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ABSTRACT OF THE DISSERTATION
Application of Metagenomics for Identification of Novel Petroleum Hydrocarbon Degrading
Enzymes in Natural Asphalts from the Rancho La Brea Tar Pits.
by
Jean-Paul Mendoza Baquiran
Doctor of Philosophy, Graduate Program in Environmental Toxicology

University of California, Riverside, December 2010
Dr. David E. Crowley, Chairperson

Recent studies on the biodiversity of asphalt deposits at the Rancho La Brea Tar Pits in
Los Angeles, California have revealed the existence of several hundred new species of bacteria
and gene sequences encoding putative novel degradative enzymes. The presence of fossilized
extinct animal remains in the La Brea Tar Pits has led to estimations that these natural asphalt
seeps have existed for at least 40,000 year. These deposits consist of petroleum that has been
degraded to the extent that the remaining material is comprised mainly of asphalts and heavy
oils, which have saturated into the soil matrix. Since petroleum hydrocarbons are both a target
and a product of microbial metabolism, the role of microorganisms that inhabit this and other
similar environments is directly relevant to development of technology for bioremediation,
biotransformation of petroleum hydrocarbons, and microbial enhanced oil recovery for

extracting and refining heavy oil.

In this research, both culture-dependent and culture-independent methods were used
to characterize microorganisms and consortia from the La Brea Tar Pits, which are able to

degrade a variety of polycyclic aromatic hydrocarbons (PAHs) and BTEX (benzene, toluene, ethyl
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benzene and xylene). Initial studies applied PCR-DGGE methods to identify the microbial
consortia that degrade selected petroleum hydrocarbons during enrichment cultures on pure
compounds or mixtures of substances found in petroleum. This study revealed a single
Pseudomonas sp. that may be able to degrade multiple PAHs and biphenyl. In addition, PCR
based techniques identified a naphthalene dioxygenase from Pseudomonas stutzeri that appears
to function as a major degradative enzyme in this system. DNA microarray analysis further
revealed the presence of a wide variety of petroleum hydrocarbon degrading genes and has
verified that naphthalene dioxygenase is the most commonly found degradative enzyme in this

microbial community.

To further investigate the true microbial diversity of the La Brea Tar Pits, the microbial
community associated with the heavy oil at Rancho La Brea was studied using a metagenomics
approach. A fosmid clone library was constructed using 38 Kb fragments of DNA extracted from
the asphalt-soil samples of Pit 101. This library of about 3,000 clones was then screened for DNA
inserts, which contained specific genes that could be targeted using PCR based methods. One
selected clone contained the 16S rRNA gene of an unclassified Rhodospirallacaea and a putative
2-nitropropane dioxygenase, which suggest that this new organism degrades persistent
nitroalkanes that are common in asphalt.

The current investigation of the La Brea Tar pits concluded using lllumina technologies
(llumina, Inc.) to deep sequence the metagenomic library of over 3,000 clones using a high
throughput sequencer. Over 75 MB of DNA has been sequenced, from which over 650 contigs
with an average length of 500 bp were assembled. Bioinformatics analysis indicated the

presence of genes encoding three types of dioxygenases, one of which encoded a naphthalene

vii



dioxygenase from Pseudomonas sp. along with two other genes that are most similar to
previously reported genes encoding biphenyl and toluene dioxygenases. However, sequence
analysis revealed that these genes were not significantly similar to these known dioxygenases
and may thus be novel. The results of this research provide a foundation for further studies on
the evolution and assembly of metabolic pathways in bacteria that have undergone long term

adaptation to survival in natural asphalts.
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CHAPTER ONE: INTRODUCTION

PETROLEUM MICROBIOLOGY

The role of microorganisms in petroleum environments has been an area of interest for
many biotechnology based applications. Petroleum is a complex mixture of heavy to light
hydrocarbons and many other organic compounds, including organometallo constituents. Since
petroleum hydrocarbons are recognized as substrates supporting microbial growth, they are
both a target and a product of microbial metabolism (Hamme et al., 2003). Biodegraded oils
represent a significant fraction of the petroleum in conventional oil reserves and interest in
exploiting petroleum-degrading organisms for environmental cleanup has become central to

petroleum microbiology (Atlas, 1981, Hamme et al., 2003).

In 1926, Edison Bastin and coworkers submitted the first report of active microbial
communities in a petroleum reservoir (Bastin et al.,, 1926) and since then a wide variety of
bacteria have been identified using both culture-dependent and culture-independent methods.
Culture dependent methods include isolation and cultivation of bacteria on solid media, most-
probable-number (MPN) liquid assays and Biolog substrate utilization plates. Microorganisms
isolated from these sites have been extensively tested for bioremediation applications as they
have the ability to degrade petroleum hydrocarbons in both the laboratory and environment
(Ollivier and Magot, 2005). Alternatively, culture independent methods include phospholipid
fatty acid analysis, fluorescence in situ hybridization and a variety of PCR-based approaches like
denaturing gradient gel electrophoresis (DGGE) and 16S rRNA gene microbial surveys. Initial

reports of underground reservoirs using molecular approaches suggest that the majority of



microorganisms inhabiting these environments are new species that represent a rich pool of
novel genetic diversity with potential importance for industrial and petroleum microbiology

(Hamme et al., 2003).

To date, studies of petroleum reservoirs and petroleum contaminated sites using culture
based techniques have revealed physiologically diverse assemblages of thermophilic and
hyperthermophilic anaerobic microorganisms along with bacteria that are able to live on
complex petroleum hydrocarbons. Previously isolated anaerobic microbes include sulfate
reducers (Stetter et al., 1993, Tardylacquenod et al., 1996), sulfidogens (Lharidon et al., 1995),
fermentative bacteria (Davey et al., 1993, Grassia et al., 1996), manganese and iron reducers
(Greene et al., 1997), methanogens (Ng et al., 1989, Rozanova et al., 1997) and acetogens
(Davydovacharakhchyan et al.,, 1992). Classes of hydrocarbons that bacteria isolated from
petroleum sites have shown to metabolize include n-alkanes (Kato et al.,, 2001), BTEX
compounds (Lu et al., 2006) and polycyclic aromatic hydrocarbons (PAHs) (Alquati et al., 2005,
Coral and Karagoz, 2005). Although these culture based approaches are useful for
understanding the physiological properties of the isolated organisms, they do not provide
comprehensive information on the composition of microbial communities, because only less
than 1% of bacteria and archaea can be cultured in the laboratory (Amann et al., 1995).
Therefore, it is difficult to assess the importance of these isolated organisms within their natural

environment.

Due to the disparity in diversity between isolated bacteria and in situ microbial
communities, culture-independent methods have been established in order to circumvent the

culturing bias. Diversity studies on petroleum impacted sites have focused on PCR based



methods that examine the extracted DNA of the microbial communities. Community fingerprint
analyses using PCR coupled with denaturing gradient gel electrophoresis (DGGE) have identified
predominant bacteria in petroleum samples. Many phylogenetic groups have been represented
from these studies, which include Pseudomonas sp., Ochrobactrum sp., Staphylococcus sp.,
Sphingomonas sp. and Burkholderia sp.(Jun et al., 2008, Yoshida et al., 2005). In addition, 16S
rDNA clone libraries have been constructed to identify individual members of the microbial
community present in petroleum based sites, which include Arcobacter nitrofigili, Clostridium
ramosum, Desulfobacula toluolicaa, Pandoraea pnomenusa and Pseudomonas stutzeri
(Grabowski et al., 2005, Li et al., 2006, Orphan et al., 2000, Voordouw et al., 1996). These
methods have also revealed that diverse communities consisting of many novel and previously
uncultured microorganisms exist in both petroleum reservoirs and petroleum contaminated
sites. However, because only the 16S rRNA gene sequences are being examined, the actual
functions of the community members within their environment are unknown. The inability to

link functionality to species represents a major limitation in these studies.

CRUDE OIL, ASPHALTS AND HEAVY OIL

Crude oil is an extremely complex and variable mixture of organic compounds. These
subsurface petroleum reservoirs have accumulated underground as a result of the anaerobic
degradation of marine organisms over a very long time. Under conditions of high temperature
and pressure, the organic material has been converted to natural gas, liquid crude oil, shale oil,
tars and bitumen (Scragg, 2005). The majority of the compounds in crude oil and natural
asphalts are hydrocarbons, which can range in molecular weight from methane to the high

molecular weight tars and bitumen. These hydrocarbons also come in a diverse range of



structures; straight and branched chains, single or condensed rings and aromatic rings. The two
major groups of aromatic hydrocarbons are the monocyclic hydrocarbons (eg. benzene, toluene,
ethylbenzene and xylene) and polycyclic aromatic hydrocarbons (PAHs) such as naphthalene,
anthracene and phenanthrene. In addition to hydrocarbons, crude oil contains between 0.05
and 3.0% heterocyclic compounds, which contain sulfur, nitrogen, oxygen and various heavy
metals. The proportion of each individual compound can vary greatly between petroleum
sources, which affect the properties of the oil. Light oils are oils with a high proportion of low
molecular weight materials and heavy oils consist of a high proportion of high molecular weight

compounds (Scragg, 2005).

Heavy oils such as asphalts, arise from the biodegradation of crude oils leaving a residue
characterized by a high content of asphaltenes, composed mainly of polyaromatic carbon (i.e.

polycondensed aromatic benzene units with oxygen, nitrogen and sulfur), combined with minor
amounts of heavy metals, particularly vanadium and nickel that occur in porphyrin structures

(Curiale et al., 1983). These biodegraded heavy oils dominate the world petroleum inventory
and represent a significant fraction of the petroleum in conventional oil reserves (Head et al.,
2003). The effects of biodegradation on the composition and physical properties of crude oil are
well known. As microbial biodegradation removes the lighter fraction of the oil, which includes
n-alkanes, isoprenoids and light aromatic compounds, heavier compounds are left, which
include n-cyclohexanes, n-alkylbenzenes, hopanes, steranes and other asphaltines up to 30
carbons or more. This biological degradation of petroleum results in a deterioration of crude oil
quality due to the enrichment of resins and asphaltenes during the subsequent removal of

saturated hydrocarbons.



THE LA BREA TAR PITS

The Rancho La Brea Tar Pits are
Pleistocene natural asphalt deposits located in
Hancock Park of downtown Los Angeles,
California. The presence of fossilized extinct
animal remains at Rancho La Brea has led to

estimations that these asphalt seeps have

been in existence for at least 40,000 years
(Akersten et al., 1983). These deposits consist of petroleum that has been degraded to the
extent that a significant fraction of asphalts and heavy oils remain (Kim and Crowley, 2007).
There have been many studies which examine petroleum degrading microorganisms in recently
contaminated sites, or oil reservoirs which consist of the lighter fractions of crude oil. However

little is known about the microbial diversity in heavy oils and natural asphalts.

In 1999, Kadavy et al. conducted the first microbial study based on the Rancho La Brea
Tar Pits. They successfully cultured 14 isolates from the larvae of the oil fly Helaeomyia petrolei,
which is found around natural oil seeps and pools of waste oil (Kadavy et al., 1999). 9 of the 14
isolates were identified as Providencia rettgeri and 3 were likely Acinetobacter isolates.
Although there was no evidence that linked the isolates to petroleum hydrocarbon degradation,
they were likely to exhibit pronounced solvent tolerance and may be a future source of

industrially useful, solvent-tolerant enzymes (Kadavy et al., 1999).

The only other microbial study from the Rancho La Brea Tar Pits came in 2007, when

Kim and Crowley conducted a survey of this site, which include detailed sequence information
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on both culturable and non-culturable organisms and also revealed several hundred new species
of bacteria and archaea (Kim and Crowley, 2007). In addition, DNA sequencing of petroleum
hydrocarbon degrading genes from the tar pits show at least three new groups of enzymes that
have not been previously described (Kim and Crowley, 2007). The discovery of new
microorganisms and genes from the La Brea Tar Pits suggests that this site represents a rich pool

of novel genetic diversity with potential applications for biotechnology.

