitrous oxide, which

would increase along with increases in both the number of OMZs and their persistence.

Other research, on the other hand, suggests that OMZs will increase biological carbon

storage, acting as a negative feedback with climate change [46]. Microaerophilic bacteria

in the OMZ may contribute substantially to the net release or capture of carbon dioxide

[175]. Microaerophiles are organisms that require low levels of oxygen and often require

high levels of carbon dioxide, but they are inhibited by either anoxia or normal atmospheric

concentrations. These organisms are hypothesized to be tightly coupled to photosynthetic

cyanobacteria in OMZs to consume oxygen as soon as it is produced. They respond

rapidly to fluctuating oxygen concentrations; however, their actual response to seasonal

and daily fluctuations in produced oxygen, and thus their contribution to carbon cycling,

is not yet fully understood. Predicting the direct and indirect effects of climate change on
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microbial production in the oceans is complex, and no definitive predictions have yet been

made. Current models are improving but are still not sufficiently accurate to make reliable

predictions based on microbial activity [247]. Further study is needed to understand the

microbial processes within OMZs and their impacts on global biogeochemical cycles.

Although we generally assume that aerobic processes are faster than anaerobic processes,

preliminary evidence shows that the opposite may be true under certain circumstances

[241, 263]. Very few studies have directly compared aerobic and anaerobic degradation

of hydrocarbons, and most of our current knowledge is focused on aerobic degradation

[122]. Preliminary evidence indicates that marine microbial communities rapidly degrade

recalcitrant hydrocarbons such as oil under anoxic conditions [90]. Increased biodegradation

under anoxic conditions is likely caused by one of two methods: One possibility is that

hypoxia causes selective pressure on the microbial community, resulting in high relative

abundance of microaerophiles that degrade recalcitrant hydrocarbons rapidly. Another

possibility is that one or more organisms have adapted to hypoxia by evolving unique proteins

to rapidly degrade recalcitrant hydrocarbons; and the expression of those proteins is induced

in hypoxia.

1.5 Central Hypothesis

Microbial communities in oxygen minimum zones are adapted to rapidly degrade recalcitrant

hydrocarbons.

1.6 Specific Aims

1. Describe the diversity and composition of communities from OMZs in multiple marine

basins using taxonomic information. Microbial communities from the following marine

basins will be characterize: the Western and Eastern Atlantic Ocean; the Central and

Eastern Mediterranean; the Caspian Sea; and the Great Australian Bight. Microbial

taxa will be identified using 16S rRNA gene sequencing. The abundance of each
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microbial taxon will be compared to environmental characteristics using statistical

methods for enrichment and correlation analysis.

2. Compare microbial communities from a chronically eutrophic OMZ to that of a low-

nutrient, oxic environment using community-wide genomic information. Microbial

communities from a eutrophic OMZ (the Caspian Sea) and a low-nutrient, oxic

environment (the Eastern Mediterranean Sea) will be compared using whole genome

shotgun sequencing (metagenomics). From the metagenomic data, protein coding genes

will be predicted and grouped into protein families to compare functional potential of

the two environments. Statistical methods for “enrichment analysis” can then be used

to determine which protein families are over-represented within each environmental

niche.

3. Determine the microbial community composition from a eutrophic environment and

test its ability to degrade oil hydrocarbons under oxic or anoxic conditions. Water

samples will be taken from a eutrophic OMZ (the Caspian Sea) for microcosm

experiments. These experiments will be prepared under either oxic or anoxic

conditions, and then crude oil will be added to the sample. Microbial taxa that

comprise the communities in these experiments will be determined using 16S rRNA

gene sequencing, and hydrocarbon composition of the microcosms will be determined

by GC-MS.
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Chapter 2

Composition of microbial communities

in oxygen minimum zones
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This chapter is derived from a manuscript in progress. Data and statistical analysis,

and preparation and writing of the manuscript were carried out by Miller. Sampling was

carried out by Techtmann, Fortney, Mahmoudi, Joyner, Fernandez, Gardinali, GaraJayeva,

and Askerov. Guidance on experimental design and data analysis was provided by Fordyce

and Jacobson. Guidance on manuscript preparation was provided by Hazen.

2.1 Introduction

2.1.1 Marine basins

Atlantic Ocean

Water samples were obtained from the Eastern Atlantic (off-shore Angola). There are several

different current systems that interact to form distinct water masses by depth in this region.

Two current systems (the Angola and Benguela currents) intersect in this region to for the

Angola Current [28]. The Angola current runs south along the coast of Angola, is generally

warm (~24◦C), with salinity typical of ocean waters (36.4 PSU). The current is strong in

the upper layers forms part of a cyclonic gyre in the Angola Basin. The Poleward Under

Current is deep to the Angola Current and runs southward, while the Benguela Current

flows northward along the west coast of Africa.

Four water masses are formed as a result of currents in the region: the surface water

(<100 m), South Atlantic Central Water (100 – 500 m), Antarctic Intermediate Water (500

– 1200 m), and the North Atlantic Deep Water (>1200 m) [276, 76]. All of these water

masses move southward and then become part of the Angola Gyre.

The Benguela current brings cold, nutrient-rich water from the antarctic up the coast,

resulting in an upwelling effect. This current meets the Angola current to form the Angola-

Benguela front.

The shallow waters have high primary productivity and are saturated or supersaturated

with oxygen. This leads to high rates of aerobic, heterotrophic degradation of the resulting

biomass. Heterotrophic metabolism depletes oxygen in the water column, which decreases to

about 10% saturation at 400 m depth, thus forming the oxygen minimum zone (OMZ). The
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deep Benguela current is oxygenated, thus the waters below the OMZ have higher oxygen

concentrations [196]. Oxygen concentrations in some areas are sufficiently low that anoxic

processes occur at sufficient rates for sulfide to accumulate [37, 36]. Produced sulfide can be

then co-metabolized during nitrate-reduction (e.g., by some Gammaproteobacteria) [167].

Previous analysis of microbial communities in this region identified nutrient transport

as an important feature [198, 199]. Transporter proteins for nitrogenous compounds were

identified, but no transporter proteins for phosphate were identified; this is consistent with

the fact that nitrate is low while phosphate is high in this region. Furthermore, the

Archaeal ammonia monooxygenase (Amo) protein, a marker for ammonium oxidation, was

identified. The shallow waters were commonly dominated by Prochlorococcus spp. and

SAR11 , depending on the specific sample location, while Actinobacteria, Roseobacteria, and

OCS116 were also commonly enriched. However, the relative abundance of these taxa was

highly variable. This variability could be due to selection (e.g., based on nutrient availability)

or the result of different sampling coverage.

Nitrogen cycling in the region varies by water mass. In the Benguela upwelling region,

where nutrient content is high, rates of nitrogen fixation are low, which might be due to low

iron concentrations [270]. Denitrification may be the predominant mechanism for nitrate

removal. Although oxygen concentrations are low, there is still sufficient oxygen to prevent

anaerobic ammonium oxidation. Within the OMZ, bacteria adhere to particulate matter to

carry out anaerobic ammonium oxidation [162, 309].

The primary source of hydrocarbons for hydrocarbon degrading bacteria is algal and

bacterial lipids [45]. Degradation of these lipids in aerobic heterotrophic processes contributes

to the formation of OMZs, as described above. Large quantities of these lipids may be present

and sink through the water column. As they do so, labile hydrocarbons are degraded first,

leaving more recalcitrant hydrocarbons in the deeper waters. Bacteria in the OMZs may

also be capable of oil biodegradation if they have adapted to degrade these recalcitrant

hydrocarbons. Additionally, hydrocarbons from seeps on the ocean floor may be degraded

by heterotrophic processes. Microbes found near hydrocarbons seeps are capable of degrading

oil [26]. Furthermore, members of the Oceanospirillaceae, which were enriched during the

Deepwater Horizon spill in the Gulf of Mexico, have been reported in the Angola basin
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[117, 249]. This evidence supports the hypothesis that oil degrading bacteria may be present

in the Eastern Atlantic.

Oil exploration and production has been ongoing since the 1960s [302]. To date there

have been only ‘minor’ oil spills in this region, releasing, e.g., approximately 2,000,000 barrels

of oil into the Eastern Atlantic Ocean. However, it is unknown to what extent the native

microbial communities may or may not be capable of degrading oil in the case of a large

spill. The extent of microbial oil biodegradation has important implications for clean up

of oil spills both large and small. Based on the current evidence, I expect to find putative

oil degrading bacteria in this basin. Furthermore, very few reports describe the microbial

communities of the deep water and OMZs. In the case of an event such as the Deepwater

Horizon, the deep water communities will be the first to be effective, and potentially the

most important in mitigating the harmful effects of the released oil. Both ecological and

experimental studies are required to investigate the oil biodegradation potential of these

microbial communities.

Several different water masses intersect in the Western Atlantic Ocean, north of South

America [116]. Interesting features in this region include the output of the Amazon river

into the Atlantic ocean. Methanogenic archaea are present in these rivers, and they might

be an important influence on these coastal ocean waters. As with other basins in this

study, mud volcanoes are present on the sea floor in this region. The deep waters in this

region show evidence of multiple petroleum-degrading microbes including Colwelliaceae, and

Alcanivoracaceae [40].

Mediterranean Sea

The International Hydrographic Organization has established that are two primary basins

in the Mediterranean Sea: the western and eastern basins, which are separated by

Italy and Sicily [1]. Water samples for this report were obtained from the eastern

basin, which we divided into two regions: Central Mediterranean (off-shore Libya) and

Eastern Mediterranean (off-shore Egypt). Major inputs into the Mediterranean Sea include

precipitation, run off from the surrounding land, and water from the Atlantic Ocean via the

Strait of Gibraltar.
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Water from the Atlantic Ocean flows into the Mediterranean Sea from the Strait of

Gibraltar in the west to east forming currents below the surface waters [106]. This water is

generally lower in salinity than other water masses in the Mediterranean Sea. The surface

waters flow near the coast, also in an easterly direction, although there are many eddies

and gyres [237]. Stratification of the water masses is relatively strong during the summer

months, when the surface waters are warm, and subsides during the winter months, when the

surface waters are cooler. The Levantine Intermediate Water lies below the Atlantic Water

at 200-500m below sea level. This water mass is colder (~15◦C) and higher in salinity (~39

PSU) [159]. This water flows in to the west, in the opposite direction of the Atlantic water,

and exits the Eastern basin through the strait of Sicily. The Levantine Deep Water lies below

the Levantine Intermediate Water (>500 m), and is similar in temperature (~13.5◦C) and

salinity (~38 PSU) [293]. The high temperatures of the deep water masses and high salinity

in general make the Eastern Mediterranean a unique body of water, and these environmental

stresses may select for unique microbial functions.

The nutrient content of the waters of the Eastern Mediterranean is also unique. The

shallow waters are very low in phosphorous, with a Redfield ratio (N:P) 29:1 (recall that

expected N:P ratio is 16:1), while nitrogen and iron concentrations are relatively high [159,

284] (Figure 2.1). The low phosphate concentrations and resulting low primary productivity

make the Eastern Mediterranean an ultra-oligotrophic body of water [233, 275]. The low

primary productivity in the surface waters yields little biomass for aerobic heterotrophic

activity by bacteria, thus oxygen concentrations are high throughout the water column.

The Mediterranean Sea is home to a diversity of microbial communities, and cell

counts are typical of marine environments (1 × 105 cells/mL in shallow waters decreasing

to 1 × 104 cells/mL in deep waters) [89, 29, 164, 23, 232, 313]. Bacterial classes including

Gammaproteobacteria, Actinobacteria, and Firmicutes are commonly found in the Mediter-

ranean Sea [313]. However, the observed composition of the microbial communities varies

by both sampling location and depth of sample [29]. This observation could be the result

of selective pressures that differ by water mass, or could be the result of normal temporal

fluctuations in the community composition.
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Figure 2.1: Idealized model of the flow of phosphate through the food web of
microbial communities. Phytoplankton require phosphate for growth; i.e., low phosphate
concentrations limit phytoplankton growth and thus limit primary production. Solid arrows
represent the flow of phosphate, and broken arrows represent input of limiting nutrients.
Figure from Thingstad et al. [284].
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Hydrocarbon seeps have been located along the sea floor of the Mediterranean Sea,

however, the amount and type of hydrocarbon input into the system from this source has not

been fully investigated [260, 72, 133]. The microbial communities around these hydrocarbon

seeps have been investigated [123, 124, 210, 211, 214, 94, 100]. Reports indicate that

these observed microbial communities are diverse but are often dominated by Gammapro-

teobacteria [210, 94, 100, 221]. These microbial communities have been studied using a

combination of experimental techniques and metagenomics. Oil enrichment experiments

indicate that oil degrading bacteria are common in these waters, and hydrocarbon degrading

bacteria are estimated to be as abundant as 1 × 102 cells/mL in the Mediterranean Sea

[77, 53, 314, 316, 138, 200, 77, 248]. Interestingly, Cyanobacteria may be associated with this

hydrocarbon degrading community [316]. It remains unknown how these Cyanobacteria are

involved in hydrocarbon biodegradation; it is possible that the observed Cyanobacteria are

either hydrocarbon degraders or that they form a synergistic relationship with hydrocarbon

degrading bacteria by providing oxygen for aerobic degradation. Another study reported

that the dominant microbes in hydrocarbon degrading communities were Proteobacteria,

Firmicutes, Actinobacteria, and Bacteriodetes [248]. Experimental studies have shown that

these communities are capable of degrading benzene and toluene [221, 183]. Enrichment

microcosm experiments with oil combined with metagenomics revealed several novel esterase

enzymes with potential applications in biotechnology [79]. However, this study did not

characterize the overall community structure, so it is unknown what affect oil had on the

microbial community. This study demonstrated the potential for identification of novel

enzymes for industrial use, but future work should also characterize the microbial community

composition. Petroleum hydrocarbon pollution in the region has been relatively minor to-

date, however, hydrocarbon degrading microbes are reported to be enriched in local regions

were hydrocarbon pollution is high [203, 77].

Other microbial studies on the communities of the Mediterranean Sea have focused on

how these communities are adapted to the ultra-oligotrophic conditions (i.e., low phosphate

and high nitrogen content). These conditions may select for small microbes in favor of larger

ones [157]. Metagenomic analysis indicates a high number of proteins involved in phosphate

transport and processing [78]. Additionally, microbiological experiments have shown that
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some microbes from this region are capable of swimming toward inorganic phosphate [78,

135]. Nitrogen fixing microbes are highly active in the Eastern Mediterranean, and it is

hypothesized that the high proportion of nitrogen in these waters is due to microbial nitrogen

fixation [237, 160, 157, 242, 215].

Current information on the microbial community of the Mediterranean Sea is disparate

and inconsistent, which makes it difficult to draw conclusions regarding the composition

and functional potential of these microbial communities. Important questions regarding

the hydrocarbon biodegradation potential of these microbial communities as well as basic

ecological questions regarding the consistency and biodiversity of the community composition

remain unanswered. The existing literature in this area has focused on microbial communities

from sediments and coastal waters, leaving open questions about the open-water and deep-

water communities [53, 316, 138, 200, 248]. These questions have important implications

for assessing the potential microbial biodegradation of oil, e.g., in the event of an oil spill

in this basin. Oil exploration and production is increasing in the Mediterranean Sea, as

in many basins around the world. With increased production comes increased risk of an

accidental spill event. The existing evidence indicates that there is a strong likelihood of

finding novel hydrocarbon degrading organisms in the Mediterranean Sea that are adapted

to the unique environmental conditions found there. This following chapter describes the

analysis of microbial communities from multiple sites and depths within the Mediterranean

Sea to answer these questions.

Caspian Sea

The Caspian Sea is the largest landlocked body of water in the world. It receives freshwater

inputs from river runoff and precipitation, making the water brackish with salinity ~1/3 of

ocean salinity (~12 PSU) [290]. The Caspian Sea is divided into three geographic regions:

Northern, Middle, and Southern [156]. The Northern basin is substantially more shallow

than the Middle and Southern basins (maximum depths are ~20 m, 788m, and 1025 m,

respectively). The temperatures in the shallow waters of the Middle and Southern vary

seasonally, but there is thermocline near 50 m and below 100 m the temperatures are
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consistent year-round (~10◦C) [290]. The currents in the Caspian Sea are cyclonic, running

south along the western coast and north along the eastern coast [54].

More than 130 rivers flow into the Caspian Sea, and these inputs substantially impact

the sea level and nutrient content [290]. Input of riverine freshwater has increased steadily

since the mid-20th century bringing increased industrial and agricultural pollution into the

Caspian Sea [291, 54]. During the same time, the oxygen concentration in the deep waters of

the Middle and Southern basins have decreased substantially (from ~45% to 7% in the Middle

basin and from ~26% saturation to 5% in the Southern basin). Nutrient concentrations in the

shallow waters are kept low (relative to the deep waters), likely due to primary productivity

in these waters [245]. Nutrient concentrations increase with depth until ~300 m, and then

decrease again in the deepest waters [54]. The combination of sustained nutrient enrichment

and persistent hypoxia make the deep waters of the Caspian Sea unique among marine

basins.