MICROBIAL DIVERSITY IN NATURAL ASPHALTS OF THE RANCHO LA BREA TAR PITS (KIM AND

CROWLEY, 2007)

As previously mentioned, in 2007 Kim and Crowley conducted a microbial survey, in
which 235 individual 16S rRNA genes were sequenced to identify the predominant phylogenetic
groups within the microbial community of the Rancho La Brea Tar Pits. Of the dominant
phylogenetic groups, sequence analysis revealed the presence of halophillic Archaea. From 29
clones, there were two clusters of closely related species from two unclassified genera as shown
in Figure 1.1. Sixteen clones were similar to Natronorubrum spp, and another 11 were identified
as Natrialba spp. Their overwhelming presence within the survey implies that both are
dominant Archaeal species. Of the 29 Archaea sequences that were obtained, only 2 were
outside of the clusters representing the new genera. The occurrence of the closely related
Archaea imply an initial selection of closely related bacteria that share specific traits that enable
them to survive in this environment, such as selection for more efficient petroleum degrading

enzymes (Kim and Crowley, 2007).
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Figure 1.1. Phylogenetic tree showing partial list of Archaea, which reveals two sets of closely
related species representing unclassified genera, indicated by arrows (Kim and Crowley, 2007).



In addition to Archaea, the predominant Bacteria in the tar pits were
Gammaproteobacteria, (purple sulfur bacteria) (Kim and Crowley, 2007). Of 60 clones, there
were 3 unclassified families in the order Chromatiales. Other families included
Xanthomanadaceae (5 clones) and Pseudomonadaceae (5 clones). There were also 5 additional
phyla that included Planctomycetes, Gemmatimonadetes, BRC1, Nitrospira and
Verrucomicrobia. Clones also revealed representative species from Alpha- and
Betaprotobacteria, along with various representatives from Acidobacteria, Actinobacteria,
Bacteroidetes and Clostridia. There were also a significant proportion of unclassified clones
present in the survey, which imply that novel microorganisms exist within the tar pits. In total,
one new order and 7 new families of bacteria were found. One unique finding was the
identification of 16 clones representing the family Rubroacteraceae, which are of interest for
their ability to survive in high-ionizing radiation environments (Ferreira et al., 1999). This finding
suggests that the La Brea Tar Pits have selected for bacteria that can withstand mutagenic

environments.

The La Brea Tar Pits also yielded large numbers of Pseudomonas sp. Pseudomonads are
among the most catabolically diverse bacteria in nature. Of special interest is their ability to
degrade petroleum hydrocarbons, halogenated solvents and many other types of xenobiotics in
pure culture (Chaudhry and Chapalamadugu, 1991). Using a Pseudomonas-selective primer set,
14 unique sequences that represent 8 new genomovars of P. stutzeri were found (Figure 1.2).
Each genomovar with sequences of 95-98% similarity suggest a radiation of new species that

have adapted to growth on natural asphalts and heavy oil compounds. A major question that
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Figure 1.2. Phylogenetic tree of Pseudomonas stutzeri found in the La Brea Tar Pits. Candidate
genomovars are enclosed in box (Kim and Crowley, 2007).



will be addressed is whether these genomovars are catabolically distinct, each using different

types of petroleum hydrocarbons, or whether they share common catabolic pathways.

In conjunction with the species diversity for Archaea and Bacteria, Kim and Crowley also
surveyed key functional genes encoding dioxygenase enzymes. Many of the dioxygenase
sequences are predominantly associated with proteobacterial biphenyl dioxygenases with
similarities ranging from 79 to 95%. In addition, detailed sequence analysis revealed at least
three new types of ring hydroxylating enzymes (Figure 1.3). Although these enzymes were most
closely associated with sequences encoding benzene, toluene and biphenyl dioxygenases, they

were sufficiently distant that it is not possible to infer their function.

In addition to phylogenetic studies, microorganisms were cultured and tested for their
ability to grow using asphalt a sole carbon source. Isolates included Pseudomonas spp., Bacillus
spp., and Citrobacter spp. Using 20% salt medium yielded three isolates of haloalkalophilic
Bacillus spp. All of the isolates were able to grow on M9 medium using asphalt as the sole
carbon source implying their ability to metabolize petroleum compounds. To confirm the
presence of bacteria associated to the asphalt particle, fluorescent in situ hybridization (FISH)
was used to study the physical relationships between the various groups of microorganisms and
the asphalt particles. Asphalt samples were microscopically examined using FISH with DNA
probes targeted for Bacteria, Archaea and Pseudomonas spp. Cells occurred in dense clusters of
colonies, which suggests that this close association may be consortia that metabolize the asphalt
cooperatively or that may be conducive for horizontal gene transfer of mobile genetic elements
which spread catabolic genes for degrading petroleum hydrocarbons throughout a microbial

community (Kim and Crowley, 2007).
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Figure 1.3. Diversity of dioxygenase sequences obtained from the La Brea Tar Pits using an
aldolase primer set. Sequences from the tar pits (in bold) suggest three new classes of

dioxygenases (Kim and Crowley, 2007).
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BIOREMEDIATION

Since it is well known that microbes are able to use petroleum as a carbon and energy
source, the most practical use of the La Brea Tar Pits’ microorganisms and their hydrocarbon
degrading enzymes is for bioremediation applications. Bioremediation is the process by which
living organisms degrade or transform hazardous organic compounds to a relatively non toxic
state (Chapelle, 1999, Dua et al., 2002, Paul et al., 2005, Salanitro, 2001). In bacterial
mineralization, bioremediation results in complete degradation of the pollutant, leaving only
carbon dioxide and water (Heitzer and Sayler, 1993). Bioremediation is often considered a cost-
effective and environmentally friendly alternative approach in comparison to the conventional
methods of remediation, such as excavation and incineration, which is very costly and can result
in the generation of toxic air emissions (Kuiper et al., 2004). In addition, bioremediation
techniques can be applied in situ without the removal of the contaminated soil, thus not
disturbing the environment. The application of bioremediation has been growing, due to its
success in the cleanup of petroleum hydrocarbons, as seen in the Exxon Valdez oil spill (Bragg et
al.,, 1994, Pritchard et al., 1992). Currently, microorganisms with the capability to degrade
various pollutants (e.g. polycyclic aromatic hydrocarbons, nitroaromatics, polychlorinated
biphenyls and oil components) have been isolated in hopes of exploiting their metabolic

potential for the remediation of contaminated sites (Spain, 1995, Dua et al., 2002).

There are different types of bioremediation technologies and strategies that are
continuing to be developed. They aim to assist the microorganisms’ growth and increase
microbial populations by creating optimum environmental conditions for them to detoxify or

mineralize the contaminants present. The specific bioremediation technology that is to be
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applied is determined by several factors. These are (1) the nature of the pollutants, (2) the
quantity and concentration of the pollutant, (3) the soil structure and conditions, which
determine the movement of the pollutants and (4) the type of indigenous microorganisms
present and their nutritional state (Balckburn and Hafker, 1993, Dua et al., 2002, Kuiper et al.,
2004, Long, 1993). Since there are different microorganisms that can degrade different types of
compounds and survive under different conditions, each site may require a specific
bioremediation approach or a combination thereof. There are several types of bioremediation
technologies and strategies that are being used today, which include natural attenuation,

biostimulation, rhizoremediation, phytoremediation and bioaugmentation.

Natural attenuation relies on the natural processes of the indigenous microorganisms to
remediate or attenuate the contaminated soil or groundwater. When a site first becomes
polluted, the indigenous microbial population will adapt to the newly added contaminants and
the microorganisms’ ability to metabolize the xenobiotics results in the bioremediation of the
compounds. Natural attenuation occurs at most polluted sites, as it is considered to be the
simplest form of bioremediation. Contaminant levels are consistently being monitored until the
compounds of interest are degraded or detoxified to a safe level. This strategy is usually applied
on sites where no other restoration techniques are applicable or at sites with “low” public or
environmental value, because restoration can take up to decades (Kuiper et al., 2004). Natural
attenuation has shown to be successful in BTEX contaminated groundwater (Wickramanayake et
al., 2000, Yong and Mulligan, 2004). However, one of the main limitations to this technology is

that the microbial community present on the site may not possess the required catabolic genes
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to completely degrade the xenobiotics present, which can also result in the formation of more

toxic intermediate compounds (Heitzer and Sayler, 1993, Kuiper et al., 2004).

Biostimulation involves the direct addition of nutrients to the contaminated site, such as
phosphorus, nitrogen or oxygen, in order to stimulate and increase the biodegradation rates of
the indigenous microorganisms. This is the most widely used bioremediation procedure as the
primary advantage to this strategy is that biodegradation will take place using naturally
occurring bacteria, that are indigenous to the contaminated site; therefore the microorganisms
will have already adapted to their environment. Biostimulation has had much success in the
restoration of oil contaminated sites (Margesin and Schinner, 2001, Margesin and Schinner,
1999). In the case of the Exxon Valdez oil spill, the effectiveness of the natural biodegradation of
the oil was limited by the availability of nitrogen and phosphorus. Biodegradation of the oil was
stimulated and enhanced by the addition of an oleophilic fertilizer by up to two fold (Pritchard
et al.,, 1992). However, like natural attenuation, the degradative ability of the microbial
community may be limited unless all the catabolic genes required to fully degrade the various

components of the petroleum are not present.

Phytoremediation is defined as the use of plants to extract, sequester or detoxify
pollutants. This strategy is environmentally friendly and visually attractive, while keeping the
structure of the soil highly maintained (Khan et al., 2000). There are two main types of
pollutants in which phytoremediation target, elemental (e.g. heavy metals and radionuclides)
and organic (e.g. polychlorinated biphenyls and polycyclic aromatic hydrocarbons) pollutants
(Meagher, 2000, Kuiper et al., 2004). In the phytoremediation of elemental pollutants such as

metals and metaloids, the pollutant is extracted from soil by the plant root system and then
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converted into a less toxic state. This can been demonstrated for a number of different plant
species (e.g. tobacco, sunflower, mustard and maize) (Kuiper et al., 2004). In the case of organic
pollutants, it is known that certain compounds can be mineralized completely by using poplar
trees, willow, alfalfa and various grass species (Kuiper et al., 2004). However, much less is known
about the phytoremediation of organic compounds compared to bacterial degradation. In
addition, there are several limitations to this technology, 1) the slow growth of plants and the
time for sufficient remediation, 2) the limited depth of the root system, 3) the selectivity of
certain pollutants, 4) the probability of being in a food chain and 5) dependence on the climate

(Kuiper et al., 2004, Khan et al., 2000).

Rhizoremediation is another bioremediation technology that takes advantage of both
the plant enzymes involved in phytoremediation and the degradation abilities of the plant-
associated microbial community in the rhizosphere (Kuiper et al., 2004, Anderson et al., 1993).
The plant can be considered to be a biological pump and treatment system, where the roots
attract water, accumulating water-soluble pollutants in the rhizosphere, and concludes with
microbial degradation or translocation of the contaminant into the plant tissues (Erickson,
1997). Compounds that have been shown to degrade in the rhizosphere include
trichloroethylene (Walton and Anderson, 1990), polycyclic aromatic hydrocarbons (Radwan et
al., 1995), polychlorinated biphenyls (Brazil et al., 1995), and certain herbicides and pesticides
(Hoagland et al., 1994, Jacobsen, 1997). These studies suggest that the plants are protected by
the degrading bacteria, which suggest that they have the ability to harbor large numbers of
degrader bacteria on their root systems. In addition, the plant roots were found to incorporate

nutrients (e.g. sugars, organic acids and amino acids) while improving aeration, which results in
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an increase in the microbial population numbers and metabolic activity in the rhizosphere, thus

stimulating biodegradation of the pollutants (Vancura and Hovadik, 1965, Kuiper et al., 2004).