In addition to pollution from rivers, the Caspian Sea receives an estimated 70,000-90,000

tons of hydrocarbon input from oil exploration and production, and from hydrocarbon seeps

on the sea floor [54]. Hydrocarbon seeps (aka “mud volcanoes”) are an important source of

hydrocarbon input into the Caspian Sea, and they’re presence indicates that these microbial

communities have a long history of hydrocarbon exposure [93]. Furthermore, although

hydrocarbon seeps are found on the sea floor in many marine basins (e.g., the Mediterranean

Sea), the deep waters of most marine basins have moderate to high oxygen concentration.

I.E., the hypoxic conditions of the deep waters of the Caspian Sea make these hydrocarbon

seeps particularly unique.

Microbial cell counts vary seasonally, ranging from 1 × 105 to 1 × 106 cells/mL in shallow

waters and decline to 1 × 104 cells/mL in the deep waters [245]. As expected, aerobic

microbes tend to dominate the shallow water communities while microaerophiles tend to

dominate the deep water communities. However, the impact on the unique combination of

hypoxia and hydrocarbon exposure from hydrocarbon seeps in the deep water communities

has not been investigated. Based on the history of exposure to hydrocarbons from natural

seeps, the microbial community of the deep waters of the Caspian Sea is expected to have

the potential for high hydrocarbon biodegradation.
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Oil degrading bacteria and fungi have been isolated from the Caspian Sea [115, 114,

259, 296, 245, 297]. Furthermore the number of heterotrophic bacteria in general and

hydrocarbon degraders specifically are both high (1 × 105 and 1 × 104 cells/mL, respectively;

Hassanshahian et al. [115]). The identities of some of the oil degrading isolates have been

reported (e.g., Pseudomonas, Gordonia), and the potential for bioremediation in the event

of an oil spill has been reported, however the community composition in these heavily

hydrocarbon impacted waters has not yet been investigated [115, 296].

Great Australian Bight

The Great Australian Bight (GAB) lies off of Australia’s southern coast and receives input

from the Indian Ocean and the Antarctic Ocean (aka Southern Ocean). Several different

ocean currents and water masses intersect along Australia’s coastlines [112]. The primary

currents that affect the GAB are the Leeuwin current, the Southern Australian current, and

the Flinders current [24, 268, 192]. The Leeuwin current is warm with low salinity and carries

water in a southerly direction. Below the Leeuwin current is the Leeuwin undercurrent, which

carries water in a northerly direction. The Flinders current is driven by wind and carries

water in a westerly direction. The Southern Australian current is also driven by wind but

carries high salinity water in an easterly direction.

There is also an upwelling region that brings nutrient-rich water to the surface periodically

[146, 145, 193]. Primary productivity in the GAB is generally low, but elevated productivity

has been observed during the summer [294, 295]. The Cyanobacteria Prochlorococcus and

Synechococcus were abundant in these microbial communities. The deep waters (>185m) are

dominated by Thaumarchaeota [281]. These microbes, along with SAR11, Rhodobacteriales,

Oceanospirillales, Alteromonadales, and Bacteroidetes are commonly observed in the nearby

waters of the Antarctic Ocean [256, 38].

As in other basins included in this study, the Bight is of commercial interest for oil

exploration, and is one of the deepest marine basins in consideration [174, 116]. However,

unlike some of the other basins, no natural hydrocarbon seeps have been identified in the

GAB [277]. There is a particular dearth of information available on the microbial community

of the GAB. As such, the potential for microbial hydrocarbon biodegradation in the event

27



of an oil spill is purely speculative. Here, we report on the microbial community of the GAB

with particular attention to potential oil degrading microbes.

0cm

2.2 Methods

2.2.1 Sample collection and environmental factors

Water samples were collected as part of BP’s oceanographic survey from six marine basins

in 2013: Western Atlantic, Eastern Atlantic (off-shore Angola), Central Mediterranean (off-

shore Libya), Eastern Mediterranean (off-shore Egypt), the Great Australian Bight (GAB),

and the Caspian Sea. In total, 142 samples were obtained.

Niskin bottles were deployed for water collection. Environmental variables (temperature,

dissolved oxygen, salinity, pH, turbidity) were measured with a MIDAS CTD + Profiler

(Valeport Ltd, St. Peter’s Quay, UK) on the sampling rosette.

At each sample location, approximately 100 liters of ambient seawater was filtered using

a large volume pump (McLane Research Laboratories, East Falmouth, MA). The water was

filtered through a 142 mm nylon membrane with a pore size of 0.2 µm (Sterlitech, Kent,

WA) and then stored at -20◦C. One third of the filter was used for DNA analysis.

Recovered seawater was dispensed into 4-liter amber bottles using clean TYGON Tubing

(Saint-Gobain, La Défense, Courbevoie, France) to limit aeration. Bottles were stored on-

ship at 4◦C and then shipped on wet ice. Forty mL of recovered seawater was fixed in 4%

formaldehyde and stored at 4◦C for acridine orange direct counts (AODCs).

One hundred mL of water was frozen at -20◦C for analysis of dissolved organic carbon

and nutrients. Total organic carbon and total nitrogen were analyzed with TOC-L analyzer

(Shimadzu Scientific Instruments, Columbia, MD), and inorganic nutrients were analyzed

with a SEAL AutoAnalyzer 3 HR (SEAL Analytical Inc., Mequon, Wisconsin). Nutrients

(nitrate, nitrite, ammonia, total nitrogen, inorganic phosphate, silicate) were measured at

each of the sampling location.
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Table 2.1: Table: Comparison of physical and chemical factors in basins around the globe
that have a history of oil biodegradation. Table from Hazen and Techtmann [116].

Nit.
(g/kg)

Pho.
(g/kg)

Amm.
(g/kg)

Fe
(g/kg)

Sul.
(g/kg)

Sal.
(PSU)

Tem.
(◦C)

DO
(mg/L)

Eastern Mediterranean (Egypt) 178.4 39.7 28.0 6.5 4.7 38.9 13.8 6.4
Central Mediterranean (Libya) 160.0 29.3 30.0 ND ND 38.6 13.7 5.5
Great Australian Bight 144.7 153.5 125.0 5.8 1.6 34.8 2.5 5.0
Caspian Sea 127.8 56.9 739.6 4.7 1.9 11.3 6.8 0.5
North Sea 569.6 33.5 12.5 ND ND 33.7 3.0 ND
Eastern Atlantic (Angola) 20.0 1.6 10.2 ND ND 36.0 4.0 3.4
Western Atlantic (Brazil) 25.0 1.1 ND ND ND 37.0 5.0 ND
Gulf of Mexico 208.0 205.0 78.0 56.0 ND 35.0 4.8 ND
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2.2.2 Acridine orange direct cell counts

Acridine orange direct cell counts (AODCs) were performed as describe by Francisco et al.

[83]. Cell counts were performed with Zeiss Axioskop epifluorescence microscope (Carl Zeiss,

Inc., Germany).

2.2.3 DNA extraction and 16S rRNA gene amplicon sequencing

Genomic DNA was extracted the method of Miller et al. [194] with modifications as described

in Hazen et al. [117]. DNA was cleaned using the Genomic DNA Clean & Concentrator kit

(Zymo Research, Irvine, California). Quality of extracted DNA was determined by measuring

the 260/280 and 260/230 ratios on a NanoDrop spectrophotometer (Thermo Fisher Scientific,

Waltham, MA). DNA concentration was determined by PicoGreen (Thermo Fisher Scientific,

Waltham, MA).

The 16S rRNA gene libraries were prepared as described by Caporaso et al. [42]. The

V4 region of the 16S rRNA gene was amplified by PCR using universal primers 515f and

barcoded 806r, which anneals to both Bacterial and Archaeal sequences, with Phusion DNA

polymerase (Thermo Fisher Scientific, Waltham, Massachusetts). A 12 base pair barcode

index was included in the reverse primer to multiplex samples for sequencing analysis.

The 16S rRNA gene amplicons were then pooled together, and the quality and size of the

amplicons was analyzed using a Bioanalyzer (Agilent Technologies, Santa Clara, CA). The

16S rRNA gene libraries were sequenced using a MiSeq with a V2 kit (Illumina, San Diego,

CA).

2.2.4 Sequence read processing

The resulting DNA sequences were analyzed using the following QIIME (v1.9) pipeline [42].

The paired-end sequences were joined using fastq-join [16]. The joined sequences were then

demultiplexed and sequences with a phred score below 20 were removed. Chimeric sequences

were detected using UCHIME [74, 75] and removed. Sequences were clustered into operation

taxonomic units (OTUs) at 97% sequence similarity using UCLUST [74] with the “open-

reference OTU picking” protocol. Taxonomy was assigned to a representative sequence from

30



each OTU using UCLUST against the SILVA 132 QIIME compatible database [229, 312].

Samples with fewer than 20,000 sequences were removed from the dataset.

2.2.5 Statistical analysis

Samples were divided into two water masses (shallow and deep) for analysis of environmental

parameters and microbial communities; shallow waters were defined as waters ≤50 m in

depth, and deep waters were defined as waters >50 m in depth, which is consistent with the

observed thermoclines. The hypothesis that environmental parameters were the same across

basins and water masses was tested using a t-test for independent (unpaired) samples (alpha

= 0.05), and P-values were corrected with the Bonferroni method.

2.2.6 Alpha diversity analysis

Each sample was sub-sampled (i.e., “rarefied”) to 20,490 sequences prior to computing alpha-

diversity metrics in order to control for differences in sequencing coverage across samples.

Alpha-diversity metrics were calculated using the scikit-bio (v0.4.2) package in Python

(v3.6.0). The following metrics were calculated:

• chao1 richness estimator [50]

• Shannon’s index (Shannon entropy) [257, 274, 306]

• Simpson’s index (Gini-Simpson form; the probability of specific encounter) [264, 134,

143]

Observed OTUs in each sample community were also recorded. Calculations were

performed on both the raw (filtered) read counts and the rarefied read counts.

2.2.7 Beta diversity analysis

Bray-Curtis dissimilarity between microbial communities was calculated using SciPy (v0.19.1)

in Python (v3.6.0) [34]. The resulting pair-wise dissimilarity values were used as input for

principal coordinates analysis to visualize the similarity of all samples to one-another. The
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dissimilarity values were also used as input for hierarchical clustering using the average

linkage method to identify clusters of communities across basins and water masses.

2.2.8 16S rRNA Gene enrichment analysis using Fisher’s exact

test

Fisher’s exact test is a classical statistical test that is commonly used for gene enrichment

analysis [81]. Gene enrichment analysis is generally used to test if a set of genes is enriched

in one condition vs another, where the set of genes is often a group of related genes based on

some ontological assignment. In this case, there is only one gene of interest, the 16S rRNA

gene, which is clustered into sets (OTUs) based on sequence similarity. The null hypothesis

for each OTU is that the proportion of reads assigned to that OTU is not different among

the environments of interest. Fisher’s exact test was applied in a one-vs-all manner; i.e., for

each sampling location (basin and depth category), if the proportion of that OTU in that

location vs that OTU in all other basins compared to the proportion of all other OTUs in

that basin vs all other OTUs in all other basins. Before the test was applied, a pseudo count

(+1 read) was added for consistency with DESeq2 (below). Based on empirical evidence,

the pseudo count did not change the determination that an OTU was enriched or not, but,

in the case of low read counts, the odds ratio decreased by orders of magnitude.

2.3 Results and Discussion

The primary goal of this study was to identify important features of marine environments

that shape microbial communities, with particular attention to oxygen minimum zones.

2.3.1 Site descriptions

In total, 142 samples were obtained from six marine basins: Western Atlantic, Eastern

Atlantic (off-shore Angola), Central Mediterranean (off-shore Libya), Eastern Mediterranean

(off-shore Egypt), the Great Australian Bight (GAB), and the Caspian Sea. There were

important distinctions between the sampled environments. A thermocline was observed
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near 50 m depth in all basins, however temperatures in the GAB fluctuated more than other

basins until stabilizing near 1000 m. The deep waters of the Caspian Sea, Eastern Atlantic,

and GAB were the coldest, rapidly dropping below 10◦C and approaching 4◦C in the deepest

waters. The waters of the Mediterranean (off-shore Libya and off-shore Egypt) were the

warmest, with waters never dropping much below ~15◦C.

High cell counts are typically observed in shallow waters and then decrease with depth

[313]. AODCs were generally 10-fold greater in shallow water samples (1 × 106 cells/mL)

compared to deep water samples (1 × 104 to 1 × 105 cells/mL) from the same basin, which is

typical for open ocean waters. In the Eastern Atlantic, AODCs were as much as 1000-fold

greater in shallow waters compared to deep waters.

Salinity in each of the basins was generally constant throughout the water column. The

waters of the Mediterranean were the most saline (nearly 40 PSU), while waters of the

Eastern Atlantic and GAB were slightly less saline (~37 PSU). Salinity in the Caspian Sea,

which is known to be brackish, was much lower; salinity was ~1/3 of that observed in other

basins (~12 PSU).

Dissolved oxygen was highest in the shallow waters, as expected, and generally declined

with depth. Oxygen minimum zones were observed in both the Caspian Sea and Eastern

Atlantic, and oxygen concentrations declined steadily until ~500 m. Oxygen concentrations

in both of these OMZs fell below 3 mg/L (the upper limit of hypoxia). In the Eastern

Atlantic, deep water currents flow northward from the Antarctic, bringing both nutrients

and oxygen to the deep waters here. The Caspian Sea, on the other hand, being landlocked,

receives no input of oxygen to the deep waters. Oxygen concentrations in the GAB and in

Egypt declined steadily with depth, but never dropped below 5 mg/L. In the deep waters of

the Central Mediterranean Sea, oxygen fell below 5 mg/L in the deepest waters, but no mid-

depth OMZ was observed. The primary cause of OMZ formation is eutrophication, resulting

in increased aerobic activity in shallow waters. Therefore, the waters of the Mediterranean

Sea and the GAB are unlikely to be substantially impacted by eutrophication.

Total Nitrogen was different among the basins. The highest values were observed in

the Caspian Sea (~0.4 mg/L) and in the deep waters (>800 m) of the GAB (>0.4 mg/L).

In the GAB, these high values were attributable to very high nitrate concentrations (30

33



micromolar). Nitrate levels in the Caspian Sea were also relatively high (~10 micromolar),

but were much closer to values observed in other basins (~8 micromolar). In the Caspian Sea,

high total N values were attributable to high nitrite (0.1 mg/L). Nitrite concentrations in

all other samples were below detectable limits. In this shallow waters of the GAB, however,

Total N was much lower (<0.2 mg/L), consistent with values observed in other basins. Total

N increased slightly with depth in the Eastern Mediterranean, but never increased above

0.2 mg/L. Finally, ammonia levels were typically low, with highest values (~10 micromolar)

observed in two of the deep water samples from the Eastern Mediterranean.

Inorganic phosphate concentrations were closely correlated with total nitrogen. Namely,

inorganic phosphate was highest in the deep waters of the GAB and in the Caspian Sea.

However, inorganic phosphate was more more highly correlated with depth than total

N. Low phosphate concentrations were observed in the Eastern Mediterranean, which,

although unusual for a large marine basin, is consistent with previous reports [280, 157, 284].

Additionally, silicate concentrations were correlated with total N and Pi. Silicate is indicative

of diatoms. Lastly, total organic carbon (TOC) was substantially higher in the Caspian Sea

(mean ~7 micromolar) than in any of the other basins (mean ~1 micromolar). This typically

indicates that biological productivity is high. However, oil production in the Caspian Sea,

and oil content in the water has been documented to be high as well. Therefore, these TOC

measurements might be detecting oil hydrocarbons rather than active and/or recently dead

biomass.

2.3.2 Within-community diversity (alpha-diversity)

The most fundamental measure of richness in a community is simply the number of species

or OTUs observed The median number of observed OTUs was highest in Egypt (6595)

and GAB (6122) indicating that microbial biodiversity is highest in these environments.

Median observed OTUs in Caspian (3843) and Eastern Atlantic (i.e., off-shore Angola; 4810)

indicate intermediate biodiversity, while Libya (1804) and West Atlantic (1865) had the

lowest biodiversity. The number of observed OTUs per sample in each basin is summarized

in Table 2.2.

34



0.00 0.05 0.10
Ammonia

0

1000

2000

3000

4000

5000

D
ep

th
 (m

)

0 10 20 30
Nitrate

0.00 0.05 0.10
Nitrite

0.2 0.4
TotalN

0 1 2
InorganicP

0

1000

2000

3000

4000

5000

D
ep

th
 (m

)

2.5 5.0 7.5
TOC

0 5 10
DO

H
yp

ox
ia

(<
3 

m
g/

L)

10 20
Temp

Caspian
Eastern Atlantic
Egypt
GAB
Libya
West Atlantic

Figure 2.2: Physical variables for each basin.
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Figure 2.3: Chemical variables and nutrients for each basin.
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Table 2.2: Range of OTUs observed in each basin. The distribution of OTUs observed
per sample in basins marked with an asterisk * was not normal (Shapiro-Wilk test P-value
<0.05).

Basin min median max
Eastern Atlantic* 2339 4810.0 9486
West Atlantic* 586 1865.0 6853
Eastern Mediterranean (Egypt) 2779 6595.0 11440
Central Mediterranean (Libya) 1269 1804.0 2562
Caspian* 1662 3843.0 11460
GAB* 4071 6122.5 22771
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There were significant differences between microbial communities from deep and shallow

waters (Figure 2.4, Figure 2.5). Richness (observed and estimated) and alpha diversity

metrics were similar across basins and depths. These metrics attempt to quantify the

overall biodiversity of a community, and higher values correspond to higher biodiversity.

Therefore, richness and alpha-diversity can be seen as high-level indicators of the ‘health’ of

a community. Beta-diversity metrics indicate that microbial communities cluster according

to basin and/or depth. Furthermore, 16S rRNA gene enrichment analysis revealed genera

that are over-represented in each sampling location (basin, depth).

The number of OTUs observed in OMZ communities was also investigated to test the

hypothesis that hypoxia significantly influences richness, e.g., by selecting against aerophilic

bacteria. The number of OTUs observed in microbial communities within OMZs was not

significantly different from microbial communities from higher oxygen environments.

The chao1 metric attempts to measure the actual richness, and this metric is discussed

below [50]. Diversity attempts to consider not only the number of species, but the

distribution of those species. There are many possible metrics for diversity, two of which are

discussed below and used in this work. Sample sizes (number of reads) differed substantially

between samples; therefore, samples were rarefied to 20,490 reads (the number of reads in

the smallest sample) to in an attempt to make comparisons more comparable. The following

results for alpha-diversity metrics were conducted using the rarefied samples.

The chao1 metric is an attempt to estimate the actual species richness S from the observed

richness Sobs. The metric is based on the assumption that rare taxa are likely to be sampled

infrequently, whereas highly abundant taxa are likely to be sampled frequently. Therefore, it

is further assumed that the observed rare taxa contain information about undetected taxa,

while the highly abundant taxa contain no useful information about undetected taxa. In

particular, the observed rare taxa that are of interest are singletons (species observed once)

and doubletons (species observed twice). If every observed taxa has at least two counts, then

it can be assumed that the community has been completely sampled. The equation takes

the following form:

Ŝ =

 Sobs + f2
1

2f2
iff2 > 0

Sobs + f1(f1−1)
2 iff2 = 0
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Figure 2.4: Alpha-diversity metrics of microbial communities from different basins and
water masses (by depth category).

39



Figure 2.5: Alpha-diversity metrics of microbial communities from OMZs compared to all
other communities.
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Where Sobs is the observed number of species, f1 is the number of singletons, and f2

is the number of doubletons. The trends for richness estimation across basins were similar

to the trends in observed OTUs, which is not surprising, considering that the equation for

richness estimation takes as a parameter the number of observed OTUs. Richness estimation

can be interpreted as a lower limit for the number of OTUs/species in an environment, and

therefore informs estimates for future sampling (e.g., with respect to the amount of water or

biomass required in order to reach some sequencing coverage goal). Based on the richness

estimates, the observed OTUs represent only ~50% of the total number of actual number of

OTUs in each basin. The observed OTUs for the Libya samples are nearest to the estimated

richness (mean 76.94% +/- 0.06%). However, when sequencing coverage is very low, and

very few singletons have been observed, chao1 is likely to give an estimate that is too low.

The Libya samples had the lowest sequencing coverage of all of the samples, and therefore

it is likely that sampling was too low in these basins to get good estimates of richness.

Sequencing coverage for many of the Western Atlantic samples was low, while coverage for

a few of these samples was quite high, and this variation carries over to the chao1 richness

estimates. Overall, the chao1 richness estimates indicate that perhaps half of the microbial

community members were not observed in our sequencing efforts. This fact, combined with

the likelihood that sequencing coverage for some samples was perhaps too low to even produce

good richness estimates means that future sampling efforts in all of these basins should be

expanded substantially.

Actual richness using the chao1 estimator in OMZ communities was also investigated to

test the hypothesis that hypoxia significantly influences potential richness. The estimated

richness of microbial communities within OMZs was not significantly different from microbial

communities from higher oxygen environments.

The traditional Simpson index is defined as:

λ =
R∑

i=1
p2

i ,

Where R is the total number of OTUs observed (i.e., richness) and pi is the proportional

abundance of the ith OTU.
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Table 2.3: Chao1 richness estimates for each basin. The number of observed OTUs per
sample in basins marked with an asterisk * was not drawn from a normal distribution
(Shapiro-Wilk test p-value <0.05).

Basin min median max
West Atlantic* 558.1 1440.8 3956.4
Eastern Atlantic 1323.2 2843.7 5126.8
Libya 1207.6 1712.3 2376.3
Egypt 2581.5 5132.7 7909.1
Caspian* 1387.2 2849.9 6766.3
GAB 2723.5 4189.1 5794.0

42



The value of the Simpson index equals the probability that two microbes sampled from

the same community will be the same species, assuming random sampling with replacement.

In its original form, the Simpson index is small when diversity is high and vice versa; i.e.,

when fewer species are present in the community, the relative abundance of each species is

higher. The Gini-Simpson index is the complement of the Simpson index.

1 − λ

The interpretation of the Gini-Simpson index is often considered to be more intuitive,

and therefore it is commonly used in ecology. The value of the Gini-Simpson index is large

when diversity is high; if there is only one species in the data, then its value is 0. The

value of the Gini-Simpson index equals the probability that two microbes sampled from the

same community will be of different species, and is bounded between 0 and 1. Gini-Simpson

diversity was generally similar across basins in deep water communities. Diversity varied

more across basins in the shallow water communities, and tended to be lower than diversity

in deep water communities of the same basin. The microbial communities in the shallow

waters of the Caspian Sea were the most diverse shallow water communities. One community

in the Eastern Atlantic had a very low diversity (despite similar sequencing coverage to other

shallow water communities). This indicates that this sample is likely to be dominated by

one (or a few) OTUs.

The calculated Gini-Simpson diversity of OMZ communities was also investigated to

test the hypothesis that hypoxia significantly influences biodiversity, e.g., by selecting

for microaerophilic and/or facultative-anaerobic bacteria. The diversity of microbial

communities within OMZs was not significantly different from microbial communities from

higher oxygen environments as determined by ANOVA.

The value of the Shannon entropy represents the uncertainty of predicting the species

of a microbe randomly sampled from a community. It is bounded between 0 and ln(R). If

all species are equal in relative abundance, then the value is ln(R). The value approaches

0 when one (or a few) species dominates the community and all other species are present

in low relative abundance. Trends across basins and depths were similar when comparing
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Shannon entropy (diversity) and Gini-Simpson diversity (above). I.E., Shannon diversity is

generally higher in the deep water communities and lower in the shallow water communities.

However, the microbial communities of the shallow waters of the Caspian Sea were less

diverse compared to the communities from the deep waters. The sample from the Eastern

Atlantic that had a very low Gini-Simpson diversity still had a low Shannon diversity, but

it was more similar to the other communities overall.

The Shannon diversity index (aka, Shannon entropy) is defined as:

H ′ = −
R∑

i=1
pi ln pi

where R is the total number of OTUs observed (i.e., richness) and pi is the proportional

abundance of the ith OTU. The Shannon index quantifies the uncertainty in predicting the

next OTU that will be observed when drawing OTUs from the sample randomly. When one

or a few OTUs dominate the community, it is more likely that an OTU draw randomly will be

accurately predicted; this is represented by a lower Shannon entropy. In an evenly distributed

community, the different OTUs are roughly equal in relative abundance; this is represented by

a higher Shannon entropy. The Shannon diversity of OMZ communities was also investigated

to test the hypothesis that hypoxia significantly influences biodiversity, e.g., when microbes

with a selective advantage become enriched in a community. The diversity of microbial

communities within OMZs was not significantly different from microbial communities from

higher oxygen environments.

Previous studies with similar data have observed statistically significant differences in

alpha-diversity for microbial communities from different water masses within the same basin,

however, none were observed in this study [11, 9, 280]. This could be indicate that depth

categories used in this study were too broad, and therefore do not accurately represent

different microbial communities. Alternatively, significant differences observed in previous

studies might be due to small sample sizes.
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2.3.3 Between-community diversity (beta-diversity)

Read counts for OTUs were converted to relative abundance and the Bray-Curtis dissimilar-

ity was calculated between all pairs of samples. The resulting dissimilarity matrix was

then used as input for principal coordinate analysis (PCoA) and hierarchical clustering

(HC). Both of these methods take the same distance (or dissimilarity) matrix as input,

and therefore yield similar results, but have slightly different purposes. PCoA is a

form of dimensionality reduction that allows the user to visualize at a high level which

communities are similar to each based on how close together they appear, but does not

cluster communities together. Hierarchical clustering, as the name indicates, clusters the

communities together by merging communities that are nearest (least dissimilar) to each

other; these clusters of communities can then be further analyzed. The dissimilarity between

clusters is represented as a dendrogram, which is sometimes difficult to interpret accurately

because it represents dissimilarity between clusters of samples and not dissimilarity between

samples. Furthermore, dividing the dendrogram into clusters is often based on a used defined

threshold, making the resulting clusters somewhat subjective.

PCoA indicates that Caspian Sea microbial communities are distinct from communities

in other marine basins. The other marine basins were generally similar to each other, with no

clear distinctions by basin. However, is a general trend across basins that communities are

separated by depth. There are some important correlations with microbial community depth

that seem to be generalizable across marine basins. Shallow communities were generally

correlated with higher salinity, higher temperature, higher dissolved oxygen, and higher

total organic carbon. The Benguela current carries cold, nutrient-rich water up the coast,

which contributes to these influences. This current meets the warmer, nutrient-poor waters

of the Angola current, creating the Angola-Benguela Front, which continues north. Deep

water communities were correlated with nitrate, total nitrogen, inorganic phosphate, and

silicate (which is indicative of diatoms).

HC using agglomerative clustering with the average linkage method indicates similar

trends as those observed with PCoA, but more clearly indicates the presence of three

potential clusters of microbial communities. Microbial communities from the Caspian Sea
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clustered together, distinct from other basins, with sub clusters for shallow and deep water

communities. In addition, HC indicates that shallow water communities (not including

the Caspian Sea) tend to cluster, with no clear sub-clusters by marine basin. Deep water

communities (not including the Caspian Sea) formed a large cluster with sub-clusters for

Western Atlantic, Eastern Atlantic, and Great Australian Bight communities. Microbial

communities from the Mediterranean Sea (off shore Libya and off shore Egypt) also tended

to cluster together, but a few communities from the Great Australian Bight also clustered

here.

2.3.4 Characterization of microbial communities in oxygen mini-

mum zones

Important differences exist between microbial communities from the photic and aphotic

zones, but unexpected differences have also been found between deep water communities

within the same basin [11, 9, 280]. A goal of this study was to identify key features of oxygen

minimum zones, which typically form below the photic zone in eutrophic water masses .

Overall, microbial communities from oxygen minimum zones were not significantly

different from other marine microbial communities. Richness and alpha-diversity metrics

for microbial communities from OMZs were similar to those observed for other microbial

communities. However, 16S rRNA gene enrichment analysis revealed genera that are

significantly over-represented in OMZ microbial communities.

Beta-diversity showed that microbial communities from the Caspian Sea clustered

together, and the OMZ communities did not show particular similarity to each other apart

from other Caspian Sea communities. The Caspian Sea communities have likely been

conditioned over a period of ~50 years to steadily increasing eutrophication and decreasing

oxygen concentrations. It may be the case that a substantial fraction of the community is

able to survive in a wide range of oxygen concentrations, and therefore oxygen concentration

is a relatively minor influence on this community composition. However, the community

from CMS01NB seems to be an outlier. This is likely because this community is (1) the

deepest sample from the Caspian Sea, (2) in close proximity to a mud volcano, and (3) the
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Figure 2.6: PCoA with confidence ellipses illustrates the dissimilarity between microbial
communities. (A) Confidence ellipses drawn around microbial communities from each
basin illustrate communities from most basins are generally similar to each other, with the
exception of communities from the Caspian Sea, which are distinct from other communities
as indicated be the lack of overlap between confidence ellipses. (B) Confidence ellipses
drawn around microbial communities for each basin and depth location illustrate that some
communities are distinct from each other by depth.
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Figure 2.7: Heatmap and heirarchical clustering of Bray-Curtis dissimilarity matrix reveals
clusters of microbial communities. Higher color intensity indicates similarity between
samples. Dendrograms were constructed using agglomerative heirarchical clustering with
the average linkage method. Color bars indicate either basin or depth (higher blue intensity
indicates deep water sample). Caspian Sea microbial communities cluster together and are
distinct from other communities. Shallow water and deep water communities tend to cluster
together.
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farthest location from known oil production activities. Future work might investigate which

of these mechanisms is the most influential.

Genera that were enriched in the Caspian Sea OMZ were identified with Fisher’s exact

test. These enriched genera are found in specific clusters of all of the observed genera (across

basins). These genera in these clusters tend to collectively exhibit one of the following

trends: (1) enriched in the Caspian Sea in general, or, at least, in the deep waters of the

Caspian Sea; (2) observed frequently in both the Caspian Sea and Eastern Atlantic in lower

abundance, and otherwise rarely observed. One of the clusters was comprised of genera

that were frequently observed across all samples, and there were two sub-clusters within this

group. The genera of one of the sub-clusters were observed in similar abundance in both

shallow and deep water samples, while genera in the other sub-cluster were observed in lower

abundance in shallow waters and higher abundance in deep water samples.

Another cluster was formed from genera that were enriched in the Caspian Sea. This

cluster was also divided into two sub-clusters. The genera of one of these sub-clusters showed

a trend toward decreased abundance in deep waters in other marine basins, while the genera

of the other sub-cluster were more consistently observed across samples. Two additional

clusters were comprised of genera that were infrequently observed across samples. However,

there are several genera within these clusters that seem to show a trend toward increased

abundance in deep water samples. Future sampling may be required to determine if this

phenomenon is real.

There were important differences between the microbial communities observed in the two

OMZs. First of all, Archaea are enriched in the Caspian Sea, while few Archaea were enriched

in the Eastern Atlantic. Furthermore, Archaea of the family Nitrosopumilaceae were among

the five most abundant genera enriched in the Caspian Sea. On the other hand, Archaea

that were enriched in the Eastern Atlantic comprised a small fraction of reads (<=123

reads). Sequence reads that were completely unidentified were also significantly enriched in

the Caspian Sea OMZ communities. These could represent as yet uncharacterised taxa, or

they could represent chimeric sequences that were not removed during quality filtering steps.

Several Gammaproteobacteria including Pseudoalteromonas, Limnobacter, and Psychrobacter

were enriched in the Eastern Atlantic OMZ communities.
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There were some important similarities between the enriched genera in the two OMZs.

The genera Blastopirellula, (Thermoanaerobaculaceae) Subgroup 10, (Cellvibrionaceae)

and (Cyclobacteriaceae) were enriched across both OMZs. Methyloprofundus was also

significantly enriched in both OMZs, but was observed in high abundance in only one of

the Eastern Atlantic communities. The communities from the deepest water samples in

the two OMZs were the most similar to each other out of all of the OMZ communities,

supporting the hypothesis that depth is strongly influential, perhaps more influential than

oxygen concentration.

2.3.5 Possible effects of oil spill on microbial communities

Oil degrading bacteria are ubiquitous in marine environments [118]. In the Caspian Sea and

Eastern Atlantic Ocean, we observed typical oil degrading bacteria. In the event of a spill

event in the Eastern Atlantic, we expect that these microbes will degrade oil as observed

in other spill events. Importantly, this environment receives nutrient enrichment from the

Angola-Benguela Front. This nutrient input will likely enhance degradation potential in

this basin relative to other basins. However, high rates of in situ biodegradation similar to

those observed in the Gulf of Mexico [118] may not be reached for days or weeks following a

spill. During the course of biodegradation, a succession of bacteria similar to that observed

during other spills is expected based on the existing community composition. We further

expect that oil components will be degraded sequentially in an order similar to previous

observations, i.e.: (1) volatile organics, (2) alkanes, (3) SVOC , and finally (4) polycyclic

aromatic hydrocarbons [130].

50



Chapter 3

Differences in functional potential of

microbial communities from eutrophic

and oligotrophic environments
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This chapter is derived from a manuscript in progress. Data and statistical analysis,

and preparation and writing of the manuscript were carried out by Miller. Sampling was

carried out by Techtmann, Fortney, Mahmoudi, Joyner, Fernandez, Gardinali, GaraJayeva,

and Askerov. Guidance on experimental design and data analysis was provided by Jacobson.