Bioaugmention is a method to improve degradation and enhance the transformation
rate of xenobiotics by the inoculation (i.e. seeding) of specific catabolically-relevant microbes
into the contaminated area to degrade the pollutants of interest (Kuiper et al., 2004, Thompson
et al.,, 2005). Many different microbes have been isolated that are genetically equipped to
mineralize recalcitrant pollutants such as PAHs, chloriniated aliphatics and aromatics,
nitroaromatics, long-chain alkanes and BTEX compounds (Grosser et al., 1991, Kato et al., 2001,
Spain, 1995, Cerniglia, 1993, Lu et al., 2006). In addition to wild-type isolates, microorganisms
can also be genetically modified, so they contain the required catabolic genes needed for
biodegradation. These degradative genes can be incorporated into the chromosome directly or
can be sustained in the genome as catabolic plasmids or other mobile genetic elements (MGEs)
(Chen et al.,, 1999, Deutschbauer et al., 2006, Pieper and Reineke, 2000, Singh et al., 2008,
Timmis and Pieper, 1999). The construction of genetically engineered microbes (GEMs) is
relevant for the degradation of pollutants that have no microbial catabolic pathways, such as
PCBs and chloroethylenes (Megharaj et al., 1997, Brazil et al., 1995). The GEMs that have been
constructed are equipped with new metabolic pathways, in which parts of known pathways are
combined, or by optimizing known pathways, via over expression of certain genes or operons
(Chen et al., 1999, Paul et al., 2005, Pieper and Reineke, 2000, Singh et al., 2008). The use of
bioaugmentation for the remediation of soil and groundwater has yielded ambiguous results
(Goldstein et al., 1985). Goldstein et al. (1985) reported five possible reasons for the failures of

this strategy. First, the concentration of the contaminants at the site can be too low to support
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growth of the inoculated bacteria. Also, contaminants with low bioavailability may not be able
to support microbial growth. Second, the presence of other compounds may inhibit growth of
the inoculum. Third, protozoan-grazing rates on the inoculum can be higher than the growth
rates of the bacteria. Fourth, the inoculum can prefer to use other carbon sources that are
present in the soil, instead of the contaminant. Fifth, the inocula may fail because of the inability

of the microbes to spread through the soil and reach the pollutant.

PETROLEUM HYDROCARBON CONTAMINATION

Contamination caused by petroleum hydrocarbons has gathered much attention due to
concerns stemming from large scale releases into the environment (Chapelle, 1999). Polycyclic
aromatic hydrocarbons (PAHs) and BTEX (benzene, toluene, ethylbenzene and xylene)
compounds are environmental pollutants commonly found in petroleum contaminated sites.
PAHs have carcinogenic and mutagenic properties and it is the heavier fractions that pose the
greatest long term recalcitrance and threat to the environment (Talley, 2006). The lighter
compounds (i.e. BTEX) are able to leach into groundwater basins and contaminate freshwater
supplies (Testa and Winegardner, 1991). Each year, approximately 1,680,000 gallons of crude
oil are spilled on land due to pipeline failures and more than 200,000 underground storage tanks
in the US have leaked gasoline and other fuels into the soil, sediments and groundwater aquifers
(Bedient et al., 1994), making petroleum and its derived fuels the most ubiquitous organic
pollutants around the world (Salanitro, 2001). Due to the amount of petroleum hydrocarbons
contaminating the environment, improved bioremediation technologies are necessary.

Considering the amount of biodegradation that has taken place within the deposits of the La
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Brea Tar Pits, its microbial community may be a source of novel and more efficient enzymes for

the remediation of petroleum hydrocarbons and other emerging xenobiotics.

Polycyclic aromatic hydrocarbon contamination has gathered much attention due to
their carcinogenic and mutagenic properties and ubiquitous nature. On the basis of their
abundance and toxicity, the U.S. Environmental Protection agency has classified 16 PAHs
spanning from 2-6 condensed aromatic rings as priority pollutants for environmental cleanup
(Achten and Hofmann, 2009, Keith and Telliard, 1979). Their chemical properties and
environmental fate are dependent upon both the molecular size (i.e. number of aromatic rings)
and the pattern of the ring linkage. PAH molecule stability and hydrophobicity are two primary
factors which contribute to the persistence of high molecular weight PAHs in the environment
(Kanaly and Harayama, 2000). The relationship between PAH environmental persistence and
increasing numbers of aromatic rings is consistent with the results of various studies correlating
environmental biodegradation rates and PAH molecules size (Bossert and Bartha, 1986,
Heitkamp and Cerniglia, 1987, Herbes and Schwall, 1978). PAHs are present as natural
constituents in fossil fuels, are formed during combustion of organic material. Pont sources of
PAHs may originate from oil spills, tanker leakage, contaminated industrial sites (e.g. gas plants,
refineries, etc.), seepage from natural oil reservoirs, aluminum production or steel works
(Achten and Hofmann, 2009, Morgan and Watkinson, 1989). In the next couple of decades,
billions of dollars will be spent to remediate all of the sites polluted with polycyclic aromatic

hydrocarbons (Rosenberg, 1993).
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PETROLEUM HYDROCARBON DEGRADATION

As mentioned previously, PAHs represent a large group of soil pollutants contained in
petroleum and a number of them have been prioritized for environmental cleanup. Once these
pollutants enter the soil, they are trapped into soil pores and immobilized by adsorption to the
soil matrix (Aprill and Sims, 1990). Biological degradation then remains as the most significant
means of decontamination as the ability of microbes to degrade PAHs has been noted for many
years. The first studies on the metabolic pathways and the enzymatic reactions involved in the
mineralization of naphthalene were by Davies and Evans (1964). The degradation of PAHs by
microbes has since been studied extensively and has been shown for a wide variety of bacteria,
fungi, and algae (Cerniglia, 1993, Davies and Evans, 1964, Kuiper et al., 2004). The bacterial PAH
catabolic genes often are located on large plasmids, together with regulatory genes. These
catabolic plasmids and other mobile genetic elements contribute to the adaptation of the
indigenous microbes toward PAH pollutants and other xenobiotics, through horizontal gene
transfer (Springael and Top, 2004, Stuart-Keil et al., 1998, Top and Springael, 2003, Vandermeer

et al., 1992, Vandermeer, 1994).

The biodegradation of high-molecular-weight (HMW) PAHs with three of more fused
rings is less known. However, the number of organisms found to degrade HMW PAHs is
increasing (Mueller et al., 1989, Heitkamp and Cerniglia, 1989, Kanaly and Harayama, 2000). In
1988, Heitkamp and Cerniglia published the first study on the isolation of a bacterium from the
environment that could extensively degrade PAHs containing four aromatic rings. In 1989,
Mueller et al. demonstrated for the first time that the utilization of a PAH containing four or

more aromatic rings as a sole source of carbon and energy by bacteria is possible. In PAHs with
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more than three fused rings, co-metabolism often serves as the main route for biodegradation.
Two- or three-ringed PAHs and PAHs degradative intermediates (e.g. salicylic acid) are able to
function as a carbon source during the co-metabolic degradation of HMW PAHs and also serve

for induction of enzymes used for degradation of PAHs such as naphthalene (Kuiper et al., 2004).

The biochemical pathways for the biodegradation of aromatic compounds have been
well described (Cerniglia, 1993, Johnsen et al., 2005). It is understood that the initial step in the
aerobic catabolism of a PAH molecule occurs via oxidation of the PAH to a dihydrodiol by a
multicomponent enzyme system (Kanaly and Harayama, 2000). The dihydrodiols may then be
processed through either an ortho cleavage pathway or a meta cleavage pathway, leading to
central intermediates such as protocatechuates and catechols. These compounds are further
converted to tricarboxylic acid cycle intermediates (Kuiper et al., 2004). In the case of a number
of PAHs, dioxygenase enzymes are usually the first biocatalysts used in aerobic petroleum
hydrocarbon degradation (Hamme et al., 2003). Naphthalene dioxygenases introduce an oxygen
molecule at the 1,2-position of the aromatic nucleus, producing dihydrodiol compounds (Figure
1.4), which facilitates further degradation of the compound by other enzymes (Habe et al.,
2003). It is known that naphthalene dioxygenases are able to attack a variety of petroleum
hydrocarbons (e.g. biphenyl, phenanthrene and anthracene), and thus may prove to be very

useful enzymes for bioremediation (Habe et al., 2003, Hamme et al., 2003).

In addition, the novel 16S rRNA gene sequences also suggest that there may be new
petroleum degrader species, which are presently metabolizing the asphalts. The occurrence of
the new species and novel degradative genes implies that there may be previously undescribed

catabolic pathways for the degradation of petroleum hydrocarbons. Although, we cannot
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Figure 1.4. Initial oxidation of Naphthalene to cis-1,2-Dihydroxy-1,2-dihydronaphthalene by
naphthalene dioxygenase (Habe et al., 2003).
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assume function of the newly discovered gene sequences, we also cannot reject the possibility
that these enzymes and others found in the tar pits may be more efficient for petroleum

biodegradation than those that have been previously studied for culturable bacteria.

METAGENOMICS

Studies of microorganisms in pure laboratory culture for over a century have led to
significant advances into microbial genetics and physiology, biotechnology and molecular
biology. However, the majority of the bacteria have not or perhaps cannot be cultured under
laboratory conditions. Microorganisms live in very complex microbial communities (e.g. soil,
asphalt, sewage, contaminated sites) and thus it is extremely difficult to recreate those
conditions on a Petri dish. In the last decade, the most recent innovation that circumvents this
problem is the study of the collective DNA contained in microbial communities. This technology

is termed “metagenomics”.

Metagenomics describes the functional and sequence-based analysis of the collective
microbial genomes contained in an environmental sample. In metagenomics, the power of
genomic analysis is applied to entire communities of microbes, bypassing the need to isolate
and culture individual bacterial community members (NRC, 2007). The main principle involves to
the extracting and sequencing of DNA from the microbial community by extracting bulk DNA
from environmental samples, which can then be used to discover new genes and enzymes or to
assemble catabolic pathways or even entire genomes. There are several different strategies
when analyzing an environment using metagenomic approaches. However, every analysis begins
with the extraction of DNA directly from its environment. Depending on the strategy, the DNA

fragments can range in size from as small as 1 kb to over 100 kb. These fragments are then
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ligated into suitable vectors (e.g. cosmids, fosmids, BACs) then cloned into appropriate hosts
(e.g. E. coli), thus yielding a library of DNA sequences that can be amplified by culture of cells
containing the DNA inserts. Once the library is created, the DNA inserts can be randomly
sequenced or screened using PCR primers or by monitoring expression of functional genes using
an appropriate assay procedure for selected functions such utilization of a particular substrate

(Figure 1.5).

Using the random sequencing approach, also known as shotgun sequencing, large
numbers of sequences with overlapping fragments are analyzed with the aim of assembling
entire genes, pathways, or even an entire organism’s genome. This strategy is useful for very
selective and simple environments, which contain few dominant organisms. For sequence based
and functional based screening, selected metagenomic clones are sequenced, instead of the
entire library. This strategy is mainly used for more diverse communities, which contain many
different organisms. In this case, the DNA inserts are larger (i.e. 20 kb to over 100 kb), which
makes it easier to obtain entire gene or operon sequences and identify the particular taxa with
which the genes are associated. In a sequenced based analysis, clones are selected by searching
for genes of interest via polymerase chain reaction or colony blotting. Clones that contain the
target gene are then selected for analysis. In contrast, using a functional based analysis, genes
from the DNA insert are expressed in an expression vector and the clones with the desired

functions are selected, after which the entire insert is sequenced and analyzed.