Guidance on manuscript preparation was provided by Hazen.

3.1 Introduction

Pollution in marine environments is increasing around the globe [105]. One important

form of pollution is the addition of nutrients to the environment (called eutrophication)

[191, 57, 236]. A major source of nutrient enrichment is via industrial and agricultural

runoff, which affects virtually every marine ecosystem [105]. Eutrophication causes an

increase in the abundance of microorganisms, chiefly algae, which is sometimes called a

“bloom” [12]. When the algae die, their biomass is respired by bacteria in aerobic processes,

decreasing oxygen saturation in the water, resulting in hypoxia or anoxia. These hypoxic

or anoxic water masses may persist in deep waters due to differences in temperature (and

thus density) between the shallow and deep waters, preventing mixing; these water masses

are called oxygen minimum zones (OMZs) [216]. Furthermore, as dead microbial biomass

sinks, the more easily degraded (labile) components are preferentially consumed [108, 116].

The result is that deeper waters are enriched in organic carbon that is more difficult to

degrade (recalcitrant). Recalcitrant hydrocarbons from algal biomass include polyphenols,

cellulosic fibers, and lignin-like components [304]. The combined effect is that the deep-

water microbial communities are chronically exposed to hypoxia and high proportions of

recalcitrant hydrocarbons.

Marine microbial communities are an important component of biogeochemical cycles such

as the carbon and nitrogen cycles [119]. The persistent combination of hypoxia and exposure

to recalcitrant hydrocarbons are important influences on microbial community composition

and function [128]. Novel pathways for degradation of recalcitrant hydrocarbons have been

discovered from isolates from these water masses, however, progress in this area is slow

due to difficulties in isolating microbes from environmental samples [187, 187]. So far,
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genomic studies indicate that these organisms are only distantly related [263, 44]. Deep

ocean communities are still poorly characterized, despite early work in this area [132, 197].

Whole genome shotgun sequencing might help us to study these communities without the

need to isolate microbes exhibiting these specific, novel functions.

Degradation of aromatic hydrocarbons is carried out predominantly by aerobic and

anaerobic bacteria, aerobic fungi, and a few archaea [86]. However, it has been observed

that environments polluted with aromatic hydrocarbons often become anoxic [44]. Because

of the variance in reduction potential of alternative electron acceptors, different enzymatic

pathways have developed in different organisms to degrade aromatic hydrocarbons under the

various environmental conditions. The result is that there is a greater variety of anaerobic

methods for aromatic hydrocarbon biodegradation compared to aerobic pathways.

The impact of the combination of hypoxia in OMZs and chronic exposure to recalcitrant

hydrocarbons has not been studied. Understanding how different microbial communities

respond to pollutants might help us to develop recovery strategies for the affected

environments. Although some attempts have been made to develop models if marine

petroleum biodegradation, the degradation capacity of marine microbial communities,

especially in OMZs, is still uncertain [7, 235]. The aim of this work is to use shotgun

metagenomics to investigate the potential of two microbial communities for oil hydrocarbon

biodegradation: one eutrophic, hypoxic environment (the Caspian Sea) and one oligotrophic,

oxic environment (the Eastern Mediterranean Sea).

The Caspian Sea has the highest concentration of mud volcanoes anywhere in the

world [54]. Its southern basin has the highest concentration of putative petroleum-derived

hydrocarbons [155]. Below the photic zone (>200 m), the Caspian Sea microbial communities

are often dominated by Proteobacteria and Thaumarchaeota [116].

Natural hydrocarbon seeps can be found on the floor of the Eastern Mediterranean Sea

[123, 183, 211]. Deep water microbial communities (>400 m) are typically dominated by

Proteobacteria, Actinobacteria, Chloroflexi, and Thaumarchaeota [280].
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3.2 Methods

3.2.1 Site Descriptions and Sample Collection

Water samples were obtained from the Southern basin of the Caspian Sea for shotgun

metagenomic sequencing. Temperature, salinity, pH, oxygen concentrations, and turbidity

were measured with a MIDAS CTD+ sensor array (Valeport Ltd, St. Peter’s Quay, UK).

Each of four sites was sampled at two depths (the first sample from above the thermocline

and the second sample near the sea floor): site 1 at 50 m and 575 m; site 2 at 30 m and 190 m;

site 3 at 30 m and 130 m; site 5 at 33 m and 390 m. The bottom waters of the Caspian Sea are

persistently hypoxic (<2 mg/L of dissolved oxygen) [66]. Water samples were collected using

a Stand Alone Particle Sampler (SAPS, Challenger Oceanic, UK) with controller, battery

and pump upgrades (Oceanlab, University of Aberdeen, Scotland). Approximately 100 L of

seawater was filtered at depth through a 292 mm diameter nylon filter with a pore size of

0.2 m. The filter was sectioned into thirds and one-third was used for DNA analysis.

Water samples were obtained from the Eastern basin of the Mediterranean Sea between

Oct 11 and Oct 15, 2012 for shotgun metagenomic sequencing. Temperature, salinity, oxygen

saturation, pH, and turbidity were measured as described above Each of three sites were

sample at three depths (one sample above the thermocline, one sample near the sea floor,

and one ‘intermediate’ depth sample): site 1 at 50 m, 250 m, and 1210 m; site 2 at 60 m,

200 m, and 1055 m; and site 3 at 10 m, 171 m, and 495 m. Water samples were collected

as described above. Approximately 100 L of seawater was filtered at depth through a 292

mm diameter nylon filter with a pore size of 0.2 m The filter was sectioned into thirds and

one-third was used for DNA analysis.

3.2.2 Physical and Chemical Measurements

The similarity of the sample sites to each other based on physical and chemical variables

(temperature, salinity, oxygen saturation, pH, and turbidity) was investigated using Principal

Components Analysis (PCA). The data was first standardized (centered to have mean of 0

and scaled to a standard deviation of 1) with the sklearn.preprocessing.StandardScaler
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method. PCA was performed on the standardized data with the sklearn.decomposition.PCA

method from the scikit-learn library (v0.19.0) in Python (v3.6.0) [217, 4]. The two

components that explained the largest proportion of variance were then plotted to visualize

the results. Confidence ellipses (95% confidence) were drawn around each sample location

for visualization purposes.

3.2.3 DNA Extraction and Sequencing

Genomic DNA was extracted from filters (above) for sequencing using the method of

Miller et al. [194] with modifications as described in Hazen et al. [117]. The quality

of the DNA was determined by measuring 260/280 and 260/230 ratios on a NanoDrop

spectrophotometer (Thermo Scientific, Waltham, MA). The DNA concentration was

determined using PicoGreen (Life Technologies, Carlsbad CA). Sequencing was performed

with a MiSeq (Illumina, San Diego, CA) as described by Caporaso et al. [43]. All forward

and reverse reads were trimmed for quality and to remove Nextera adapter sequences with

Trimmomatic [30]. Read quality was visualized with FastQC to verify trimming was effective

[14]. The resulting fastq files were further processed as described below.

3.2.4 Automated pipeline for extraction of 16S reads and taxo-

nomic assignment

The filtered sequencing reads were uploaded to MG-RAST [189] for analysis and are publicly

available (accession numbers mgm4619055.3–62.3, mgm4619143.3–47.3, and mgm4620509.3–

12.3). An overview of the MG-RAST pipeline can be seen in Figure 3.1. Following completion

of analysis, annotations were downloaded via the MG-RAST application program interface

(API). Taxonomy was assigned using the Greengenes database with an alignment length

of 50 bp and an e-value of 1e-25. Functional annotations were assigned using the SEED

Subsystems ontology with an alignment length of 50 bp and e-value of 1e-25.
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Figure 3.1: Overview of workflows in popular automated methods for analysis of shotgun
sequences. (A) Metagenomic data uploaded to MG- RAST is analyzed and annotated with
this pipeline. (B) Metagenomic data uploaded to the EBI Metagenomics (EMG) portal is
analyzed and annotated with this pipeline. Figure adapted from Meyer [190], Meyer et al.
[189], Mitchell et al. [195], and pip [3].
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3.2.5 Identification of potential functional genes

Assemble sequences into contigs: SPAdes

Quality filtered and trimmed sequencing reads were assembled using SPAdes [22, 206]. The

SPAdes software attempts to address some of the problems with other assembly algorithms

including lack of uniform read coverage, variable insert sizes in paired-end reads, and chimeric

reads that cover discontinuous regions of a genome. For Illumina reads, the SPAdes pipeline

begins by correcting sequencing read errors with the BayesHammer software. Next, SPAdes

assembles reads into contigs using multiple k-mer lengths; the values of k are selected

automatically based on the sequencing read length. Although SPAdes includes the ‘mismatch

corrector’ software, it is not recommended to run this on metagenomic sequencing reads, as

reported here.

Predict protein coding genes and annotate: Prokka + Swiss-Prot, AromaDeg,

CAZy

The Prokka software is useful for generating robust annotations of bacterial genes [253].

Prokka uses Prodigal to identify open reading frames and putative proteins [136]. Prodigal

accurately recognizes translation start sites in microbial genomes and therefore achieves

more accurate protein structure prediction and reduces false positives compared to similar

software. Prodigal is able to do this by learning various ‘properties’ (e.g., ribosome binding

site motif usage, start codon usage) from the sequence information. Additionally, Prodigal

is able to identify genes across gaps and to predict partial genes. Following this step, Prokka

attempts to annotate those proteins as follows:

1. Using BLAST+ blastp against a custom, user-supplied database [39].

• The goal is to identify proteins that might be involved in biodegradation of

aromatic hydrocarbons.

• The custom database is compiled from AromaDeg and CAZy auxiliary enzymes

[69, 41, 131].
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2. Using BLAST+ blastp against a subset of proteins in UniProt (~16,000 proteins with

“real protein or transcript evidence” that are not fragments) [15].

• Swiss-Prot contains more than 500,000 non-redundant, manually curated protein

sequences [283]. Functional annotations in Swiss-Prot are assigned to proteins

based on experimental evidence; therefore, this database is well suited to the task

of making inferences about the putative function of predicted proteins [222].

3. Using BLAST+ blastp against proteins from “finished” genomes in RefSeq [227].

4. Using HMMER against HMM profile databases (Pfam, TIGRFAMs) [73, 228, 104].

Finally, if no confident annotations are assigned (at an e-value threshold of 1e-6) in the

previous steps, the protein is labeled as a ‘hypothetical protein’.

Map sequence reads to predicted proteins: Bowtie 2

The Bowtie 2 software was used to map sequence reads back to assembled and annotated

contigs to estimate the abundance of each contig in the metagenome [165]. Bowtie 2

was chosen for alignment because it is typically more accurate than most other alignment

methods.

3.2.6 Statistical analysis

Unless otherwise noted, all statistical analyses were performed R (v3.3.1) or in Python

(v3.6.0) using either the SciPy (v0.19.1), scikit-learn (v0.19.0), or scikit-bio (v0.4.2) library

[230, 4, 141, 217, 6].

Environmental variables

Physical and geochemical variables were standardized (centered on the mean and scaled by

standard deviation) with the sklearn.preprocessing.StandardScaler method in scikit-

learn.
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Analysis of taxonomic diversity

Taxonomic assignments were made with MG-RAST against the RefSeq database [189, 227].

Taxonomic assignments were then downloaded from the MG-RAST server and used for the

following analyses.

Rarefaction curves Rarefaction curves were constructed for each sample using the

taxonomic assignments. Rarefaction curves are useful for comparing diversity across samples

with different sample sizes [246, 134, 121]. Rather than attempting to encapsulate diversity

into a single statistic, rarefaction curves represent the diversity of each sample as a line or

curve at different hypothetical sampling depths. The curves produced from this analysis

are also called species abundance curves because they illustrate the number of species that

would be expected in a sample if a given number of individuals from the community were

observed. The shape of the curve reflects the fact that at the outset of sampling, new species

are observed at a nearly constant rate with increasing number of individuals [246, 95, 51].

As more individuals are observed, however, new species are observed at a continuously

decreasing rate.

What is interesting about this form of diversity analysis is that different environments

have characteristic curves [246]. The shape of the curve can be attributed to the interaction

of two ecological principles: physical control vs biological accommodation of communities.

A community that is primarily under physical control is one in which there is substantial

selective pressure, e.g., in extremes of salinity or temperature. These communities are often

dominated by a few species that comprise a large fraction of the community. A community

that is ‘biologically accommodated’ is one in which environment variables are relatively mild

or temperate. Examples include deep-sea marine waters; tropical, shallow marine waters;

and tropical rain forests. Over time, the organisms in these communities become adapted

to the local conditions. These environments tend to support a more diverse community.

These principles inform the interpretation of the rarefaction curves. A community with

a shallow rarefaction curve and a few number of species is expected to be primarily under

physical control. A community with a steep rarefaction curve and a high number of species is

expected to be primarily biologically accommodated. Both of these principles always affect
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microbial communities, and the rarefaction curves helps in the determination of which of

these principles as more strongly affecting a particular community.

Richness and alpha-diversity Richness and alpha diversity metrics were calculated

using the RefSeq-based taxonomy. Richness for each sample was reported as the number

of observed OTUs and the estimated richness using the chao1 metric. The read counts

for each sample were rarefied to a number of reads equal to that of the smallest sample

before performing further alpha diversity calculations. Alpha diversity for samples was

calculated using both the Shannon and Gini-Simpson indices. All alpha diversity metrics

were calculated using the skbio.diversity.alpha_diversity method from the scikit-bio

library.

To test the hypothesis that richness and alpha diversity metrics were significantly different

between water masses, ANOVA was used followed by Tukey’s honest significant difference

(HSD) test. ANOVA was calculated using the SciPy (v0.19.1) package, and Tukey’s HSD

was calculated using the Statsmodels (v0.8.0) package in Python. The resulting p-values

were corrected for multiple comparisons using the Statsmodels package.

Analysis of abundance matrices

Before performing further analysis, the read counts for each gene (or OTU) were converted to

a simple proportion by dividing by the total number of reads in that sample. Although simple

proportions may not be appropriate for all statistical analyses, they yield accurate results

when, e.g., comparing samples to each other using an appropriate similarity (or dissimilarity)

metric [186].

Dissimilarity and distance metrics All samples were compared in a pairwise manner

based on physical and geochemical variables, taxonomic annotations, and functional

annotations. All distances were calculated using the pdist method from SciPy. Distance

between samples based on physical and chemical parameters was calculated using Euclidean

distance. Dissimilarity between samples based on taxonomic annotations and functional

annotations was calculated using the Bray-Curtis dissimilarity metric [34].
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To test the hypothesis that the environments and microbial communities were similar

based on depth category, analysis of similarities (ANOSIM) and permutational analysis

of variance (PERMANOVA) were performed on the matrices of Euclidean distances (for

environmental data) or Bray-Curtis dissimilarities (for taxonomic and functional data)

[55, 13]. ANOSIM was calculated with the anosim function, and PERMANOVA was

calculated with the permanova function, both from the scikit-bio library. To test whether

the dissimilarity (or distance) matrices for physical and chemical parameters, taxonomic

annotations, and functional annotations, were similar to each other, the Mantel test was used

[179]. The Mantel test is a permutation test, and therefore does not require that the values

within the matrices follow any distribution. The Mantel test calculation was performed with

the mantel function in the scikit-bio library using Spearman’s rank correlations for each pair

of distance matrices (e.g., environmental matrix vs taxonomic matrix, etc.). The Mantel test

statistics were calculated for each pair of distance matrices with the mantel function in the

scikit-bio library using Spearman’s rank correlations.

Hierarchical clustering The distance matrices were used as input for hierarchical

clustering of samples. Hierarchical clustering was performed using the linkage method in

SciPy. To test the hypothesis that the identified clusters were not due to chance, ANOSIM

and PERMANOVA were performed on the matrices in a manner similar to that described

above. Resulting clusters and associated dendrograms were visualized with the clustermap

method from the seaborn library (v0.8.0) in Python.

Gene enrichment and feature importance

Gene enrichment analysis with Fisher’s exact test Identification of enriched

genes was performed using Fisher’s exact test, and the resulting p-values were corrected

for multiple tests. Fisher’s exact test was implemented using the fisher_exact method

from SciPy, and p-values were corrected with the multipletests method from Statsmodels.

The null hypothesis for each gene is that the proportion of reads assigned to that gene is not

different among the sample locations. Fisher’s exact test was applied in a one-vs-all manner;

i.e., for each sampling location (basin and depth category), the proportion of each gene
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across sample locations was compared to the proportion of all genes across sample locations.

Before the test was applied, a pseudo count (+1 read) was added.