Metagenomics has led to several advances in microbiology and biotechnology by
examining unculturable microbes. Metagenomics has been used successfully to isolate genes

encoding antibiotics (Gillespie et al., 2002), discover unknown genes (Venter et al., 2004),
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Figure 1.5. Metagenomics involves constructing a DNA library from an environment’s microbial
population and then analyzing the functions and sequences in the library.
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express novel biocatalysts (Voget et al., 2003, Wexler et al., 2005), find new gene functions (Beja
et al., 2000) and even sequence near complete genomes of so far unculturable microbes (Martin
et al., 2006, Tyson et al., 2004). Metagenomic approaches also have lead to the discovery of
petroleum degrading genes. In 2007, Suenaga et al. was able to find novel genes for the
degradation of aromatic compounds from coke plant wastewater and Ono et al. characterized

naphthalene-catabolic genes from oil contaminated soil.

NEXT-GENERATION SEQUENCING

There is growing awareness of the power of high-throughput DNA sequencing to
explore the microbial diversity in complex communities. Interest first started when the extent of
the microbial diversity that is unknown was revealed through the development of polymerase
chain reaction-based technologies to amplify and sequence 16S rDNA signatures from
unculturable and uncharacterized organisms (Schmidt et al., 1991, Kuiper et al., 2004). By
extending the cloning and sequencing approaches that employ high-throughput shotgun
sequencing to entire complex communities, Venter and colleagues revealed the diversity of
protein-coding genes in ocean-dwelling microbes (Venter et al., 2004). The majority of these
genes are unknown, but can be tentatively assigned to different functions and taxa using
bioinformatic approaches that compare the similiarities of these sequences to those studied in

other culturable microorganisms.

DNA sequencing has been dominated for three decades by Sanger dideoxy chain-
termination methods. This sequencing technology is still being used in many laboratories
worldwide, providing more than 1 kb of sequencing per sample and has driven the first

revolution in whole-genome and metagenomic sequencing. This technology has currently
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reached a plateau with the development of single-tube chemistry using fluorescently labeled
termination bases, heat stable polymerases, and automated capillary electrophoresis (Snyder et

al., 2009).

While shotgun-sequencing is still used for the finishing of whole-genome sequencing
and whole community sequencing, it is technically challenging, expensive, and labor intensive.
More recently, next-generation sequencing technologies have and are continuing to be
developed, and promise to deliver sequence data much faster and cheaper than Sanger
methods. These new technologies produce data faster and cheaper due to two fundamental
differences in the methods that are employed. Advances include elimination of the requirement
for in vivo amplification of DNA fragments and the subsequent creation of a clone library.
Second, the ability of developing new sequencing chemistries enable the samples to be

sequenced in real time.

Since first introduced to the market in 2005, next-generation sequencing has had a
tremendous impact on genomic research. Currently, the most advanced technologies that are
commercially available today include the 454 FLX Pyrosequencing instrument (Roche Applied
Science), the Illumina IIG analyzer (Illumina, Inc.) and the SOLID instrument from Applied
Biosystems. These next-generation sequencing technologies offer dramatic increases in cost-
effective sequence throughput, but at the expense of read lengths. The throughput of these

sequencers is about the order of multiple gigabases per week.

The 454 technology, which was the first next-generation sequencing technology to be
released, takes advantage of a highly efficient in vitro DNA amplification method known as
emulsion PCR. In emulsion PCR, individual DNA fragment-carrying streptavidin beads, obtained
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through shearing the DNA and attaching the fragments to the beads using adapters, are
captured in emulsion droplets. The droplets act as individual amplification reactors, producing
~10’ clonal copies of a unique DNA template per bead. The beads are transferred into the wells
of a picotiter plate and the clonally related templates are analyzed using a pyrosequencing
reaction. The use of the picotiter plate allows hundreds of thousands of pyrosequencing

reaction to be carried out in parallel, which increases the throughput.

The lllumina IIG analyzer achieves clone-free DNA amplification by attaching single-
stranded DNA fragments to a solid surface known as a flow cell, and conducts solid-phase bridge
amplification of a single molecule DNA template. In this process, one end of a single DNA
molecule is attached to a solid surface using an adapter, which produces the template for the
synthesis of complementary strands. After the amplification step, individual flow cells with over
40 million clusters are produced, with each cluster composed of approximately 1000 clonal
copies of a single template molecule. The templates are then sequenced in a parallel fashion

using a DNA sequencing-by-synthesis approach.

The ABI/SOLID technology uses massively parallel sequencing by hybridization-ligation,
implemented in the supported oligonucleotide ligation and detection system (SOLID).
Construction of sequencing libraries for analysis on the SOLID instrument begins with an
emulsion PCR single-molecule amplification step similar to that used in the 454 technique. The
amplification products are transferred onto a glass surface where sequencing occurs by
sequential rounds of hybridization and ligation with 16 dinucleotide combinations that are

labeled with four different fluorescent dyes (each dye used to label four dinucleotides).
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Due to their much improved cost and time effectiveness, next generation sequencing
technologies have found broad applicability not only for phylogenetics, but also for functional
genomics, gene expression profiling, genome annotation, small ncRNA discovery and profiling
and detection of aberrant transcription. Although next generation sequencers are already being
widely used, there are other sequencing methods in the pipeline, such as nanopore sequencing,
which is being developed to decrease the sequencing cost and enhance throughput even

further.

FROM METAGENOMICS TO BIOREMEDIATION APPLICATIONS

Metagenomics has great potential for both fundamental and industrial applications that
range from the understanding of microbial adaptation and evolution to the discovery of new
enzymes for their direct use (Ferrer et al.,, 2007, Ferrer et al., 2005, Lorenz and Eck, 2005,
Deutschbauer et al., 2006). Sites polluted with toxic chemicals and industrial wastes have
transformed environmental biotechnology because these habitats include niches for
microorganisms that have the necessary enzymes to use these compounds as their carbon and
energy source. The genetic diversity found in these environments includes genes encoding
degradative enzymes and pathways for recalcitrant chemicals, which are potentially useful for
the remediation of environmental pollution and as sources of novel catalytic activities with
applications for green chemistry and biotechnology (Galvao et al., 2005, Schmid et al., 2001).
There are a wide range of studies that examine the biotransformation, biodegradation and
bioremediation of petroleum hydrocarbons (Atlas and Cerniglia, 1995, Atlas, 1995, Bogardt and
Hemmingsen, 1992, Rosenberg, 1993). However, surveys of the enzymes that are available in

nature have only begun.
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In the case of the La Brea Tar Pits, the discovery of novel enzymes and pathways has
opened the door in the search for new bacteria, genes, and catabolic pathways that can be used
for biotechnology. Selection of bacterial communities for degrading petroleum substances
occurs rapidly after even short-term exposures of soil to petroleum hydrocarbons following oil
spills (Vandermeer et al., 1992, Vandermeer, 1994). Over time spans encompassing millennia,
bacteria that can tolerate this environment would be expected to undergo genetic adaptations
that may lead to the evolution of new ecotypes and species and enzymes for growth on
petroleum hydrocarbons. During adaptation of communities, genes for petroleum hydrocarbon-
degrading enzymes that are carried on plasmids or transposons may be exchanged between
species. In turn, new catabolic pathways eventually may be assembled and modified for efficient
regulation (Rabus et al., 2005).Therefore, some of these genes and pathways may be used to
construct genetically modified organisms. The combination of enzymes and pathways from
different organisms in one recipient strain is a useful strategy for designing bacteria with
enhanced degradation capabilities. Several GMOs already have been successfully constructed to
increase degradative capability and utility for bioremediation (Dua et al., 2002, Chen et al., 1999,
Paul et al., 2005, Timmis and Pieper, 1999). These natural asphalts that originated 40,000 years
ago likely contain efficient enzymes and catabolic pathways, which can possibly improve these
designer strains for the biodegradation of petroleum hydrocarbons and other organic
compounds. The initial steps to achieving this future goal would be to first find and characterize

the genes that encode these biocatalysts.
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CHAPTER TWO:

CHARACTERIZATION OF MICROORGANISMS AND ENZYMES ABLE TO DEGRADE PETROLEUM

HYDROCARBONS FROM THE RANCHO LA BREA TAR PITS

ABSTRACT

Recent studies on the biodiversity of asphalt deposits at the Rancho La Brea Tar Pits in
Los Angeles, California have revealed the existence of several hundred new species of bacteria
and gene sequences encoding putative novel degradative enzymes. The presence of fossilized
extinct animal remains in the La Brea Tar Pits has led to estimations that these natural asphalt
seeps have existed for at least 40,000 years. These deposits consist of petroleum that has been
degraded to the extent that the remaining material is comprised mainly of asphalts and heavy
oils, which have saturated into the soil matrix. Since petroleum hydrocarbons are both a target
and a product of microbial metabolism, the role of microorganisms that inhabit this and other
similar environments is directly relevant to development of technology for bioremediation,
biotransformation of petroleum hydrocarbons, and microbial enhanced oil recovery for

extracting and refining heavy oil.

In this research, both culture-dependent and culture-independent methods were used
to characterize microorganisms and consortia from the La Brea Tar Pits, which are able to
degrade a variety of polycyclic aromatic hydrocarbons (PAHs) and BTEX (benzene, toluene, ethyl
benzene and xylene). Initial studies applied PCR-DGGE methods to identify the microbial
consortia that degrade selected petroleum hydrocarbons during enrichment cultures on pure

compounds or mixtures of substances found in petroleum. This study revealed a single
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Pseudomonas sp. that may be able to degrade multiple PAHs and biphenyl. In addition, PCR
based techniques identified naphthalene dioxygenase and catechol 2,3-dioxygenase from
Pseudomonas stutzeri that appears to function as a major degradative enzyme in this system
and verifies the presence of this organism. In addition, sequencing of the dominant bands from
the DGGE analysis revealed the presence of both known petroleum degraders and other novel

organisms.
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INTRODUCTION

The role of microorganisms in petroleum environments has been an area of interest for
many biotechnology based applications. Petroleum is a complex mixture of heavy to light
hydrocarbons and many other organic compounds, including organometallo constituents, which
represent the end products from anaerobic degradation of organic materials over a very long
time. Under conditions of high temperature and pressure, the degraded organic material has
been converted to natural gas, liquid crude oil, shale oil, tars and bitumen (Scragg, 2005). The
majority of the compounds in crude oil and natural asphalts are hydrocarbons, which can range
in molecular weight from methane to the high molecular weight bitumen. Since petroleum
hydrocarbons are recognized as substrates supporting microbial growth, they are both a target
and a product of microbial metabolism (Hamme et al., 2003). Biodegraded oils represent a
significant fraction of the petroleum in conventional oil reserves and the use of petroleum-
degrading organisms for environmental cleanup and production of oil based products are the

central themes in petroleum microbiology (Atlas, 1981, Hamme et al., 2003).

In 1926, Edison Bastin and coworkers submitted the first report of active microbial
communities in a petroleum reservoir (Bastin et al., 1926) and since then a wide variety of
bacteria have been identified using both culture-dependent and culture-independent methods.
Culture dependent methods include isolation and cultivation of bacteria on solid media, most-
probable-number (MPN) liquid assays and Biolog substrate utilization plates. Microorganisms
isolated from these sites have been extensively tested for bioremediation applications as they
have the ability to degrade petroleum hydrocarbons in both the laboratory and the environment

(Ollivier and Magot, 2005). Alternatively, culture independent methods include phospholipid
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fatty acid analysis, fluorescence in situ hybridization and a variety of PCR-based approaches such
as denaturing gradient gel electrophoresis (DGGE) and 16S rRNA gene based surveys. Initial
reports of underground reservoirs using molecular approaches suggest that the majority of
microorganisms inhabiting these environments are new species that represent a rich pool of

novel genetic diversity (Hamme et al., 2003).