3.2.7 Functional annotation of sequence reads with mi-faser

Whenever possible, shotgun metagenomic reads should be assembled into larger contigs

for gene prediction and annotation. However, when the sequencing depth is low and the

microbial community is sufficiently complex, assembly becomes difficult [252]. In these cases,

it may be practical to attempt to annotate reads directly; however, directly annotation of

short reads by sequence similarity is likely to be inaccurate [315]. Furthermore, a substantial

fraction of annotations that have been assigned using automated approaches are inaccurate

[250]. The mi-faser web-server attempts to overcome some of these challenges (Figure 3.2;

Zhu et al. [315]). This online tool uses the faser (functional annotation of sequencing

reads) software to annotate reads against a curated database of verified, experimentally-

characterized proteins, and achieves higher accuracy than BLAST or PSI-BLAST. The faser

software uses protein (rather than nucleotide) alignments and penalizes low bp alignments.

The “gold standard” (GS) database used by the online server (mi-faser) is compiled from

Swiss-Prot and the Catalytic Site Atlas databases. Proteins from the Swiss-Prot database

were only included if the Swiss-Prot evidence attribute is “1” (the best support) and the

protein has been assigned a complete enzyme commission (EC) number (i.e., an EC number

of “1.1.1.-” would be excluded). Proteins from the Catalytic Site Atlas were included if

they had a “literature-based annotation”. Only bacterial proteins that were found in both

of these two sets of proteins were included in the final GS database. All shotgun sequencing

reads were submitted to mi-faser for annotation by faser against the GS database [315]. The

identical set of sequences that was uploaded to MG-RAST (above) was uploaded to mi-faser.

These annotations are likely highly accurate, but represent a small fraction of the enzymatic

functions that exist in these microbial communities.
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Figure 3.2: Pipeline used by the mi-faser web-server.
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3.3 Results and Discussion

3.3.1 Site descriptions: Physical and geochemical features

Water samples were obtained from four sites in the Caspian Sea in the summer of 2013.

At each site, water samples were taken at two depth categories: near surface (NS; 30-50

m) and near bottom (NB; 130-575 m) (Table 3.1). The mean temperature was 18.9◦C in

the shallow waters and 6.5◦C of the deep waters. The mean salinity salinity was 11.3 PSU,

which is approximately one-third of ocean salinity and consistent with the characterization

of the Caspian Sea as brackish. Mean dissolved oxygen varied from 7.9 mg/L in the shallow

waters to 2.3 mg/L in deep waters, which is below the threshold of 3.0 mg/L to be considered

hypoxic. Turbidity was consistent through the water column at 2.8 FTU, while mean pH

varied from 8.4 in the shallow waters to 8.0 in the deep waters.

Water samples from the Eastern Mediterranean Sea were obtained from three sites in the

summer of 2013 (Table 3.1). At each site, water samples were taken at three depth categories:

near surface (NS; 10-60 m), mid (MD; 171-250 m), and near bottom (NB; 495-1210 m). These

depth categories are consistent with previous reports suggesting three distinct water masses

within the Eastern Mediterranean [280]. The mean temperature was 21.0◦C in the shallow

waters and 13.8◦C in the deep waters. The mean salinity was 39.0 PSU , which is typical of

the Eastern Mediterranean, although slightly higher than the open ocean. Mean dissolved

oxygen was 9.0 mg/L in the shallow waters and decreased to 7.4 mg/L and 5.5 mg/L in the

mid and deep waters, respectively. Turbidity and pH were consistent throughout the water

column at 1.3 FTU and 8.2 , respectively.

Profiles of environmental factors indicate important differences between the Eastern

Mediterranean Sea and the Caspian Sea. The Eastern Mediterranean is warmer than the

Caspian, especially the deep waters, and has higher salinity and higher oxygen concentration.

The turbidity in the Caspian is higher than the Eastern Mediterranean, which is consistent

with reports that the Caspian Sea is eutrophic (having high microbial productivity and

thus biomass) and that the Eastern Mediterranean Sea is oligotrophic (having low microbial

productivity). Euclidean distances between samples were calculated across environmental

factors to quantify the dissimilarity between the water masses (i.e., sample site and depth).
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Table 3.1: Sample locations.

Basin ID Date Depth (m) Depth Cat. Label Lat., Lon.
Caspian 1 2013-07-27 50 N. Surface CS.1.50 39.75,50.48
Caspian 1 2013-07-27 575 N. Bottom CS.1.575 39.75,50.48
Caspian 2 2013-07-31 30 N. Surface CS.2.30 39.99,51.50
Caspian 2 2013-07-31 190 N. Bottom CS.2.190 39.99,51.50
Caspian 3 2013-07-31 30 N. Surface CS.3.30 40.04,51.35
Caspian 3 2013-07-31 130 N. Bottom CS.3.130 40.04,51.35
Caspian 5 2013-08-01 33 N. Surface CS.5.33 40.02,51.26
Caspian 5 2013-08-01 390 N. Bottom CS.5.390 40.02,51.26
East Mediterranean 1 2012-10-13 50 N. Surface EM.1.50 31.81,29.57
East Mediterranean 1 2012-10-13 250 Mid EM.1.250 31.81,29.57
East Mediterranean 1 2012-10-12 1210 N. Bottom EM.1.1210 31.81,29.57
East Mediterranean 2 2012-10-14 60 N. Surface EM.2.60 31.96,29.89
East Mediterranean 2 2012-10-14 200 Mid EM.2.200 31.96,29.89
East Mediterranean 2 2012-10-14 1055 N. Bottom EM.2.1055 31.96,29.89
East Mediterranean 3 2012-10-11 10 N. Surface EM.3.10 31.97,30.14
East Mediterranean 3 2012-10-11 171 Mid EM.3.171 31.97,30.14
East Mediterranean 3 2012-10-11 495 N. Bottom EM.3.495 31.97,30.14

65



Principal Components Analysis (PCA) and Hierarchical Clustering (HC) of Euclidean

distances demonstrate that samples from the same water mass cluster together, which is

consistent with previous reports [280]. Permutational analysis of variance (PERMANOVA)

and analysis of similarities (ANOSIM) of clusters demonstrated that samples from the same

water mass were significantly different from samples from the other water masses (F = 481.7,

p-value = 0.0001, permutations = 9999; and R = 0.94, p-value = 0.0001, permutations =

9999; respectively).

3.3.2 Sequencing results

All sequencing reads were submitted to MG-RAST for analysis in their automated pipeline

[189]. The number of sequences per sample from the Caspian Sea samples ranged from 4.8-

13.0 million sequences and that of the Eastern Mediterranean Sea samples ranged from 3.7-

13.7 million sequences (Table 3.2). Of those, the number of sequences that were identified

as 16S rRNA from the Caspian Sea samples range from 3.3-9.9 thousand sequences and

that of the Eastern Mediterranean Sea samples ranged from 3.1-21.6 thousand sequences.

Taxonomy was assigned to these sequences using the Silva SSU database [229]. Additionally,

taxonomy was assigned to all possible reads using the RefSeq database for comparison [227].

The remaining (non-16S rRNA) sequences were annotated against the SEED Subsystems

(SS) and KEGG Orthology (KO) databases for functional analysis [213, 148].

3.3.3 Diversity, richness, and enriched taxa

Various methods can be used to determine abundance of taxa in shotgun metagenomic

samples [35]. In this study, taxonomic classification was performed using MG-RAST web-

server. Briefly, 16S reads were extracted from the shotgun data and taxonomy was assigned

against the Silva database for comparison with 16S amplicon sequencing (Chapter 2).

Coverage of the 16S rRNA gene was highest in the shallow water communities from

the Eastern Mediterranean Sea, but consistent across the other basins (Figure 3.3). This

was different from the amplicon sequencing results (previous chapter) in which the highest

number of 16S reads were observed in the deep water communities of the Western Atlantic
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Table 3.2: Overview of shotgun metagenomic sequencing.

Label Total BPs Total Sequences Mean Seq. Length (BPs)
CS.1.50 1,581,683,635 8,336,132 189.738
CS.1.575 2,652,775,718 13,039,064 203.448
CS.2.30 1,767,137,086 9,050,050 195.263
CS.2.190 1,028,419,886 5,899,500 174.323
CS.3.30 1,790,850,166 9,463,964 189.228
CS.3.130 1,603,815,100 8,581,962 186.882
CS.5.33 1,464,420,865 8,014,417 182.723
CS.5.390 1,105,999,940 4,817,229 229.593
EM.1.50 3,063,673,380 13,608,202 225.134
EM.1.250 1,627,487,981 7,805,517 208.505
EM.1.1210 1,341,997,638 6,421,584 208.982
EM.2.60 780,525,454 3,715,055 210.098
EM.2.200 2,095,631,983 9,874,033 212.237
EM.2.1055 1,019,230,954 5,774,224 176.514
EM.3.10 2,808,262,366 12,484,572 224.939
EM.3.171 3,018,743,363 13,696,233 220.407
EM.3.495 2,418,302,540 11,727,667 206.205
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and in the deep water communities of the Great Australian Bight. It’s possible that some

of the microbial taxa from the shallow waters of the Eastern Mediterranean Sea were more

amenable to DNA extraction, or simply that some of these samples were sequenced more

deeply, perhaps as a result of loading more DNA at the time of sequencing. When compared

to the rarefied 16S amplicon sequencing data, ~10x fewer OTUs were observed in each basin.

This could be the result of PCR amplification picking up rare OTUs, or it could be the

result of PCR amplification introducing spurious OTUs, despite removing chimeric reads in

the pre-processing stages.

Diversity metrics were calculated for each of the water masses in the Caspian Sea and

in the Eastern Mediterranean Sea in a manner consistent with Chapter 2 but using the

16S rRNA gene data from the shotgun data (Figure 3.4). The number of OTUs observed

in microbial communities within the Caspian Sea deep water OMZ was not significantly

different from microbial communities from other water masses. The actual richness (number

of OTUs) in each sample was estimated using the chao1 estimator [50]. The trends for

richness estimation across water masses were similar to the trends in observed OTUs, which

is not surprising, considering that the equation for richness estimation takes as a parameter

the number of observed OTUs. The most notable deviation from the estimated richness was

higher than the observed richness for the microbial communities from the shallow waters of

the Eastern Mediterranean Sea. In the Caspian Sea, both observed and estimated richness

was lower in the shallow water communities and higher in the deep water communities, but

the opposite was true of the Eastern Mediterranean Sea. The Gini-Simpson and Shannon

alpha-diversity metrics yielded similar results. Alpha-diversity was lower in the shallow

water communities of the two basins, which implies that a few OTUs are dominant in

these communities. Alpha-diversity was highest in the “near bottom” communities of the

Caspian Sea and in the “mid” depth communities of the Eastern Mediterranean Sea. This

might indicate that these communities are relatively similar in structure. Importantly, even

though these two communities were categorized differently (“near bottom” vs “mid” depth),

these communities are actually at similar depths, because these sites in the Caspian Sea were

relatively shallow. This might indicate that absolute depth from sea level is more important

than proximity to sea floor through most of the water column, which is in contrast to
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Figure 3.3: Comparison of sequencing depth (number of reads) obtained for the 16S rRNA
gene from the amplicon and from the shotgun results. Sequencing depth was similar for
most of the sampled communities, with the exception of the shallow water communities
of the Eastern Mediterranean Sea, in which sequencing depth was two-fold higher. (A)
Sequencing depth based on 16S sequences extracted from shotgun metagenome sequence.
(B) Sequencing depth based on 16S rRNA amplicon sequencing (as reported in Chapter
2). PCR amplification may be biased toward particular sequences (i.e., those derived from
specific taxa), and thus affect the diversity analysis of these data.
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previous observations [280]. Alpha-diversity metrics in the deepest water (“near bottom”)

communities of the Eastern Mediterranean Sea were intermediate to the other water masses.

In general, these results were consistent with the diversity metrics calculated from the 16S

amplicon data, with the only exception being that the Gini-Simpson diversity for the shallow

water communities of the Caspian Sea were much higher when calculated with the amplicon

data (Figure 3.5)

3.3.4 Functional potential of microbial communities

All shotgun sequencing reads were submitted to mi-faser for annotation by faser against the

GS database [315]. The identical set of sequences that was uploaded to MG-RAST (above)

was uploaded to mi-faser. The mean number of total reads per sample was 7.5 (+/-2.1)

million reads. The mean number of annotated reads per sample was 0.3 (+/-0.1) million

reads, which comprised 4.2% (+/-0.7%) of total reads. The low number of annotations is

likely the result of a combination of the limitation of the GS database, which is small, and that

these samples are from ocean communities that might contain novel proteins. The results

were comprised of 1185 (983+/-44 per sample) enzymatic functions (unique EC numbers).

These annotations are likely highly accurate, but represent a small fraction of the enzymatic

functions that exist in these microbial communities.

Of the resulting EC number annotations, thirty-six were chosen for further study

due to their potential association with hypoxic or anoxic conditions. The number of

enzymatic functions for each of the pathways that was included in the GS database varied

substantially. This illustrates the disparity between the work that has been done to identify

the intermediates of metabolic pathways and the work that has been done to experimentally

characterize the enzymes associated with those pathways. Additional enzymatic functions

were chosen for further study due to their potential association with petroleum hydrocarbon

biodegradation [182, 315].

Fisher’s exact test was used to test for enriched enzymatic functions in each water

mass. There were no significantly enriched functions identified in any of the water masses.

Spearman’s rank correlations were then calculated between all enzymatic functions and

environmental factors across water masses, and p-values were corrected for multiple tests.
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Figure 3.4: Richness and alpha-diversity of water masses in the Caspian Sea and Eastern
Mediterranean Sea. Results are based on 16S rRNA gene sequences extracted from shotgun
metagenomic data. Both observed richness (number of OTUs) and estimated richness
(chao1) showed similar trends across water masses. The shallow water communities of the
Caspian Sea tend to be slightly less rich than deep water communities; while the shallow
water communities of the Eastern Mediterranean Sea show the opposite trend. Two alpha-
diversity metrics (Simpson, Shannon) also showed similar trends across water masses. The
shallow water communities of the Caspian Sea were much lower in diversity compared to
the deep water communities; this trend was similar, but not as extreme, in the Eastern
Mediterranean communities.
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Figure 3.5: For comparison of diversity based on 16S amplicon sequencing (this figure) to
diversity based on 16S annotations from shotgun sequences (above). Both observed richness
(number of OTUs) and estimated richness (chao1) showed similar trends across water masses.
The shallow water communities of the Caspian Sea tend to be slightly less rich than deep
water communities; while the shallow water communities of the Eastern Mediterranean Sea
show the opposite trend. Two alpha-diversity metrics (Simpson, Shannon) also showed
similar trends across water masses. The shallow water communities of the Caspian Sea were
much lower in diversity compared to the deep water communities; this trend was similar,
but not as extreme, in the Eastern Mediterranean communities.
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Enzymatic functional potential for petroleum hydrocarbon biodegradation

Benzoate degradation Benzoate (or benzoic acid) is composed of a benzene ring

with a single carboxylic acid substituent (Figure 3.6). Benzoic acid biodegradation is

categorized with xenobiotics biodegradation and metabolism in the BRITE hierarchy [147, 2].

Benzoate degradation in turn is composed of several sub-modules involving the degradation

of benzoate, benzoyl-CoA, benzene, toluene, and catechol. Aerobic benzoate degradation

involves three main steps: (1) activation of the aromatic ring, (2) de-aromatization (ring

cleavage), and (3) degradation to central metabolites [65]. Four enzymes involved in benzoate

degradation from the GS database were reportedly enriched in microbial communities follow-

ing the DWH spill: 4-hydroxybenzoate 3-monooxygenase (EC:1.14.13.2), 3-hydroxybenzoate

6-monooxygenase (EC:1.14.13.24), benzoate 4-monooxygenase (EC:1.14.14.92), and ac-

etaldehyde dehydrogenase (EC:1.2.1.10) [315, 182]. Of these, 3-hydroxybenzoate 6-

monooxygenase (EC:1.14.13.24) is notable because it can utilize hydroxybenzoate substituted

at multiple positions and is able to use either NADH or NADPH as a cofactor [97].

Acetaldehyde dehydrogenase (EC:1.2.1.10) is also notable because it is a component of

the central metabolic pathway converting acetaldehyde to acetyl CoA which is can then

be utilized in the tricarboxylic acid (TCA) cycle. Although this enzyme was reportedly

enriched in metagenomic and metatranscriptomic studies, it may simply be the result of

generally increased heterotrophic metabolic activity, and is likely not unique to petroleum

exposure.