While much research has examined the microbiology of lighter grade petroleum and the
microbial communities that are associated with oil spills on land, to date there has been very
little research on heavy oils and asphalts. Recently, our research group has studied the
biodiversity of the Rancho La Brea Tar Pits, which are Pleistocene natural asphalt deposits
located in Hancock Park of downtown Los Angeles, California. The presence of fossilized remains
of extinct animals at Rancho La Brea has led to estimations that these asphalt seeps are at least
40,000 years old (Akersten et al., 1983). These deposits consist of petroleum that has been
degraded to the extent that they are comprised mostly of asphalt and heavy oil (Kim and
Crowley, 2007). In 2007, Kim and Crowley conducted a 16S rRNA gene survey of this site, which
included detailed sequence information on both culturable and non-culturable organisms. This
study revealed several hundred new species of bacteria and archaea (Kim and Crowley, 2007). In
addition, DNA sequencing of petroleum hydrocarbon degrading genes from the tar pits show at
least three new groups of enzymes that have not been previously described (Kim and Crowley,

2007).

As microbes are able to use petroleum as a carbon and energy source, one of the most
practical applications of the La Brea Tar Pits’ microorganisms and their hydrocarbon degrading

enzymes is for bioremediation, in which living organisms are used to degrade or transform
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hazardous organic compounds to a relatively non toxic state (Chapelle, 1999, Dua et al., 2002,
Paul et al.,, 2005, Salanitro, 2001). Bioremediation is often considered a cost-effective and
environmentally friendly alternative approach in comparison to the conventional methods of
remediation, such as excavation and incineration, which are very costly and can result in the
generation of toxic air emissions (Kuiper et al., 2004). In addition, bioremediation techniques
can be applied in situ without the removal of the contaminated soil, thus not disturbing the
environment. The use of bioremediation for environmental decontamination has been growing,
and has attracted public interest with its first major success demonstrated during the cleanup of
petroleum hydrocarbons from the Exxon Valdez oil spill (Bragg et al., 1994, Pritchard et al.,
1992). Currently, microorganisms with the ability to degrade various pollutants (e.g. polycyclic
aromatic hydrocarbons, nitroaromatics, polychlorinated biphenyls and oil components) have
been isolated in hopes of exploiting their metabolic potential for the remediation of

contaminated sites (Spain, 1995, Dua et al., 2002).

Contamination caused by petroleum hydrocarbons has gathered much attention due to
concerns stemming from large scale releases into the environment (Chapelle, 1999). Polycyclic
aromatic hydrocarbons (PAHs) and BTEX (benzene, toluene, ethylbenzene and xylene)
compounds are environmental pollutants commonly found in petroleum contaminated sites.
PAHs have carcinogenic and mutagenic properties and it is the heavier fractions that pose the
greatest long term recalcitrance (Talley, 2006). The lighter compounds (i.e. BTEX) are able to
leach into groundwater basins and contaminate freshwater supplies (Testa and Winegardner,
1991). Each year, an average of approximately 1,680,000 gallons of crude oil are spilled on land

due to pipeline failures and more than 200,000 underground storage tanks in the US have
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leaked gasoline and other fuels into the soil, sediments and groundwater aquifers (Bedient et
al., 1994), making petroleum and its derived fuels the most ubiquitous organic pollutants around
the world (Salanitro, 2001). Due to the amount of petroleum hydrocarbons contaminating the

environment, improved bioremediation technologies are necessary.

PAHs represent a large group of soil pollutants and a number of them have been
prioritized for environmental cleanup. Once these pollutants enter the soil, they are trapped
into soil pores and immobilized by adsorption to the soil particles and diffusion into the soil
matrix (Aprill and Sims, 1990). Biological degradation remains as the most significant means of
decomposition as the ability of microbes to degrade PAHs has been noted for many years. The
first demonstration of the metabolic pathway and the enzymatic reactions that are involved in
the mineralization of naphthalene was by Davies and Evans (1964). Degradation of PAHs by
microbes has since been studied extensively for a wide variety of bacteria, fungi, and algae
(Cerniglia, 1993, Davies and Evans, 1964, Kuiper et al., 2004). The bacterial PAH catabolic genes
often are located on large plasmids, together with regulatory genes. These catabolic plasmids
and other mobile genetic elements contribute to the adaptation of the indigenous microbes
toward PAH pollutants and other xenobiotics, through horizontal gene transfer (Springael and
Top, 2004, Stuart-Keil et al., 1998, Top and Springael, 2003, Vandermeer et al., 1992,

Vandermeer, 1994).

The biochemical pathways for the biodegradation of aromatic compounds have been
well described (Cerniglia, 1993, Johnsen et al., 2005). Under aerobic conditions, the initial step
for destruction of a PAHSs, involves oxidation of one of the aromatic rings to a dihydrodiol by a

multi-component enzyme system (Kanaly and Harayama, 2000). The dihydrodiols may then be
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processed through either an ortho cleavage pathway or a meta cleavage pathway, leading to
central intermediates such as protocatechuates and catechols, which are further converted to
tricarboxylic acid cycle intermediates (Kuiper et al., 2004). As in the case of a number of PAHs,
dioxygenase enzymes are usually the first biocatalysts used in aerobic petroleum hydrocarbon
degradation (Hamme et al., 2003). Naphthalene dioxygenases introduce an oxygen molecule at
the 1,2-position of the aromatic nucleus, producing dihydrodiol compounds, which then
facilitates further degradation of the compound by subsequent enzymes in the pathway (Habe
et al., 2003). Naphthalene dioxygenases are able to attack a variety of petroleum hydrocarbons
(e.g. biphenyl, phenanthrene and anthracene), and thus are one of the key classes of enzymes

involved in the degradation of these compounds (Habe et al., 2003, Hamme et al., 2003).

In this study, both culture-based and culture-independent techniques were used to
investigate the petroleum degrading community of the La Brea Tar Pits. We exposed the La Brea
Tar Pit Bacteria to a variety of PAHs and BTEX compounds and used PCR-DGGE analysis to
identify the microbial consortia that degrade petroleum hydrocarbons. The petroleum
degrading community was further investigated by PCR and sequencing of naphthalene
dioxygenase genes and another gene, catechol 2,3-dioxygenase, that is involved in the lower
degradation pathway. In addition, we used culture based techniques to examine and compare

the culturable and unculturable diversity of the petroleum degrading community.
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MATERIALS AND METHODS

Exposure of La Brea Tar Pit bacteria to petroleum hydrocarbons. Samples from Pit 101 of the
Rancho La Brea Tar Pits were collected as previously described (Kim and Crowley, 2007). Five
grams of asphalt-soil mixtures were added to 50 ml of mineral salts medium (MSM: 1.361 g/| of
KH,PO,, 0.661 g/l of (NH,),SO,, 0.426 g/l of Na,HPO,, 0.123g/l of MgS0O, - 7H,0 and 10ml/I of a
trace mineral solution consisting of 252.9 mg/| of CaSO, - 2H,0, 200 mg/| of FeSO, - 7H,0, 20
mg/l of MnSQO, - H,0, 10 mg/| of Na,MoO, - 2H,0, 31.3 mg/I of CuSO, - 5H,0, 10 mg/| of CoSO, -
7H,0 and 5 mg/l H3BOs) supplemented with petroleum hydrocarbons in 250-ml Erlenmeyer
flasks. Enrichment cultures for PAHs were produced using individual PAHs as sole carbon
sources. PAHs were dissolved in acetone to prepare stock solutions, and were added to 50 ml
MSM at the following concentrations (mg I™): 100 biphenyl (BPH), 200 naphthalene (NAH), 100
phenanthrene (PHE), 100 chrysene (CHR), and 100 pyrene (PYR). An additional treatment
consisted of a mixture of PAHs containing (mg I*) 50 NAH, 25 PHE, 25 CHR and 25 PYR. The
acetone carrier was evaporated from the samples for 24 h, after which the media were
inoculated with approximately 100 mg of asphalt-soil taken from Pit 91. Also, 200 PPM benzene
(BEN) and a mixture of 50 PPM of benzene, toluene, ethyl benzene and xylenes were also added
separately to 50 ml of MSM in an Erlenmeyer flask. In addition, a control flask, which contained
only the 5 ml sample with no other carbon source, was prepared. All 8 treatments including the
control were incubated at 2& with shaking (i.e. 150 RPM). The treatments containing BEN,

BPH, NAH and the control were incubated for one week, while the treatments containing PHE,

CHR, PYR and the PAH combination were incubated for two weeks. After each respective
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incubation period, the DNA was extracted from each flask using the Fast DNA Soil Spin Kit (MP

Bio).

Comparison and identification of microbial consortia exposed to different petroleum
hydrocarbons using Denaturing Gradient Gel Electrophoresis (DGGE). After the DNA
extraction, each DNA sample served as a PCR template. Targeted DNA sequences were amplified
using a PTC-200 Thermal cycler (MJ Research). PCR amplification of the Eubacterial V3 region of
the 16S rRNA gene was performed using primers PRBA338F, with a 5’ GC clamp and PRUN518R.
The PCR reaction conditions were as follows; 1X concentration of GoTaq Green PCR Master Mix
(Promega), 0.5 um of both PRBA338FGC and PRUN518R primers and at least 20 ng of template
DNA in a 50 pul reaction, using the following method: 95°C for 5 min then 30 cycles of 94°C for 30
sec, 55°C for 30 sec, 72°C for 1 min, followed by a final extension step for 10 min at 72°C. The
PCR products were separated on an acrylamide gel containing a 40 to 60% linear denaturing
gradient, using a DCode TM universal mutation detection system (Bio-Rad Laboratories,
Hercules, Calif). The gels were then stained with ethidium bromide and imaged using a

computerized digital image capture and analysis system (Biorad Quantity One).

To identify individual members of each microbial consortium, bands from the DGGE gel
were cut and DNA was extracted from the bands by adding 20 ul of sterile water and subjecting
the gel to several freeze thaw cycles. The extracted DNA was then amplified using the same PCR
conditions as above. The PCR products were purified using a PCR purification kit (Quiagen) and
directly sequenced at the UC Riverside genomics core facility. Individual organisms were
identified and taxonomically classified using the BLAST and RDP databases. Sequence alignments

were performed using Clustal X and phylogenetic tree analysis was performed using MEGA 4.
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PCR amplification of naphthalene dioxygenase and catechol 2,3-dioxygenase genes from
microbial consortia exposed to polycyclic aromatic hydrocarbons. DNA samples from microbial
consortia that were exposed to NAH, PHE, CHR, PYR and a combination thereof was used as a
DNA template for PCR amplification. Naphthalene dioxygenase genes were amplified using the
primers NAH-F and NAH-R as described in Baldwin et al (Baldwin et al., 2003). Each PCR reaction
contained the following: 1X concentration of GoTaq Green PCR Master Mix (Promega), 0.5 um
of both NAH-F and NAH-R primers and at least 20 ng of template DNA in a 50 ul reaction, using
the following method: 95°C for 5 min then 30 cycles of 94°C for 30 sec, 47°C for 30 sec, 72°C for
1 min, followed by a final extension step for 10 min at @.2Catechol 2,3-dioxygenase genes
were amplified using the primers 23DOF and 23DOR as described in Wikstrom et al. (Wikstrom
et al., 1996). Each PCR reaction contained the following: 1X concentration of GoTaq Green PCR
Master Mix (Promega), 0.5 um of both 23DOF and 23DOR primers and at least 20 ng of template
DNA in a 50 pl reaction, using the following method: 95°C for 5 min then 30 cycles of 94°C for 30
sec, 50°C for 30 sec, 72°C for 1 min, followed by a final extension step for 10 min at 72°C. The
resulting PCR products generated from each primer set were purified using a PCR purification kit
(Quiagen) and then ligated into P-GemT vectors (Promega). The vectors and ligated inserts were
cloned into JM109 E. coli competent cells. The inserts were sequenced at the UC Riverside
Genomics Core and identified by using the BLAST database. Phylogenetic analysis was

performed using Clustal X and MEGA 4.

Isolation and Identification of PAH degrading bacteria. Erlenmeyer flasks with 1 g of the
asphalt-soil mixtures from Pit 101 were added to 50 ml of mineral salts medium (MSM: 1.361 g/I

of KH,PO,, 0.661 g/l of (NH,),S0,, 0.426 g/| of Na,HPO,, 0.123g/| of MgSO, - 7H,0 and 10ml/| of
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a trace mineral solution consisting of 252.9 mg/I of CaSO, - 2H,0, 200 mg/| of FeSO, - 7H,0, 20
mg/l of MnSQO, - H,0, 10 mg/I of Na,MoO, - 2H,0, 31.3 mg/I of CuSO, - 5H,0, 10 mg/I| of CoSO, -
7H,0 and 5 mg/| H3BO;) supplemented with 100 PPM of phenanthrene and was incubated at 28
°C for 10 days with shaking at 150 RPM. After 10 days, 0.5 ml of the culture was added to 50 ml
of fresh PHE MSM media and incubated for another 10 days. After two successive transfers, the
cultures were plated on MSM media and 1.5% agar with phenanthrene as the sole carbon
source, using a plate sublimination method (Alley and Brown, 2000). Colonies that grew on
phenanthrene, as evidenced by the presence of clearing zones, were picked and re-grown in
PHE MSM media. Cultures were grown for 1-3 days and the cells were harvested for DNA
extraction using a simple boil lysis method. Genomic isolate DNA was used as a PCR template
and primers 27F and 1492R was used to amplify a 1.5 Kb fragment of the 16S rDNA. The PCR
products were purified using a PCR purification kit (Quiagen) and was directly sequenced at the
UC Riverside Genomics Core. Each isolate was identified and classified using the BLAST and RDP

databases.
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RESULTS

Denaturing gradient gel electrophoresis analysis of La Brea Tar Pit consortia exposed to
various petroleum hydrocarbons. Denaturing gradient gel electrophoresis was used to
investigate the microbial consortia that degrade different petroleum hydrocarbons. 16S rDNA
PCR products (177 bp) amplified from the Pit 101 asphalt-soil mixtures that were exposed to
benzene, biphenyl, naphthalene, phenanthrene, chrysene, pyrene, a combination of the PAHs,
and a combination of BTEX compounds was analyzed using a DGGE gel analysis (Figure 2.1)
coupled with band sequencing of selected organisms and phylogenetic analysis (Figure 2.2 and
Table 2.1). The gel also included a control (lane 1), in which the microbial diversity was shown to
have a different community fingerprint when compared to samples exposed to petroleum
hydrocarbons. In contrast, there were distinct similarities and differences between the samples
that were exposed to both the PAHs and BTEX compounds, which revealed that there were
shifts in the species composition of the degrader communities that reflected specific enrichment
on the different test substrates. The presence of some common bands across all lanes
representing the different communities further suggested that some similar organisms were
present in all of the degrader communities. This would suggest that such microorganisms either
have the ability to degrade all of the hydrocarbons tested, or used a common metabolite

produced as an intermediate following catabolism of the primary substrates.

In total, 25 bands were sequenced from the DGGE gel, of which 16 sequences were
most closely related to organisms that have previously been shown to be able to degrade
petroleum compounds (Table 2.1). Thirteen of the sequences had low homology to other known

sequences (97% or lower) and 5 sequences had high percent similarities (97% or higher) to
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those of uncultured organisms, indicating that most of these species are previously undescribed.
The control lane contains two sequences most closely related to 16S rDNA gene sequences

belonging to Bacillus sp. (bands 1 and 2).

Prior research has shown that various strains of this genus are able to degrade crude oil
and can be isolated from alkaliphilic and halophilic hydrocarbon contaminated environments
(Table 2.1). The most common bacteria represented in the gel were pseudomonads. A
previously undescribed Pseudomonas sp. was found in the benzene exposed sample. In addition,
the band located at the same lane position in the DGGE gel lanes from the biphenyl,
naphthalene, phenanthrene, chrysene, pyrene and PAH treatments, was identified as a
pseudomonad that is closely related to Pseudomonas stutzeri, a well characterized petroleum

degrader.

Other microorganisms that occurred in more than one degrader community enriched on
the different substrates included one similar to an uncultured Oxalobacter sp., which was
present in the chrysene and pyrene treatments, an uncultured Skermanella sp. present in
phenanthrene and pyrene treatments and a bacterium similar to a previously reported
uncultured Comamonadacea, which was present in the 16S rRNA gene profiles generated from
the phenanthrene, chrysene and pyrene treatments. All of these aforementioned organisms are
closely related to previously described species that are able to degrade petroleum
hydrocarbons. Other organisms that were identified here belonged to diverse genera, and
included Xanthomonas, Naxibacter, Luteimonas, Massilia and Paracoccus. Half of the latter taxa
contain previously described species that were isolated from soil contaminated with petroleum

hydrocarbons (table 2.1).
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Figure 2.1. DGGE community analysis of La Brea Tar Pit microbial communities exposed to
different petroleum hydrocarbons. Lanes from left to right illustrate the control, benzene,
biphenyl, naphthalene, phenanthrene, chrysene, pyrene, and a combination of PAHs and BTEX
compound exposures. There is an evident community shift when exposed to the different
petroleum hydrocarbons. Oval indicates same band present in 6 different treatments. Numbers
refer to bands that were sequenced and reported in table 2.1.
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Table 2.1. Table of BLAST results for selected DGGE bands from microbial consortia exposed to

different PAHs. Many of the identified organisms were closely related to those that are able to

degrade other petroleum hydrocarbons or were isolated from contaminated sites. Band names

no compound,

(CON=

are denoted by which hydrocarbon the organism was found,

tion) and

Ina

combi

chrysene and PAH

pyrene, CHR=

=phenanthrene, PYR=

naphthalene, PHE
the band number as reported in figure 2.1.

NAH=
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Characterization of petroleum hydrocarbon degrading genes found in La Brea Tar Pit
microorganisms. Petroleum degrading genes from the La Brea Tar Pits were analyzed by
sequencing PCR products, which were amplified using primers that target naphthalene
dioxygenase (377 bp) and catechol 2,3- dioxygenase genes (721 bp). A total of 26 naphthalene
dioxygenase genes were sequenced from the NAH, PHE, PYR and PAH treatments. Of these, 7 of
the sequences were found to be very closely related, all of which came from samples enriched
on pyrene. The other 19 sequences were also closely related to each other, but were distinctly
grouped from those represented in the pyrene treatment. Both groups of naphthalene
dioxygenases have previously been shown to be carried by isolates of Pseudomonas stutzeri and

Pseudomonas balearica.

A total of 16 clones carrying 2,3-catechol dioxygenase genes were sequenced from the
PHE, CHR, PYR and PAH treatments. All but one sequence (PHE-2) were essentially identical and
most similar to a gene carried by a previously described Pseudomonas sp. The remaining 2,3-
catechol dioxygenase clone has been previously described for Sphingomonas sp. and is

phylogenetically distinct from the other gene sequences.

Isolation and identification of petroleum degrading microorganisms from the La Brea Tar Pits.
Eighteen organisms were isolated from an enrichment culture using phenanthrene as the sole
carbon source. All isolates were confirmed to degrade phenanthrene by generating clearing
zones on plates containing sublimed phenanthrene crystals on the agar surface. All 18 isolates
were identified from their 16S rDNA gene sequences by comparisons to both the NCBI and RDP

databases. Of these, 7 of the 18 had low homology to other organisms in the NCBI database or
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are as of yet unidentified. Another 13 of the 18 isolates were most closely related to other

organisms that have previously been shown to be able to degrade petroleum hydrocarbons.

Sequence analysis indicated 5 of the 18 isolates were unique and the other 13
represented the same species. The latter were most closely related to Ralstonia sp., Cupriavidus
sp., and Wautersia sp., all of which are bacterial genera that have previously been shown to
include species that degrade petroleum hydrocarbon. Isolates PHD-ISO07 and PHE-ISO06
appeared to have no close relatives and maybe represent new genera of families of bacteria.
Isolates PHE-ISO02 and PHE-ISO09 were also distinct species, but could be assigned as closely

related to Mesorhizobium sp., and Bordetella sp..
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DISCUSSION

As illustrated by the DGGE analysis, selective enrichment of microbial communities from
the La Brea Tar Pit samples on selected petroleum hydrocarbons resulted in distinct 16S rRNA
gene profiles. The community fingerprints of all of the exposed samples showed a dramatic shift
in the community structure when compared to the control lane, which contained only the
original asphalt-soil mixture. The control sample had only one relatively dominant species
(control lane, band 1), which was identified as a Bacillus sp., most similar to a previously isolated
Bacillus from an alkaliphilic and halophilic, hydrocarbon contaminated site (Al-Awadhi et al.,
2007). This organism did not appear to be present in any of the petroleum hydrocarbon
degrading consortia, but because Pit 101 is slightly alkaline, along with its relatively high salt
content, this Bacillus sp. may be an important petroleum hydrocarbon degrader in the original

tar sample.

The DGGE analysis also revealed many shared bands in the community fingerprints of
the microbial consortia that degrade structurally related petroleum hydrocarbons. The
fingerprint of the benzene exposed samples showed a similar community structure to that of
the community grown on the BTEX substrate, of which benzene is one of the component
compounds. In addition, the samples exposed to phenanthrene, chrysene and pyrene also
appear to have similar community fingerprints, but differed from the community enriched on
naphthalene. This suggested similar communities were selected on PAH containing three or
more fused aromatic rings. Interestingly, the sample exposed to the combination of PAHs
including naphthalene showed a very different 16S rRNA gene profile. It has previously been

shown that some bacteria are able to grow on high molecular weight PAH using enzymes that
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cometabolize PAH following their induction during growth on naphthalene (Safinowski et al.,

2006).

Sequence identification of the bands representing the degrader communities on
different substrates revealed some individual species that were common to the several of the
enrichment cultures. The most noteworthy from this analysis was the presence of a DGGE band
in the biphenyl, naphthalene, chrysene, pyrene and the PAH combination. Bands 9, 17 and 26,
which were located in the same position throughout all of the previously mentioned treatments,
were all sequenced. Band 26 and 17 displayed a 99% and 97% similarity to a Pseudomonas
stutzeri, a well known petroleum hydrocarbon degrader (Table 2.1). Band 9 was found to be
only 93% similar to a Pseudomonas sp., which may be due to the poor sequencing quality of that
particular band, but which was still most closely related to the Pseudomonas genus.
Genomovars of P. stutzeri are versatile degraders of many organic compounds and its ability to
degrade petroleum hydrocarbons is widely known (Alquati et al., 2005, Brazil et al., 1995,
Chaudhry and Chapalamadugu, 1991, Kang et al., 2006, Ma et al., 2006, Taylor and Janssen,
2005). More importantly, the presence of the band in five of the different petroleum
hydrocarbon exposures suggests that this organism can degrade each compound or a common

metabolite and may be considered for bioremediation technologies.