0cm

Aminobenzoate degradation Aminobenzoate is a benzoic acid molecule with an amino

group substitution on the aromatic ring (Figure 3.7). Degradation of these compounds

generally feed into the benzoate degradation pathway. One enzyme in this pathway has

reportedly been enriched following petroleum hydrocarbon exposure: a subunit of (vanillate)

4-hydroxybenzoate decarboxylase. This enzyme converts 4-hydroxybenzoate to phenol and

CO2 [289]. Phenol might then be converted to catechol and passed into the benzoate

degradation pathway.
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Figure 3.6: Benzoate degradation (KEGG map00362).
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Figure 3.7: Aminobenzoate degradation (KEGG map00627).
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Xylene degradation Xylene is an important component of petroleum and petroleum-

derived products [67]. The chemical consists of a benzene ring with two methyl substituents

(in any positions). The KEGG pathway for xylene degradation consists of several sub-

modules including cymene degradation and cumate degradation as well as some overlap

with benzoate and catechol degradation (Figure 3.8). However, only five of the enzymatic

functions in the pathway are included in the GS database. Of these, four were found in

the shotgun sequences. Degradation products feed into toluene degradation and the central

metabolic pathways.

Styrene degradation Styrene is another aromatic hydrocarbon, consisting of a single

aromatic ring and a single ethene substituent. Although the pathway is small, only four

of the enzymes were in the GS database, and all of these were found in the shotgun

sequences. Ethylbenzene degradation feeds into the styrene degradation pathway, and

styrene degradation in turn feeds into the benzoate degradation pathway as well as the

central metabolic pathways (Figure 3.9).

Phenylalanine, tyrosine, and tryptophan biosynthesis The aromatic amino acids

(phenylalanine, tyrosine, and tryptophan) are synthesized in part through the shikimate

pathway [125]. Aromatic amino acids are metabolized by all organisms (but not synthesized

in animals), and therefore linked with metabolism of aromatic compounds derived from other

sources. Some enzymes associated with metabolism of specific aromatics have associated

with petroleum hydrocarbon exposure. This pathway has been well characterized, and

approximately half of the steps in the pathway were found in the GS database (Figure 3.10).

Phenylalanine metabolism The phenylalanine module from KEGG includes one

additional sub-module for trans-cinnamate degradation (Figure 3.11). Overall, the pathway

was well-represented in the GS database, and all of these enzymes were present in the

shotgun sequences. Of these, one enzyme, aldehyde dehydrogenase (NAD(P)+; EC:1.2.1.5)

was enriched following the DWH spill. Similar to acetaldehyde dehydrogenase (EC:1.2.1.10),

this enzyme is found in many pathways, and it may have simply appeared to be enriched

following the DWH spill due to increased heterotrophic activity.
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Figure 3.8: Xylene degradation (KEGG map00622).
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Figure 3.9: Styrene degradation (KEGG map00643).
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Figure 3.10: Phenylalanine, tyrosine and tryptophan biosynthesis (KEGG map00400).
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Figure 3.11: Phenylalanine metabolism (KEGG map00360).
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Tryptophan metabolism The tryptophan module from KEGG includes two additional

sub-modules: melatonin biosynthesis, glucosinolate biosynthesis (Figure 3.12). Many

enzymes involved in tryptophan metabolism were missing from the GS database, but

all of the enzymes in the database were present in the shotgun sequences. Similar to

phenylalanine metabolism, one enzyme, aldehyde dehydrogenase (NAD+; EC:1.2.1.3) was

enriched following the DWH spill. Again, this enzyme is found in many pathways, and it may

have simply appeared to be enriched following the DWH spill due to increased heterotrophic

activity.

Polycyclic aromatic hydrocarbon degradation I was particularly curious about the

presence of PAH degrading enzymes in the data. PAHs are an important, recalcitrant

component of petroleum, but these compounds can enter an environment from many other

sources as well (Figure 3.13). Unfortunately, only one enzyme in the PAH degradation

pathway was present in the GS database (Figure 3.14). This enzyme, protocatechuate

3,4-dioxygenase (EC:1.13.11.3), is also associated with benzoate degradation. Future work

should focus on characterizing specific proteins involved with PAH biodegradation.

Functional evidence for hypoxic heterotrophic metabolism

Correlations were calculated between oxygen concentration and enzyme abundance across

microbial communities. To identify enzymatic functions that might be associated with

hypoxia, I looked for significant inverse correlations between enzyme abundance and oxygen

concentration. Pathways for nitrogen, sulfur, and methane metabolism are associated with

hypoxic and anoxic microbial metabolic activity [172]. Therefore, the enzymes in these

pathways were analyzed for correlations.

Nitrogen metabolism The nitrogen cycle is a complex biogeochemical cycle involving

interactions of many organisms with multiple environmental factors [300]. Enzymes

associated with dissimilatory nitrate reduction, denitrification, nitrification, and anammox

were found in the shotgun sequences, however, several enzymatic functions in the pathway

have not been experimentally verified. Although these enzymatic activities were not
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Figure 3.12: Tryptophan metabolism (KEGG map00380).
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Figure 3.13: Environmental sources of aromatic compounds. All organisms catabolize
aromatic amino acids, although animals are not able to synthesize them. Plants produce
aromatic compounds in various forms including lignin, which is the most abundant polymer
on earth. Petroleum and other chemicals contain aromatic compounds in various forms
including BTEX (benzene, toluene, ethylbenzene and xylene), many of which are toxic
and/or carcinogenic. Aromatic hydrocarbons are degraded through a wide variety of
pathways, but ultimately are funnelled into the central metabolic pathways. Figure from
Fuchs et al. [86].
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Figure 3.14: Polycyclic aromatic hydrocarbon degradation (KEGG map00624).

84



significantly enriched in any water masses, there were potentially important correlations

between the abundance of two enzymatic functions and decreasing oxygen concentration

(Figure 3.15). The two correlated enzymes were nitrite reductase (EC:1.7.2.1; NirK, NirS)

and nitrous-oxide reductase (EC:1.7.2.4; NosZ). Nitrite reductase catalyzes the conversion

of nitrite to nitric oxide, and nitrous-oxide reductase catalyzes the conversion of nitrous

oxide to diatomic nitrogen. Both of these enzymes are associated with denitrification, and

nitrite reductase is also associated with anammox. Both of these functions are carried out by

anaerobic or facultative anaerobic heterotrophic bacteria. The enzymes that carry out the

conversion of nitrate to nitrate, the first step in denitrification, have not been experimentally

validated and were not present in the GS database. Future work should investigate the

possibility that this function is also present in these microbial communities.

Sulfur metabolism Sulfate can be reduced by assimilatory (“energy consuming”) or

dissimilatory (“energy producing”) pathways. The dissimilatory pathway is only found

in anaerobic Bacteria and Archaea, and uses sulfate as a terminal electron acceptor [96].

The three principal enzymes of dissimilatory sulfate reduction were present in both the

GS database and in the shotgun sequence data, but none were correlated with hypoxia

(Figure 3.16). It has been hypothesized that these enzymes might function “in reverse” to

oxidize sulfur compounds to sulfate in chemolithoautotrophic organisms, so it’s possible that

the presence of these enzymes is not associated with hypoxia in these communities [84].

Methane metabolism The methane metabolism pathway on KEGG includes pathways

used by methanogens, which produced methane, and methanotrophs, which consume

methane [122]. Methanogens produce methane under anoxic conditions by three different

pathways: (1) conversion of CO2 to methane, (2) conversion of C1 compounds (e.g.,

methanol, methyl-amines) to methane, or (3) conversion of acetate to methane (Figure 3.17).

Less than half of the enzymes associated with methane metabolism were in the GS database,

and none of the ones that were present in the shotgun sequences were correlated with

hypoxia. Of the enzymatic functions associated specifically with methanogenesis in the

KEGG pathway, only two were present in the GS database. Other enzymes associated
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Figure 3.15: Nitrogen metabolism (KEGG map00910).
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Figure 3.16: Sulfur metabolism (KEGG map00920).
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with methane metabolism in the KEGG pathway are also involved in other carbon cycling

pathways. The enzymes in the GS database have poor coverage over anaerobic methane

metabolism.
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Figure 3.17: Methane metabolism (KEGG map00680).
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Chapter 4

Oil Hydrocarbon Degradation by

Caspian Sea Microbial Communities
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4.1 Introduction

The Caspian Sea is the largest enclosed body of water on earth. It has a volume of 78,000

km3 and a surface area of 3.8 × 105 km2 [71, 291]. The sea was once connected to the oceans

but has been landlocked for five million years. Primary fresh water inputs are from river

runoff, with more than 130 freshwater river inputs, and precipitation; thus, the waters of

the Caspian Sea are brackish, with salinity values approximately one third of ocean seawater

[171]. The Caspian Sea is divided into three ‘basins’, and the southern basin is the deepest

(1025 m). The surface waters are warm (~25◦C) but fluctuate seasonally, and temperatures

in the deepest waters (> 100 m) are constant year-round at 6.8◦C [291].

The Caspian Sea is polluted with nutrients enrichment from agricultural and industrial

runoff. Freshwater input from rivers is nutrient-rich, deriving from industrial and agricultural

runoff, and therefore contributes substantial pollution to the Caspian Sea, and this has

increased in recent years (Zonn 2005). This causes the waters to undergo eutrophication,

resulting in bottom waters that are oxygen deficient with zones of hypoxia (Diaz 2001). Since

the middle of the 20th century, the bottom waters have declined from ~26% oxygen saturation

to ~5% [54, 291]. The microbial communities in the Caspian Sea have been influenced

by eutrophication for at least 50 years. Eutrophication in the Caspian Sea has caused

the deep waters to become severely hypoxic [244, 201]. Hypoxic zones may have negative
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environmental consequences such as increased mortality of benthic organisms, decreased

biodiversity, and altered biochemical cycles (Diaz and Rosenberg 1995).

There is a large influx of oil hydrocarbons into the Caspian Sea from both natural and

anthropogenic sources. Although this environment has a long history of natural exposure

to oil hydrocarbons, the concentration of oil hydrocarbons has increased due to increased

oil exploration and production in the recent past. Furthermore, oil and gas exploration

and production from the Caspian Sea have also increased in recent years. Between 70,000 -

90,000 tons of petroleum hydrocarbons are released into the Caspian Sea annually, and total

petroleum hydrocarbon concentrations range from 0.12 mg/L in the shallow water to <0.02

mg/L in the deep water [54, 155]. The highest petroleum hydrocarbon concentrations have

been reported in the southern basin and in surface waters and sediments, but are ‘almost

undetectable’ in the water column below 500 m (Korshenko and Gul 2005).

Hydrocarbon degrading microorganisms have been isolated from the coastal waters and

sediments. Many contaminants, especially organic compounds (e.g., oil hydrocarbons) are

derived from natural compounds or have natural analogs in the environment [33]. Biodegra-

dation of contaminants by microbial communities is an important process. Hydrocarbon

degrading Bacteria and fungi have been isolated from the coastal waters and sediments of

the Caspian Sea [114, 115, 161, 177, 243, 245, 259, 296, 297], but the taxonomic identity of

these isolates was often uninvestigated. Several of the identified isolates (e.g., Pseudomonas

sp. and Gordonia sp.) demonstrated growth on crude oil [114]. Most probable number

experiments indicate that heterotrophic Bacteria in coastal sediments are high (2.5 x 105

cells/mL), and that hydrocarbon degrading Bacteria are also high [115]. Many oil degrading

microbes exist in the shallow waters of the Caspian Sea, but the structure of the community

has not been investigated.

Microbial communities contribute substantially to oil biodegradation under both aerobic

and anaerobic conditions [58]. Anaerobic biodegradation of hydrocarbons is a significant

process in many environments [92, 99, 166, 305] and may be an important process in the

deep-water communities of the Caspian Sea. Anaerobic hydrocarbon degradation is most

frequently reported to be slower than aerobic hydrocarbon degradation, with biodegradation

coefficients of 0.445/d and 0.522/d, respectively [307, 278]. Anaerobic hydrocarbon
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degradation has been studied in a variety of environments and conditions including the

following: fossil hydrocarbon reserves, thermophilic communities, and in microcosms

inoculated with sediment under sulfate-reducing conditions [27, 166, 258]. Previous

investigations of the Caspian Sea microbial community most frequently characterized isolates

from shallow, coastal waters, with fewer reports on the deep, oxygen deficient waters (Diarov

and Serikov 2006). Opportunistic organisms capable of metabolizing oil hydrocarbons may

be ubiquitous globally in deep sea basins, but they vary in both biodegradation capabilities

and proportional contribution to the community structure [118]. Population blooms of

these hydrocarbon degrading Bacteria are expected with an influx of oil hydrocarbons into

a system that is likely to occur from increased oil exploration and recovery. Indigenous

microbial taxa and communities may adapt to contaminants if the exposure continues for a

period of time [33, 267]. Furthermore, opportunistic organisms are known to become enriched

in the event of an influx of hydrocarbons into a system, but vary in their relative abundance

and contaminant degrading abilities [20, 118]. The unique combination of physical and

chemical parameters may have caused adaptations within the microbial community of the

deep waters of the Caspian Sea.

The deep waters of the Caspian Sea represent a unique environment that is cold, hypoxic,

and has a large influx of oil hydrocarbons. The deep waters of the Caspian Sea are known

to be severely hypoxic, and the microbial community in these waters has not previously

been investigated. Due to the unique combination of exposure history to oil hydrocarbons

and persistent hypoxia, the deep waters of the Caspian may harbor communities with novel

adaptations for anoxic hydrocarbon degradation. However, little knowledge exists about

anaerobic hydrocarbon biodegradation in psychrophilic communities like those from the deep

waters of the Caspian Sea.

The purpose of this study was to characterize the natural, in-situ community structure,

and then to investigate the role of that community in oil hydrocarbon degradation. Baseline

sampling provides a snapshot of the native, ambient community structure on the date

of sampling, representing non-perturbed environmental conditions, which is an important

reference for experimental studies. We used microcosm experiments to investigate changes

in the microbial community composition and the potential of this community for oil
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hydrocarbon biodegradation under oxic and anoxic conditions. We report here the changes in

community composition and evaluate those changes with respect to the baseline community,

and we also report the extent of degradation of various oil hydrocarbons and the differences

in degradation.

4.2 Materials and methods

4.2.1 Sample collection and environmental parameters

Water samples were collected from six sites in the southern basin of the Caspian Sea

between July 27, 2013 and August 1, 2013. Sampling was conducted as part of BP’s

oceanographic survey by Fugro, aboard the MV Svetlomor II. Niskin bottles were deployed

for water collection. A MIDAS CTD + Profiler (Valeport Ltd, St. Peter’s Quay, UK) was

attached to the sampling rosette for continuous monitoring of physical and chemical water

parameters. Environmental variables (temperature, dissolved oxygen, salinity, pH, turbidity)

were measured continually through the water column (Figure 4.1).

Sample sites were chosen to sample diverse sea floor features, both natural and man-

made (sites 2-6), and one control site with no known man-made features (site 1) (Table 4.1)

Man-made features include drill cuttings splay, debris, and oil and gas wells (active and

abandoned). Water samples were collected from 2-4 depths at each sample site, depending

on the depth to seafloor. Sample depths for each site were selected to approximate the

following categories (where appropriate): near surface, one-third depth from surface, two-

thirds depth from surface, and near bottom. In total, nineteen samples were collected.

In situ sampling of ambient seawater was conducted as follows. Between 62 and 123 liters

of ambient seawater were filtered using a large volume pump (McLane Research Laboratories,

East Falmouth, MA). Different amounts of water were sampled due to the differences in the

amount of particular matter at different sample locations, which affected filtration. The

water was filtered through a 142 mm nylon membrane with a pore size of 0.2 m (Sterlitech,

Kent, WA) and then stored at -20◦C. One third of the filter was used for DNA analysis

reported here.
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Figure 4.1: Environmental factors varied with depth. Environmental variables were
measured throughout the water column from the surface water to near sea floor. A
thermocline was observed at 50 m below sea level. Below the thermocline, dissolved oxygen
and pH declined with depth.
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Table 4.1: The important seafloor features near each sampling site are listed. Sample sites
were chosen in part based on important sea floor features. Some features are man-made (M),
while others result unintentionally from anthropogenic activities (A). All other features are
assumed to be natural (N).

Site: 1 2 3 4 5 6
Drill cuttings splay (M) Y Y Y Y
Embayment bounding ridge (N) Y
Eroded seabed (A) Y
Exposed landslide deposit (N) Y
Landslide visible at seabed (N) Y
Main landslide headwall scarp (N) Y Y
Main landslide shear (N) Y Y
Major crustal fault at seabed (N) Y
Man-made objects, debris (M) Y Y Y
Mud mound or mud volcano flow track (N) Y Y
Mud volcano (N) Y Y Y
Plugged and abandoned oil and gas well (M) Y Y Y
Plugged and abandoned oil well (M) Y Y Y
Prospecting (M) Y Y Y
Tension crack (A) Y
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Immediately following string recovery, seawater was dispensed into 4-liter amber bottles

using clean TYGON Tubing (Saint-Gobain, La Défense, Courbevoie, France) to limit

aeration. Bottles were stored on-ship at 4◦C and then shipped on wet ice. Forty mL of

water was fixed in 4% formaldehyde and stored at 4◦C for acridine orange direct counts

(AODC)s.