Although Pseudomonas stutzeri was present in 5 of the different enrichment cultures,
its dominance differs in the different consortia, based on DGGE band intensity. P. stutzeri
appear to be the main degrader in the naphthalene, pyrene and the PAH combination
treatments, which may be due to the structural similarities of pyrene and naphthalene. The

dominating presence in the combination treatment suggests that the Pseudomonas stutzeri may
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be degrading the naphthalene first, before the other compounds. Other bands represented
species common to those that grow on PAHs containing three or four aromatic ring PAHs. The
fact that they are present together in these treatments suggests that they may work together to
degrade heavier PAHs and the metabolites that arise. There was a band present in the
phenanthrene, chrysene and pyrene treatments only, which was identified as an unknown
member of the Comamondaceae family (Table 2.1). This organism may be novel and appears to
have the ability to degrade three and four ringed PAHs. Bands 18 and 22, found in chrysene and
pyrene exposures respectively, suggest that this organism degrades four ringed PAHs. The
band’s sequence identifies the degrader as an unidentified Oxalobacteraceae member. Band 18
specifically, is most similar to an isolate of Oxalobacter sp., previously shown to degrade toluene
(Winderl et al., 2008). Bands 16 and 20, appeared to represent an unknown Skermanella sp., a
species previously shown to degrade crude oil and PAHs (Llado et al., 2009). The fact that this
organism is present in the pyrene and phenanthrene enrichment cultures, but not in the
chrysene enrichment suggests that this particular organism may degrade a common metabolite
that is produced during phenanthrene and pyrene degradation, but not chrysene. Overall, the
distribution of organisms that degrade PAHs suggest that there are specific members that may
act cooperatively within the consortia to help degrade the heavier PAHs by utilizing certain
metabolites throughout the degradation pathway. In terms of bioremediation, strategies which
use an entire consortium to clean up different compounds may be more successful than

applying few organisms with wide degradative capabilities.
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89 |BPH-DGGEO08|
emb|AM778510.1| Uncultured Sphingobium sp. clone 165 rRMNA gene
|CHR-DGGE25|
|PHE-DGGE12|
|BPH-DGGED7|
emb|AMS35417.1| Uncultured Luteimonas sp. clone 165 rRNA gene
emb|AMS34771.1| Uncultured Xanthomonas sp. clone 165 rRNA gene
gb|EU273938 1| Lysobacter pochecnensis strain 165 rRNA gene
|PYR-DGGE19|
gb|GU200428. 1] Uncultured Burkholderiales bacterium clone 165 rRNA gene
|PHE-DGGE13|
|CHR-DGGE23|
gb|EU185193.1] Uncultured Comamonadaceae bacterium clone 165 rRNA gene
gb|AYE24636.1| Uncultured Oxalobacteraceae bacterium clone 165 rRNA gene
gb|GQ129857.1| Uncultured Massilia sp. clone 165 rRNA gene
|PYR-DGGE18|
|CHR-DGGE22|
|PHE-DGGE11|
gb|HM332374. 1] Uncultured bacterium clone 165 rRNA gene
|PHE-DGGE14|
gb|EFO72558.1| Uncultured Rhodospirillaceae bacterium clone 165 rRENA gene
gb|EFE516863.1| Uncultured Rhodospirillaceae bacterium clone 165 rENA gene

|PHE-DGGE16|
9 |pyr-DGGE20]
gb|GQ159102. 1] Uncultured bacterium clone 165 rRNA gene

|CHR-DGGE24|
gb|EF518477. 1| Uncultured bacterium clone 165 rRNA gene

INAH-DGGE09|

|PAH-DGGE26|
|BEN-DGGEDS5|
|BEN-DGGED4|

gb|FJ192135.1] Uncultured Pseudomonas sp. clone 165 rENA gene
gb|HM051241.1| Pseudomonas stutzeri 165 rRNA gene
|BEN-DGGED3|
|PYR-DGGE17|
81 gb|GQ246676. 1] Pseudomonas sp. 165 rRNA gene

ghb|HM135448.1] Pseudomonas stutzeri 165 rRNA gene
gb|HMO77276.1| Uncultured Pseudomonadales bacterium clone 165 rRNA gene

ab|GQ392053.1| Bacillus licheniformis 165 rRNA gene

emb|FN558452 1| Bacillus licheniformis 165 rRNA gene

ab|HM159873.1| Uncultured Paenibacillus sp. clone 165 rRNA gene

|PAH-DGGE27|

ab|EFE45820.1| Bacillus subtilis 165 rRNA gene

|PAH-DGGE28|

emb|FNEE66532.1| Bacillus sp. 165 rRNA gene

INAH-DGGE10|
gb|GU263833.1| Bacillus sp. 165 rRNA gene
|CON-DGGEO1|
dbj|AB362281.1| Bacillus asolius 165 rRNA gene
|CON-DGGED2|
gi|49175990| Escherichia coli 165 rRNA gene

Figure 2.2. Phylogenetic tree of DGGE band sequences from Pit 101 bacteria exposed to
different PAHs (in bold). Sequences of related organisms were taken from GenBank and shown
along with accession number. The evolutionary history was inferred using the Neighbor-Joining
method. The optimal tree with the sum of branch length = 2.99393627 is shown. The percentage
of replicate trees in which the associated taxa clustered together in the bootstrap test (1000
replicates) is shown next to the branches.
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To further characterize the petroleum hydrocarbon degrading community, we amplified
several degradative genes from the PAH exposed samples to help assess the diversity of the
petroleum degrading enzymes. Many primer sets that targeted different petroleum
hydrocarbons were tested (data not shown), however only two (naphthalene 1,2 dioxygenase
and catechol 2,3-dioxygenase) provided legitimate PCR products. A total of 26 naphthalene
dioxygenase clones were sequenced and phylogenetic analysis revealed two distinct groups of
the gene. Nineteen of the clones, which came from the naphthalene, phenanthrene and PAH
combination treatments all grouped together and are most closely related to a naphthalene
dioxygenase gene from Pseudomonas stutzeri found in bilge waste (Olivera et al., 2003) and
Pseudmonas balearica (Figure 2.3). Another 7 clones grouped together, but separately from the
other 19. These clones came from the pyrene treatment only and were highly similar to a
naphthalene dioxygenase from Pseudomonas stutzeri (figure 2.3). The presence of the two
groups of genes implies that there may be two different Pseudomonas spp., which contain
different naphthalene dioxygenases and depending on the compound being degraded, that
organism will be selected. However, these two different types of dioxygenases also have been

shown to occur in the same organism (Ferrero et al., 2002).

Clones that were sequenced using the catechol 2,3-dioxygenase primer set showed
relatively similar results in which most of the clones appeared to represent a couple of enzymes.
From the 16 clones that were sequenced, 15 were very similar to a catechol 2,3 dioxygenase
gene from members of the Pseudomonas sp. The sequences show that they are similar to a gene
from Pseudomonas aeruginosa (figure 2.4), which is able to degrade PAHs and also another

unknown Pseudomonas sp. that was found in a polluted environment (Junca and Pieper, 2004).
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|NAH-1| Naphthalene Dioxygenase
|NAH-6] Naphthalene Dioxygenase
|NAH-2| Naphthalene Dioxygenase

|PAH-3| Naphthal Dioxyg
|PAH-4| Naphthal Dioxyg

|NAH-3| Naphthalene Dioxygenase
|NAH-10] Naphthal Dioxyg

|PHE-7| Naphthalene Dioxygenase
|PAH-5| Naphthal Dioxyg

|PAH-1| Naphthalene Dioxygenase
gblAY196829.1| Pseudomonas stutzeri Naphthalene Dioxygenase

|PAH-2| Naphthal Dioxyg
|PHE-2| Naphthalene Dioxygenase
|NAH-8| Naphthalene Dioxygenase
|PAH-6| Naphthal Dioxyg

|NAH-9| Naphthalene Dioxygenase

gb|AF306420.1| Pseudomonas balearica Naphthalene Dioxygenase
|PAH-3] Naphthalene Dioxyg

|[NAH-7| Naphthalene Dioxygenase

|PHE-9| Naphthalene Dioxygenase
|NAH-4| Naphthalene Di

Yy

gb|U49496.1| Pseudomonas sp. Naphthalene Dioxygenase
dbj|AB257758.1| Plasmid pFKY4 Naphthalene Dioxygenase
g7 gb|EFEB0322.1| Pseudomonas fluorescens Naphthalene 1,2-Dioxygenase

gb|M23914.1| Pseudomonas putida Naphthalene Dioxygenase

|PYR-5| Naphthalene Dioxyg

|PYR-6] Naphthal Dioxyg
gh|AF306423.1| Pseudomonas stutzeri Naphthalene Dioxygenase

|PYR-4] Naphthal Dioxyg
|PYR-2| Naphthal Dioxyg

|PYR-10| Naphthalene Dioxygenase
|PYR-3] Naphthal Dioxyg

|PYR-11| Naphthal Dioxyg

gb|AF092998.1| Cycloclasticus pugetii Naphthalene Dioxygenase

02

Figure 2.3. Phylogenetic tree of naphthalene dioxygenase genes from Pit 101 (in bold) taken
from different PAH sample exposures and other similar sequences taken from GenBank along
with accession numbers. Clones from different PAH exposures are denoted in clone name,
NAH=naphthalene, PHE=phenanthrene, PYR=pyrene and PAH=combination of PAHs. The
evolutionary history was inferred using the Neighbor-Joining method. The optimal tree with the
sum of branch length = 1.66683257 is shown. The percentage of replicate trees in which the
associated taxa clustered together in the bootstrap test (1000 replicates) are shown next to the
branches. The tree is drawn to scale, with branch lengths in the same units as those of the
evolutionary distances used to infer the phylogenetic tree.
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|PAH-7| Catechol 2,3-Dioxygenase
|PAH-11| Catechol 2,3-Dioxygenase
|PAH-8| Catechol 2,3-Dioxygenase
|CHR-5| Catechol 2,3-Dioxygenase
|PAH-3| Catechol 2,3-Dioxygenase
|PAH-6| Catechol 2,3-Dioxygenase

gh|FJ853149 1| Pseudomonas sp. Catechol 2,3-Dioxygenase

gb|GQ396161.1| Pseudomonas aeruginosa Salicylate Degradation gene

emb|AJ544924 2| Pseudomonas sp. Catechol 2,3-Dioxygenase
|PYR-6| Catechol 2,3-Dioxygenase
|CHR-4| Catechol 2,3-Dioxygenase

|PYR-8| Catechol 2,3-Dioxygenase
|CHR-T| Catechol 2,3-Dioxygenase

|PYR-10| Catechol 2,3-Dioxygenase
|CHR-3| Catechol 2,3-Dioxygenase

100 |PYR-3| Catechol 2,3-Dioxygenase
% |PYR-1| Catechol 2,3-Dioxygenase
|PYR-5| Catechol 2,3-Dioxygenase
|PHE-2| Catechol 2,3-Dioxygenase
100 gb|EUS14954.1| Sphingomonas sp. Catechol 2,3-Dioxygenase
gi|77464988| Rhodobacter sphaeroides Catechol 2,3-Dioxygenase
9i|73537298| Ralstonia pha Catechol 2,3-Dioxyg

i[219846956| Chloroflexus aggregans Catechol 2,3-Dioxygenase

01

Figure 2.4. Phylogenetic tree of catechol 2,3-dioxygenase genes from Pit 101 (in bold) taken
from different PAH sample exposures and other similar sequences taken from GenBank along
with accession numbers. Clones from different PAH exposures are denoted in clone name,
PHE=phenanthrene, PYR=pyrene, CHR=chrysene and PAH=combination of PAHs. The
evolutionary history was inferred using the Neighbor-Joining method. The optimal tree with the
sum of branch length = 2.26571718 is shown. The percentage of replicate trees in which the
associated taxa clustered together in the bootstrap test (1000 replicates) are shown next to the
branches. The tree is drawn to scale, with branch lengths in the same units as those of the
evolutionary distances used to infer the phylogenetic tree.
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There was one clone that did not belong to a Pseudomonas sp. and was instead similar to a
catechol 2,3-dioxygenase gene from a Sphingomonas sp., which was isolated from TNT
contaminated soil and can also degrade PAHs (figure 2.4). This gene was found only in the
samples exposed to phenanthrene and not in any of the other treatments. This could imply that
there are more organisms able to degrade phenanthrene and its metabolites, so there is less of
a selective pressure allowing a more diverse set of organisms to survive. Also, the results
showed that the main degraders in the La Brea Tar Pit asphalts are from the genus
Pseudomonas and more specifically Pseudomonas stutzeri. This bacterium and other members
of the Pseudomonas genus are widely known PAH degraders and are frequently isolated from

petroleum contaminated sites, so their presence in the La Brea Tar Pits was to be expected.