One hundred mL of water was frozen at -20◦C for analysis of dissolved organic carbon

and nutrients. Total organic carbon and total nitrogen were analyzed with TOC-L analyzer

(Shimadzu Scientific Instruments, Columbia, MD), and inorganic nutrients were analyzed

with a SEAL AutoAnalyzer 3 HR (SEAL Analytical Inc., Mequon, Wisconsin). Nutrients

(nitrate, nitrite, ammonia, total nitrogen, inorganic phosphate, silicate) were measured at

each of the sampling sites and depths.

4.2.2 Acridine orange direct cell counts

Acridine orange direct cell counts (AODC) were performed as describe by Francisco et al.

[83]. Cell counts were performed with Zeiss Axioskop epifluorescence microscope (Carl Zeiss,

Inc., Germany).

4.2.3 Microcosms experiments

Laboratory microcosm experiments were prepared in order to investigate (1) the change in

microbial community composition and structure and (2) it’s potential for oil biodegradation

under oxic and anoxic conditions. Microcosms were prepared in triplicate at 6◦C using

the deepest waters from stations (575 m) with either nitrogen (anoxic) or atmospheric (oxic)

headspace. They were amended with either 100 ppm native oil hydrocarbons (E10 slot crude

oil) or 100 ppm oil and 1 ppm Corexit dispersant (Nalco, Sugar Land, TX) for comparison

with Bælum et al. [20]. Control microcosms were killed and then amended as above. Carbon

dioxide evolution was measured continually with a Micro-Oxymax Respirometer (Columbus

Instruments International, Columbus, OH) for 17 days. Microcosms were removed from the

experiment in triplicate and killed at days 0, 3, and 17. One microcosm was used for 16S

rRNA gene sequencing and and two were used for hydrocarbon quantification.
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4.2.4 Hydrocarbon analysis

Native crude oil “E10 slot” was provided by BP. At 15◦C, the API gravity of E10 slot oil

is approximately 33, and the density is 0.86 g/L. Samples from each microcosm were sent

to Florida International University and processed by liquid-liquid extraction with methylene

chloride for hydrocarbon quantification. Saturated hydrocarbons and an estimation of total

petroleum hydrocarbons (TPHs) were performed by gas chromatography-flame ionization

detector (GC-FID) using a modification of SW-846 Method 8015. A subset of relevant

polycyclic aromatic hydrocarbons (PAHs) including the 16 EPA priority PAHs and their

alkylated homologues were analyzed using gas chromatography-mass spectrometry (GC/MS)

in selected ion monitoring (SIM). The recalcitrant biomarker C30-hopane was also measured

in the GC/MS method. This protocol is described in EARL-SOP-2000-O-109 and is based

on a modification of previously reported procedures expanded to accommodate additional

analytes [63]. 1998).

4.2.5 DNA extraction, 16S rRNA gene amplicon sequencing, and

data pre-preprocessing

Genomic DNA was extracted using methodology described by Miller, et al. (1999) with

modifications as described by Hazen et al. [117]]. DNA was cleaned using the Genomic

DNA Clean & Concentrator (DCC) kit (Zymo Research, Irvine, California). Quality of

extracted DNA was determined by measuring the 260/280 and 260/230 ratios on a NanoDrop

spectrophotometer (Thermo Fisher Scientific, Waltham, MA). DNA concentration was

determined by PicoGreen (Thermo Fisher Scientific, Waltham, MA).

The 16S rRNA gene libraries were prepared as described by Caporaso et al. (2012). The

V4 region of the 16S rRNA gene was amplified by PCR using universal primers 515f and

barcoded 806r, which anneals to both Bacterial and Archaeal sequences, with Phusion DNA

polymerase (Thermo Fisher Scientific, Waltham, Massachusetts). A 12 base pair barcode

index was included in the reverse primer to multiplex samples for sequencing analysis.

The 16S rRNA gene amplicons were then pooled together, and the quality and size of the

amplicons was analyzed using a Bioanalyzer (Agilent Technologies, Santa Clara, CA). The
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16S rRNA gene libraries were sequenced using a MiSeq with a V2 kit (Illumina, San Diego,

CA).

4.2.6 Bioinformatics processing of sequence data

The resulting sequence information was pre-processed with the QIIME wrapper software

(Caporaso, et al. 2010) on BioLinux [80]. Paired-end reads were joined using fastq-join

(Aronesty 2013), and then paired sequences were demultiplexed and quality filtered to remove

reads with phred scores below 20 (using the QIIME script split_libraries_fastq.py -q

19). Chimera detection was then performed on demultiplexed, quality-filtered reads using

UCHIME including de novo and reference-based chimera detection [74, 75]. Chimera-checked

sequences were clustered into OTUs at 97% sequence similarity using UCLUST using the

open reference clustering protocol with the GreenGenes 16S rRNA gene sequence database

as reference [74, 64]. Counts of the reads comprising each OTU were exported to biom

format for statistical analysis [184]. Read counts for each sample were rarefied to a number

of reads equal to that of the smallest sample. Then, OTUs that comprised < 0.005% of total

reads across all samples were removed from the data before downstream analysis.

Illumina MiSeq analysis of 16S rRNA gene amplicon sequences from the microcosms

resulted in mean 389,492 ( 477,528) reads per sample (after filtering). A total of 14,913

OTUs were identified, with mean 6,892 ( 5,197) OTUs per sample. All microcosm 16S

rRNA gene OTU data are available in NCBI’s SRA.

4.2.7 Statistical analysis

Samples were divided into two water masses (shallow and deep) for analysis of environmental

parameters and microbial communities; shallow waters were defined as waters 50 m in

depth, and deep waters were defined as waters > 50 m in depth, which is consistent with

the observed thermocline. To test the hypothesis that environmental parameters were

different in the two water masses, the means of each parameter were compared by t-test

for independent (unpaired) samples (alpha = 0.05). Non-metric multidimensional scaling

(NMDS) was performed to test the hypothesis that environmental parameters influence
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the community structure. A weighted Unifrac distance matrix was constructed and used

as input for NMDS. NMDS was performed and environmental parameters were fit to the

ordination result using the vegan package in R [208]. To test the hypothesis that the two

water masses were enriched in different taxa, the OTU read counts were grouped at the order

and genus level and tested with Fisher’s exact test (alpha = 0.05); P-values were corrected

with the Šidák method [261]. To determine which organisms responded to oil amendment

during microcosm experiments, the OTU read counts were summarized at genus level and

then transformed using the TEXMEX method [209]. Following transformation, the change

in community structure of the oil amended microcosms was compared to that of the un-

amended microcosms in each atmospheric condition.

4.3 Results and discussion

4.3.1 Distinct environmental niches exist in the Caspian Sea

There is a thermocline at ~50-100 m in all sample sites. The shallow waters ( 50 m) were

warm (20.2◦C 5.1◦C), but temperature declined rapidly and finally stabilized below 100 m

(7.2◦C 1.4◦C). The most rapid decline in temperature was observed at site 6, which dropped

to 7.0◦C at 58 m. The lowest observed temperature was 6.1◦C in the deepest waters (Site 1,

575 m). These measurements were consistent with previous reports [291].

Dissolved oxygen (DO) declined with depth at all sample sites. Dissolved oxygen in

shallow waters was near saturation (8.38 0.17 mg/L) but declined rapidly until ~50 m

(Figure 4.1). Below 50 m, DO declined slowly with depth reaching 5 mg/L by 100 m, and

continued to decline to <3 mg/L (the upper limit for hypoxia) below 250 m [127]. The

lowest oxygen concentration (0.5 mg/L) was observed in the deep waters of site 1, which is

considered severe hypoxia.

Salinity was similar throughout the water column, but pH generally changed with depth.

Mean salinity was 11.3 0.06 PSU, which is approximately one-third of mean ocean salinity

(Wilson 1975). The mean pH was 8.2 0.2 and declined with depth from 8.4 (site 3) in the
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shallow waters to 7.8 (site 1) in the deepest waters. Except for site 6, all sites increased in

pH slightly around 50 m before declining steadily with depth.

Ratios of carbon, nitrogen, and phosphorous were different from the expected Redfield

ratio and were higher than reported in other marine basins [177]. The N:P ratio (63:1) for

the sample collected from site 4 at 60 m depth was identified as an outlier and therefore

removed from the calculations [185]. The mean N:P ratio was near the Redfield ratio (12.1

6.9) but varied substantially (range 2.30 - 25.0; Figure 4.1).

4.3.2 Microbial community composition changes with environ-

mental niche

The number of cells in the water column was highest in near surface waters and declined with

depth. Acridine orange direct counts (AODCs) ranged from 4.6 × 103 to 2.3 × 105 cells/mL

across all samples (Figure 4.2). The shallowest sites (3, 4, and 6) had the greatest range

of AODCs throughout the water column. Although AODCs generally declined with depth

across all sites, they varied little at site 1 throughout the water column (site 1 is the deepest

site and also the farthest from known man-made structures).

The shallow water communities were dominated by Bacteria. Bacteria dominated the

shallow waters, comprising 98.8% ( 1.6%) of all reads in shallow water communities. Archaea

collectively comprised only about 1% of reads in the shallow waters. Proteobacteria were

the dominant phylum (38.4 7.0% of reads) followed by Bacteroidetes (20.4 2.0%), and

Cyanobacteria (12.3 3.9%). The most abundant Bacterial orders were Flavobacteriales

(15.6 1.4%), uncharacterized Proteobacteria (10.3 2.2%), and MWH-UniP1 (2.2 0.7%).

The most abundant phyla were Proteobacteria (30% of all reads), Crenarchaeota (18%), and

Bacteroidetes (13%) (Figure 4.3). Proteobacteria dominated the shallow water communities

(38%) but comprised a substantial fraction at all sites and depths. Proteobacteria may be

enriched during oil spills in other regions of the world [20, 98, 117]. Bacteroidetes were

observed in highest abundance in the shallow water communities (20%) and declined with

depth. Bacteroidetes have been observed as co-dominant in oil-impacted seawater [149] Our

results indicate that Proteobacteria and Bacteroidetes are dominant phyla in the Caspian
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Figure 4.2: Acridine orange direct cell counts (AODCs).

102



Sea, which is consistent with reports of these phyla in other oil impacted basins and with

reports that the Caspian Sea receives large inputs of petroleum hydrocarbons [54] The fact

that Proteobacteria and Bacteroidetes comprise large fractions of the shallow and deep-

water communities, respectively. At the order level, Flavobacteriales, Actinomycetales,

and Oceanospirillales co-dominated the ambient communities. Flavobacteriales have

previously been reported as dominant in shallow water communities, and members of

this order are commonly reported as chemoheterotrophs and hydrocarbon degraders

[173, 8]. Gammaproteobacteria are commonly found in oil-impacted marine environments and

dominate oil amended microcosm experiments for ≥ 20 days; their (co)dominance therefore

suggests that these communities are capable of oil biodegradation [118, 240]. Interestingly,

Proteobacteria that were unclassified at the class level were a substantial fraction of the

shallow water communities. It is unknown what role these unclassified microbes may play,

if any, in hydrocarbon degradation.

The deep water communities were dominated by Archaeal taxa. When taken together,

Bacteria dominated the deep waters but declined from >98% to 70.8% ( 7.6%) of all reads

in deep water communities. Although Bacteria dominated all samples (at all depths), they

decreased in abundance with depth, while Archaea increased in abundance. Planctomycetes,

however, were enriched in the deep waters in contrast with other Bacterial phyla. When

taken together, Archaea were present in large numbers comprising 28.2% ( 7.3%) of all

reads in deep water communities. The most abundant phylum was Crenarchaeota (26.4

6.7%), followed closely by Proteobacteria (25.0 9.9%). Phycisphaerales were commonly

observed in the deep-water communities (2%), which was unexpected because they are

known to be enriched in aerobic seawater [301]. Curiously, although Gammaproteobacteria

tended to decline with depth (i.e., in a manner consistent with Bacteria in general), the

highest fraction was observed in the deepest sample (36%, site 1). Two-thirds of these

Gammaproteobacteria were unclassified at the order level, and these unclassified reads

dominated the community (23%). Other Bacteria that increased in abundance uniquely

in this sample included SAR406 AB16 Arctic96B-7 (3% compared to < 1% in general)

and WS3 PRR-12 GN03 (~ 1% of reads but rarely observed otherwise). Crenarchaeota

dominated most of the deep-water communities (26%), suggesting that these communities
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Figure 4.3: Relative abundance of microbial taxa in natural communities at Order level.
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may be nutrient limited since this group survives predominantly by ammonia-oxidation [118].

Other highly abundant Bacterial phyla included Bacteroidetes (9.7 3.4%), Chloroflexi (4.7

2.5%), and Cyanobacteria (3.4 2.6%), although Bacteroidetes and Cyanobacteria declined to

less than half of their relative abundance compared to shallow waters. The most abundant

taxonomic order was Cenarchaeales (26.4 6.7%), which comprised nearly all of the Archaea.

Thaumarchaeota are generally considered to be ammonia-oxidizers and play an important

role in nitrogen cycling. Prior studies showed that they are important in the sediments and

deep waters of the Caspian Sea [177, 281]. They have also been reported to dominate the

communities in the Baltic Sea, which, like the Caspian Sea, is characterized by low salinity

and low oxygen concentration [163]. It has been hypothesized that these Thaumarchaeota are

adapted to eutrophic conditions and are not obligate autotrophic ammonia oxidizers [281].

Cenarchaeales have been observed in polychlorinated biphenyl and PAH contaminated sand

samples and contribute to the degradation of biphenyl in activated biosludge [110, 272].

Following Cenarchaeales, the remaining highly abundant orders were all Bacteria and were

more evenly distributed. These included Flavobacteriales (7.8 2.9%), uncharacterized

Proteobacteria (4.2 2.3%), and Phycisphaerales (2.6 1.3%). Many of the reads observed in

the microcosm communities were not able to be classified at high taxonomic levels.

There were important correlations between environmental factors and microbial commu-

nities. Non-metric multidimensional scaling (NMDS) of weighted Unifrac distances between

samples implies clusters of the communities according to depth (Figure 4.4). Temperature

and DO decreased with depth and are influential factors on the shallow water communities

(Table 4.2). Inorganic phosphate, silicate, nitrate, salinity and total nitrogen increased in

with depth and are likely to be influential on the deep-water communities.

4.3.3 A microbial community from a deep water OMZ rapidly

degrades recalcitrant hydrocarbons

Microbial communities changed in the presence of oil differently if they were prepared under

oxic or anoxic conditions. TEXMEX highlights organisms that increased in abundance

following oil amendment compared to organisms that increased in both control and
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Figure 4.4: Non-metric multidimensional scaling (NMDS) correlation biplot of shallow and
deep-water communities and influential environmental variables. NMDS of weighted UniFrac
distances (stress 0.075, P-value <0.05) are shown. Shallow water communities are marked
with squares, and deep-water communities are marked with circles. The blue intensity of
the marker indicates the depth, with the shallowest samples in gray and the deepest samples
in dark blue. Environmental variables were fit to the two-dimensional representation of the
microbial communities; arrow directions indicate correlation with each axis and the size of
the length of the arrow indicates the correlation coefficient.

106



experimental conditions, thus mitigating the impact of so-called “bottle effects” [209]. The

change in abundance during the control experiment (x-axis) and the treatment experiment

(y-axis) is positive if the OTU increased in abundance and negative if the OTU decreased in

abundance. The taxa that appear furthest from the x=y diagonal line (shifted toward the

upper left of the plot) responded strongly to the experimental condition and are thus the

most likely of the observed taxa to be involved in oil degradation (Figure 4.4, Figure 4.3,

Figure 4.5). TEXMEX revealed that Oceanospirillales, which includes known oil degraders,

responded to oil amendment in both oxic and anoxic microcosm experiments, although a

greater diversity within this order responded in oxic microcosms [118]. The Oceanospirillales

that responded in both oxic and anoxic microcosms may be facultative anaerobes or

aerotolerant, while those responding only in oxic conditions may be facultative anaerobes

or obligate aerobes. The order Oceanospirillales responded strongly to oil amendment

in both oxic and anoxic microcosms and were classified as Oceanospirillaceae Oleispira.

Notably, a greater diversity of Oceanospirillales was observed responding to oil amendment

in oxic microcosms, including some that were not able to be classified below the family

level. In anoxic microcosms, the Alphaproteobacterial order Sphingomonadales responded

strongly to oil amendment, which is consistent with reports that members of this order are

hydrocarbon degraders [25]. Members of Sphingomonadales are known to occupy aerobic

waters; however, those identified in this study were not able to be classified below the

order level and may represent novel taxa capable of hydrocarbon degradation in anoxic

environments [8]. Alphaproteobacteria were also enriched in oxic microcosms. Taxa of the

class Alphaproteobacteria responded to oil amendment in both oxic and anoxic conditions

as well, but different orders responded depending on the atmospheric condition of the

microcosm. In anoxic microcosms, the order Sphingomonadales responded strongly, but

were not able to be classified below the order level. Other than the Oceanospirillales,

Sphingomonadales were the only microbes to respond in the anoxic condition. In oxic

microcosms, the orders Kiloniellales, Rhizobiales, and Rhodobacterales responded strongly

to oil amendment. Kiloniellas were not classified below the order level. Although many

members of Kiloniellas are host associated, , one member of this order was isolated

and reported as a chemoheterotrophic aerobe that may be involved in denitrification
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Table 4.2: Summary of environmental parameters by depth category. Environmental
parameters for shallow (≤ 50 m) and deep (> 50 m) waters were tested for statistically
different means using a two-tailed t-test. Statistically significant environmental parameters
(p-value < 0.05) are indicated by *.

Shallow (≤ 50 m, µ±σ2) Deep (> 50 m, µ±σ2)
Temperature * 20.239 ( 5.097) 7.240 ( 1.362)
Dissolved oxygen (mg/L) * 8.381 ( 0.170) 4.278 ( 2.069)
Salinity (PSU) * 11.245 ( 0.055) 11.327 ( 0.042)
Nitrate (mol/L) * 0.152 ( 0.053) 6.441 ( 4.138)
Nitrite (mol/L) 0.042 ( 0.034) 0.028 ( 0.010)
Ammonia (mol/L) 0.024 ( 0.010) 0.021 ( 0.003)
Total nitrogen (mg/L) * 0.397 ( 0.033) 0.440 ( 0.041)
Inorganic phosphate (mol/L) * 0.026 ( 0.008) 0.606 ( 0.569)
Silicate (mol/L) * 2.081 ( 1.626) 36.450 ( 23.317)
TOC (mg/L) 7.169 ( 0.784) 6.820 ( 0.463)
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[56, 168, 269, 308]. The Rhizobiales were classified as Methylobacteriaceae Methylobacterium,

and the Rhodobacterales were classified as Rhodobacteraceae Phaeobacter. Members of the

genus Methylobacterium also responded to oil amendment. This genus is widespread and

is the model for aerobic methylotrophy [154, 202]. The genus Phaeobacter of the order

Rhodobacterales also responded to oil amendment, which is consistent with previous reports

[49]. Commonly reported members of Phaeobacter are marine heterotrophs capable of

growing in a wide range of nitrogen and phosphorous concentrations and a wide range of

temperatures [170, 287, 308]. Many of the reads observed in the microcosm communities were

not able to be classified, even at high taxonomic levels. Many of these uncharacterized taxa

are oil degraders, based on the enrichments observed in this study. These reads represent

potentially novel organisms that may be amenable to growth in laboratory conditions, either

in isolation or as a consortium, and should be investigated further.

Hydrocarbon degradation was different between oxic and anoxic microcosms. Total

aliphatic and aromatic hydrocarbons at days 3 and 17 were quantified relative to a standard

(1,3-dichlorobenzene; Figure 4.6). At day 3, both aliphatic and aromatic hydrocarbon

degradation were similar in oxic and anoxic conditions. However, at day 17, anoxic

microcosms degraded a larger fraction of total hydrocarbons compared to oxic, with a

striking increase in aromatic hydrocarbon degradation. In particular, benz(a)anthracene

and chrysene were completely depleted in anoxic microcosm experiments. Naphthalene was

also depleted similarly in oxic microcosms. Degradation of aliphatics decreased inversely with

size up to ~22 carbons in both oxic and anoxic conditions. Anoxic microcosms degraded more

of these aliphatic hydrocarbons. Aliphatic hydrocarbons of length 19 and 21 carbons were

poorly degraded in oxic conditions relative to anoxic conditions. On the other hand, the

heaviest aliphatics (> 28) were degraded to a greater extent in oxic microcosms compared to

anoxic microcosms. Pristane, norpristane, and phytane were also depleted to a greater extent

in anoxic microcosms, with only a minor fraction degraded in oxic microcosms. Trimethyl-

dodecane and trimethyltridecane were similarly lost from both oxic and anoxic conditions.

Aromatic hydrocarbons were degraded to a lesser extent than aliphatic hydrocarbons.

This was particularly noticeable under oxic conditions. Both oxic and anoxic microcosms
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Figure 4.5: TEXMEX plots.
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Table 4.3: List of taxa that were enriched in an anoxic, oil amended microcosm as
determined by TEXMEX analysis. Changes in the microbial community composition of
the anoxic, oil-amended microcosm were compared with that of the anoxic, non-amended
microcosm. Microbial taxa that were enriched in the oil-amended microcosm relative to the
non-amended microcosm are listed here.

Class Order Family Genus
Bacteroidia Bacteroidales Porphyromonadaceae
Gammaproteobacteria Oceanospirillales
Gammaproteobacteria Oceanospirillales Oceanospirillaceae
Gammaproteobacteria Oceanospirillales Oceanospirillaceae Oleispira

111



Table 4.4: List of taxa that were enriched in an oxic, oil amended microcosm as determined
by TEXMEX analysis. Changes in the microbial community composition of the oxic,
oil-amended microcosm were compared with that of the oxic, non-amended microcosm.
Microbial taxa that were enriched in the oil-amended microcosm relative to the non-amended
microcosm are listed here.

Class Order Family Genus
Actinobacteria Actinomycetales Frankiaceae
Actinobacteria Actinomycetales Intrasporangiaceae Phycicoccus
Actinobacteria Actinomycetales Intrasporangiaceae Terracoccus
Bacteroidia Bacteroidales
Cytophagia Cytophagales Cytophagaceae Flectobacillus
Flavobacteriia Flavobacteriales Flavobacteriaceae Ulvibacter
Nostocophycideae Nostocales
Clostridia Clostridiales Eubacteriaceae Acetobacterium
Clostridia Clostridiales Veillonellaceae
Alphaproteobacteria Kiloniellales
Alphaproteobacteria Kiloniellales Kiloniellaceae
Alphaproteobacteria Kordiimonadales Kordiimonadaceae
Alphaproteobacteria Rhizobiales Bradyrhizobiaceae Bosea
Alphaproteobacteria Rhizobiales Hyphomicrobiaceae Parvibaculum
Alphaproteobacteria Rhodobacterales Hyphomonadaceae Hyphomonas
Alphaproteobacteria Rhodobacterales Rhodobacteraceae Phaeobacter
Alphaproteobacteria Sphingomonadales Erythrobacteraceae Erythrobacter
Epsilonproteobacteria
Epsilonproteobacteria Campylobacterales
Epsilonproteobacteria Campylobacterales Campylobacteraceae
Epsilonproteobacteria Campylobacterales Campylobacteraceae Sulfurospirillum
Epsilonproteobacteria Campylobacterales Helicobacteraceae Sulfuricurvum
Gammaproteobacteria Alteromonadales Alteromonadaceae Glaciecola
Gammaproteobacteria Alteromonadales Alteromonadaceae Simiduia
Gammaproteobacteria Alteromonadales Colwelliaceae Thalassomonas
Gammaproteobacteria Oceanospirillales Oceanospirillaceae
Gammaproteobacteria Oceanospirillales Oceanospirillaceae Amphritea
Gammaproteobacteria Oceanospirillales Oceanospirillaceae Neptunomonas
Gammaproteobacteria Oceanospirillales Oceanospirillaceae Oceaniserpentilla
Gammaproteobacteria Oceanospirillales Oceanospirillaceae Oleispira
Gammaproteobacteria Pseudomonadales Pseudomonadaceae

112



degraded similar proportions of 1,3-dimethylnapthalene, 1,6,7-trimethylapthalene, 1,6-

dimethylnapthalene, 1-methylnaphthalene, 2,6-dimethylnaphthalene, 2-methylnaphthalene,

biphenyl, and benzothiophenes. Oxic microcosms degraded phenanthrene more efficiently

than anoxic microcosms. In addition to the EPA16 compounds already mentioned, higher

proportions of dibenzothiophene were degraded in anoxic microcosms.

Although the oxic and anoxic microcosms degraded similar amounts of hydrocarbons

by day 3, there were important differences in hydrocarbon degradation by day 17, which

may be attributed to the changes in the microcosm communities observed during the same

period (Figure 4.7). Interestingly, anoxic microcosms degraded more total oil hydrocarbons

by day 17 compared to oxic microcosms. The half-life for total hydrocarbon degradation

was estimated to be 11 days in anoxic microcosms and 15 days in oxic microcosms. Most

of the individual oil hydrocarbons were degraded more efficiently in anoxic microcosms.

Anoxic microcosms degraded a larger proportion of the shorter aliphatics (< 22 carbons;

including branched aliphatics, e.g., pristane and phytane) than oxic microcosms. Conversely,

oxic microcosms more completely degraded most of the longer aliphatics (≥ 22 carbons).

Anoxic microcosms were similar to or exceeded oxic microcosms in the degradation of

all aromatic hydrocarbons. In particular, degradation of benz(a)anthracene, chrysene,

dibenzothiophene, fluorene, and phenanthrene in anoxic microcosms far exceeded that of

oxic microcosms. Phytane, pristane, and hopane are used as analytic standards when

attempting to determine the origin of crude oil and its rate of biodegradation. Pristane

and phytane are common components of crude oil, and the pristane/phytane ratio may

be used as an indicator of the oil source [231, 254]. However, pristane and phytane are

known to be susceptible to biodegradation, which was also observed in this study [102].

Hopane is considered less susceptible to biodegradation than phytane and pristane [87, 102].

However, some biodegradation of hopane was also observed in this study. This finding

has important implications for the analysis of crude oil biodegradation in the Caspian

Sea, and elsewhere. Hydrocarbons may be degraded more efficiently at low temperatures

compared to warmer temperatures, which could explain high hydrocarbon degradation

in the deep waters of the Caspian. However, improved hydrocarbon degradation under

anoxic (compared to oxic) atmospheric headspace, as observed and reported here, is not

113



well understood. Microogranisms from this environment may have adapted by developing

efficient methods for degrading recalcitrant hydrocarbons. When the communities are

exposed to oxygen, those biodegradation pathways may be inhibited, or aerobic organisms

may grow rapidly and dominate the community, limiting overall oil biodegradation. On

the other hand, these effects would be limited under anoxic or hypoxic conditions. These

results suggest that deep water communities in the Caspian Sea are adapted for better

oil biodegradation under anoxic and (in situ hypoxic) conditions when compared to oxic

conditions. Potential oil degradation pathways have been identified in Gammaproteobacteria,

including pathways for the degradation of low molecular weight alkanes, aromatics, BTEX,

proline, catechol, cyclohexanone, and nitroalkanes [130]. It is therefore reasonable to expect

that the Gammaproteobacteria observed in these results are important in the biodegradation

results observed here, which is consistent with other reports [20].
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Figure 4.6: Hydrocarbons from microcosm experiments were quantified and are reported
according to type (aromatic or aliphatic). Significant differences in the amount of each
hydrocarbon type are indicated (alpha < 0.05, alpha < 0.001). Anoxic microcosm
communities (purple, blue) degraded significant amounts of both aromatic and aliphatic
hydrocarbons, whereas oxic microcosm communities (green, yellow) did not. At day 17,
the amount of both aromatic and aliphatic hydrocarbons was significantly less in anoxic
microcosms (blue) compared to oxic microcosms (yellow).
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Figure 4.7: The most abundant microbial taxa that were enriched in either the natural
or microcosm communities. Relative abundance of each taxon is represented by intensity of
the heat map. Enriched taxa were determined using Fisher’s exact test.
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Chapter 5

Conclusions and future directions
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5.1 Research summary and final conclusions

The goal of the work presented in this dissertation was to advance our understanding

of the influence of hypoxia on petroleum hydrocarbon biodegradation. In this work,

microbial communities from six marine basins around the world were analyzed using multiple

techniques providing new information about the potential for petroleum hydrocarbon

biodegradation in these discrete environments. These communities were analyzed with both

16S rRNA gene amplicon sequencing to understand their composition and diversity and with

shotgun sequencing to understand the influence of hypoxia on the potential for petroleum

hydrocarbon biodegradation. Data from multiple basins was analyzed comprehensively in

order to make general inferences about the effect of hypoxia on microbial communities.

Aim 1 demonstrated that although microbial communities from discrete basins have

different composition, potential petroleum-degrading microbes are ubiquitous. In general,

microbial communities tended to cluster more strongly by depth than by sample site,

however, there were important differences between the basins. In particular, the microbial

community from the Caspian Sea was unique among the basins, which is not surprising given

that it has been landlocked for more than 5 million years. Regardless, it shares with the other

basins petroleum-degrading bacteria such as Oceanospirillales. However, the communities

from oxygen minimum zones (OMZs) in the Caspian Sea and in the Eastern Atlantic Ocean

(Angola) were different in important ways. For example, Archaea were enriched in the

Caspian Sea OMZ, while they appear to be less important in the Angola OMZ. Taken

together, these results indicate that petroleum-degrading microorganism exist in microbial

communities around the globe.

Aim 2 demonstrated that hypoxia is likely to be a stronger influence on microbial

community functional potential than eutrophication in general. Microbial communities

from the Eastern Mediterranean Sea and the Caspian Sea were analyzed using shotgun

metagenomics to understand the functional potential. The abundance of enzymatic functions

was similar across the two basins, but there were important correlations with hypoxia. In

particular, heterotrophic denitrification is likely to be an important function in hypoxic

environments. However, hypoxia (O2 <3 mg/L) was only present in the Caspian Sea.
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Previous reports indicate the diverse pathways for aromatic hydrocarbon biodegradation

are present in sub-oxic environments, due to the varying reduction potential of alternative

electron acceptors. Therefore, it seems likely that the mechanisms of petroleum hydrocarbon

biodegradation might be influenced by the available oxygen concentration.

Aim 3 demonstrated that petroleum hydrocarbon biodegradation by Caspian Sea

microbial communities is faster under anoxic conditions than under oxic conditions in

microcosm experiments, which was unexpected. The Caspian Sea has been landlocked for >5

million years, and the sea floor may have the highest concentration of mud volcanoes leaking

hydrocarbons. Furthermore, this basin has become increasingly eutrophic and hypoxic since

the 1950s due to substantial industrial and agricultural runoff, as well as being an important

site of petroleum production. These factors might have influenced the microbial communities

in one of two ways. One possibility is that these communities have become enriched

in petroleum-degrading microbes, which were capable of rapid petroleum biodegradation.

Another possibility is that selective pressure has influenced petroleum-degrading microbes

in these communities for more efficient petroleum biodegradation under hypoxic (or anoxic)

conditions, without substantial change to the overall community structure. The work in this

dissertation demonstrated that the microbial communities of the Caspian Sea are significantly

different from communities in other basins; therefore current evidence supports the former

hypothesis.

5.2 Future Directions

The DWH oil spill was a great disaster, but petroleum spills continue to occur around the

world. Understanding how the in situ microbial community will respond will assist cleanup

efforts in the event of a spill. Furthermore, bioremediation of petroleum hydrocarbons

in contaminated environments is an attractive strategy. To date, applying fertilizers to

contaminated environments is the most effective method to increase rates of biodegradation.

However, there is still interest in developing strategies to influence the in situ microbial

communities for biodegradation of petroleum hydrocarbons and other contaminants.
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This work demonstrated the ability of microbial communities from the Caspian Sea

to demonstrate petroleum hydrocarbons in microcosm experiments. However, there are

important questions that remain open. Future work should investigate the specific genes

and proteins involved in petroleum hydrocarbon biodegradation in microcosm experiments

using metatranscriptomics. Although it is historically difficult, future work should continue

to isolate microbes from environment samples because this is the only way to verify our

hypotheses about the role of specific organisms in petroleum hydrocarbon biodegradation,

such as Oceanospirillales. Extrapolating the results of microcosm experiments to in situ

environments can be ineffective. More field studies are needed to understand petroleum

hydrocarbon biodegradation in situ in contaminated environments. These studies might

use radiocarbon (14◦C) signatures from microbial biomass to determine which microbes

are involved in biodegradation of petroleum hydrocarbons. Shotgun metagenomics and

appropriate binning methods enable the assembly of whole genomes from metagenomes, and

these data can be used to build a better reference database for analysis of these microbial

communities.

Future microcosm experiments are needed to better understand how the Caspian Sea

microbial communities degrade petroleum hydrocarbons in anoxic conditins. High resolution

quantification of hydrocarbons is necessary if we are to understand the mechanisms of

petroleum hydrocarbon biodegradation. This work should use shotgun metagenomics and

binning, as mentioned above, to assemble whole genomes and build a reference database

of the organisms that are contained within the microcosms. This work should also use

metatranscriptomics to identify which genes are enriched following amendment of the

microcosms with petroleum hydrocarbons. A time course of 16S rRNA amplicon sequences

will also help to understand the succession of microorganisms in the microcosms following

petroleum amendment. I have obtained additional samples from the Caspian Sea, and this

experiment is currently underway.
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