In conclusion, using culture based methods, | was able to isolate and culture organisms
that degrade phenanthrene as a sole carbon source. A total of 18 isolates were confirmed to
degrade PAH based on the formation of clearing zones on PHE amended plates and were
identified by sequencing the 16S rDNA genes of each organism. The diversity of these culturable
organisms was very different from that of the culture-independent techniques. None of the
organisms isolated were found on the DGGE analysis and in the 16S rDNA microbial survey by
Kim and Crowley. In addition, no Pseudomonas sp. was isolated and the majority of the isolates
were found to belong to the a- or B-proteobacteria class instead of y, of which members of
Pseudomonas belong to. Phylogenetic analysis revealed that 14 of the 18 isolates were closely
related to Ralstonia sp. Cupriavidus sp. and Wautersia sp. and are all representatives of species
that have been previously shown to degrade petroleum hydrocarbons (Table 2.2). There were

also 2 isolates PHE-ISO06 and PHE-ISO07 that were not closely related to any known species and
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Table 2.2. BLAST results for the bacterial isolates from phenanthrene enrichment cultures. Many

of the identified organisms were closely related to those that are able to degrade other
petroleum hydrocarbons or were isolated from contaminated sites. Phylogenetic analysis is

reported in figure 2.5.
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may be novel (Figure2.5) To address this issue, a metagenomics approach may be needed to
overcome both the culturing and PCR biases and resolve the true genetic diversity of the La Brea

Tar Pits.
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83

|PHE-I1SO05|
|PHE-ISO12|
|PHE-ISO16|
|PHE-ISO17|
|PHE-ISO03|
|PHE-ISO14|
|PHE-ISO10|
|PHE-ISO15|
|PHE-ISO08|
|PHE-ISO18|
|PHE-ISO11|
|PHE-ISO04|
|PHE-ISO01|
|PHE-ISO13|
gb|AF494541.1| Ralstonia sp.
dbj|AB167205.1| Cupriavidus necator
gi|113528459| Ralstonia eutropha
dbj|AB104530.1| Wautersia numazuensis
dbj|AB054960.2| Cupriavidus pinatubonensis
|PHE-1S007|
|PHE-1S009|
100 gb|GQ263693.1| Uncultured bacterium clone
gb|EU140499.1| Bordetella sp.
gb|GQ859165.1| Cupriavidus sp.
gb|DQ530647.1| Cupriavidus sp.
gb|GQ355324.1| Cupriavidus sp.
dbj|AB299601.1| Ralstonia sp.
gi|170938221| Cupriavidus taiwanensis

100

[PHE-ISO06]|
gb|DQ099469.1] Soil Phyllobacteriaceae bacterium clone
100 |PHE-IS002|
88 gb|AY875973.1| Mesorhizobium sp.

100 emb]|Y14161.1| Mesorhizobium plurifarium
gb|FJ025124.1| Mesorhizobium amorphae
Qi|49175990| Escherichia coli

Figure 2.5. Phylogenetic tree of PAH degrading bacteria isolated from enrichment cultures (in
bold) using phenanthrene as a sole carbon source along with related organisms taken from
GenBank along with accession numbers. The evolutionary history was inferred using the
Neighbor-Joining method. The optimal tree with the sum of branch length = 1.32613366 is
shown. The percentage of replicate trees in which the associated taxa clustered together in the
bootstrap test (1000 replicates) are shown next to the branches. The tree is drawn to scale, with
branch lengths in the same units as those of the evolutionary distances used to infer the
phylogenetic tree.
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CHAPTER THREE:

LINKING PHYLOGENY AND FUNCTION OF A PREVIOUSLY UNKNOWN ORGANISM AND A

NOVEL 2-NITROPROPANE DIOXYGENASE USING METAGENOMICS

ABSTRACT

Recent studies on the biodiversity of asphalt deposits at the Rancho La Brea Tar Pits in
Los Angeles, California have revealed the existence of several hundred new species of bacteria
and gene sequences encoding putative novel degradative enzymes. The presence of fossilized
extinct animal remains in the La Brea Tar Pits has led to estimations that these natural asphalt
seeps have existed for at least 40,000 year. These deposits consist of petroleum that has been
degraded to the extent that the remaining material is comprised mainly of asphalts and heavy
oils, which have saturated into the soil matrix. Since petroleum hydrocarbons are both a target
and a product of microbial metabolism, the role of microorganisms that inhabit this and other
similar environments is directly relevant to development of technology for bioremediation,
biotransformation of petroleum hydrocarbons, and microbial enhanced oil recovery for

extracting and refining heavy oil.

To investigate the true microbial diversity of the La Brea Tar Pits, the microbial
community associated with the heavy oil at Rancho La Brea was studied using a metagenomics
approach. A fosmid clone library was constructed using 38 Kb fragments of DNA extracted from
the asphalt-soil samples of Pit 101. This library of about 3,000 clones was then screened for DNA

inserts, which contained specific genes that could be targeted using PCR based methods. One
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selected clone contained the 16S rRNA gene of an unclassified Rhodospirallacaea and a putative
2-nitropropane dioxygenase, which suggest that this new organism degrades persistent
nitroalkanes that are common in asphalt. In addition a DNA-DNA microarray was used to verify

the presence of 2-NPD and many other petroleum degrading genes.
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INTRODUCTION

Studies of microorganisms in pure laboratory culture for over a century have led to
significant advances into microbial genetics and physiology, biotechnology and molecular
biology. However, the majority of the bacteria has not or cannot be cultured under laboratory
conditions. Microorganisms live in very complex microbial communities (e.g. soil, asphalt,
sewage, contaminated sites) and thus it is extremely difficult to recreate those conditions on a
Petri dish. Due to the limitations and biases that arise from culturing microorganisms to examine
their diversity and their community role, a relatively new type of methodology was developed to

help circumvent these problems, metagenomics.

“Metatgenomics” describes the functional and sequence-based analysis of the collective
microbial genomes contained in an environmental sample. In metagenomics, the power of
genomic analysis is applied to entire communities of microbes, bypassing the need to isolate
and culture individual bacterial community members (NRC, 2007). This allows you to sequence
the DNA of the microbial community directly from its environment, which can then be used to
discover new genes and enzymes or to analyze entire genomes. There are several different
strategies when analyzing an environment using metagenomic approaches. However, every
analysis begins with the extraction of DNA directly from its environment. Depending on the
strategy analysis, the DNA fragments can range in size from as small as 1 kb to over 100 kb.
These fragments are then ligated into suitable vectors (e.g. cosmids, fosmids, BACs) then cloned
into appropriate hosts (e.g. E. coli), thus resulting in the metagenomic library. Once the library is
created, the DNA inserts can be randomly sequenced or analyzed using a sequenced or

functional based approach.
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In random sequencing, the DNA inserts are shotgun sequenced (i.e. high throughput
sequencing) and then assembled, attempting to recreate an entire organism’s genome,
metabolic pathway or certain target genes. This strategy is useful for very selective and simple
environments, in which they contain few dominant organisms. However, for complex and
diverse communities, this task will be extremely difficult because of the sequencing coverage
required for the respective metagenome. In these diverse and complex communities, where
many different organisms and biological processes are present, directed sequencing of target
organisms or genes is a widely used strategy. In sequence based and functional based screening
of a metagenomic library, selected clones are sequenced, instead of the entire library or
community. In this case, the DNA inserts are larger (i.e. 20 kb to over 100 kb) in order to gather
more information for that particular species. In a sequenced based analysis, clones are selected
by searching for genes of interest via polymerase chain reaction or colony blotting. Clones that
contain the target gene are then selected for analysis. In a functional based analysis, genes from
the DNA insert are expressed in an expression vector and the metagenomic clones with the
desired function are selected. Once a clone with the gene or protein of interest is found, the

entire DNA insert is sequenced along with functional gene analysis.

Metagenomics has led to several advances in microbiology and biotechnology by
examining unculturable majority of the microbial diversity. These approaches have been used
successfully to isolate antibiotics (Gillespie et al., 2002), discover unknown genes (Venter et al.,
2004), express novel biocatalysts (Voget et al., 2003, Wexler et al., 2005), find new gene
functions (Beja et al., 2000) and even sequence near complete genomes of so far unculturable

microbes (Martin et al., 2006, Tyson et al., 2004). Metagenomic approaches have also lead to
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the finding of novel petroleum degrading genes and gene families. In 2007, Suenaga et al. was
able to find novel genes for the degradation of aromatic compounds from coke plant
wastewater by using a functional screen for extradiol dioxygenases. These clones were tested
for their substrate specificity for various catecholic compounds, in which they found a novel
gene family of extradiol dioxygenases. Also in 2007, Ono et al. found and characterized
naphthalene-catabolic genes and plasmids from oil contaminated soil by screening for specific
transposons, which are known to carry petroleum hydrocarbon degrading genes for horizontal
gene transfer. By using this approach they found cosmid clones, which contained a naphthalene
upper pathway operon for the conversion of naphthalene to salicylate. In almost all cases, these
metagenomic approaches were used to retrieve novel genes and catabolic pathways as well as
to gain insights into the gene evolution of degradative enzymes (Suenaga et al., 2007, Ono et al.,

2007).

In the case of the La Brea Tar Pits, the discovery of novel enzymes and pathways is
promising. Selection of bacterial communities for petroleum substances occurs rapidly after
even short-term exposures of soil to petroleum hydrocarbons following oil spills (Vandermeer et
al., 1992, Vandermeer, 1994). Over time spans encompassing millennia, such as the La Brea Tar
Pits, the bacteria that can tolerate this environment would be expected to undergo genetic
adaptations that may lead to the evolution of new ecotypes and species and enzymes for
growth on petroleum hydrocarbons. During adaptation of communities, genes for petroleum
hydrocarbon-degrading enzymes that are carried on plasmids or transposons may be exchanged
between species. In turn, new catabolic pathways eventually may be assembled and modified

for efficient degradation of petroleum hydrocarbons (Rabus et al., 2005). Here, we constructed
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a metagenomic library of roughly 3,000 clones using a fosmid vector (Epicentre), in which 38 kb
DNA fragments extracted from Pit 101 of the Rancho La Brea Tar Pits were successfully ligated
and cloned. The metagenomic library was screened using PCR sequence analysis targeting
specific phylogenetic markers of novel organisms of interest. In our search, we sequenced a DNA
insert which belongs to a thus far unculturable novel organism from the Rhodospirallacea
family. This DNA fragment also carried a putative 2-nitropropane dioxygenase (2-NPD), which is
used to degrade nitroalkanes found in petroleum environments. In addition, an environmental
microarray analysis, which was used to detect key microbial processes, such as the
biodegradation of petroleum hydrocarbons confirmed the presence of 2-NPD, which implies

that the degradation of nitroalkanes is an important function within the La Brea Tar Pits.

76



MATERIALS AND METHODS

Pit 101 sampling and DNA extraction. Previously unexposed samples were removed from
approximately 10 cm under the surface of Pit 101 of the Rancho La Brea Tar Pits in Los Angeles,
CA as previously described (Kim and Crowley, 2007). Samples were removed from the asphalt
pits with sterile, autoclaved spatulas and were transferred into sterile sampling bags
(Fisherbrand) for processing. The soil-tar samples were used to extract high molecular weight
DNA about 38 Kb in length. DNA was extracted using an indirect cell lysis technique, which first
separated the cells from the soil-tar matrix, then chemically lysed for subsequent DNA
extraction (Gabor et al., 2003). The DNA was then purified by multiple low melting point agarose

gel extractions using an agarase enzyme (Epicentre).

Fosmid library construction. The metagenomic library was constructed using the CopyControl™
Fosmid Library Production Kit (Epicentre) and manufactures’ protocols were followed. Briefly,
DNA fragments of over 38 kb were selected and purified. The resultant DNA was then blunt-end
repaired and ligated to fosmid vector pCC1FOS™ and pCC2FOS™. The fosmid and insert DNA
was packaged by Lambda Phage and then used to infect E. coli strain EP1300™. A library of over
3000 clones was picked and grown individually using LB medium supplemented with
chloramphemicol in 384 well plates. The DNA inserts of roughly 38 Kb were verified by digesting

a random selection of fosmids using NOT | restriction enzyme (New England Biolabs).

Metagenomic library screening. 10 pul aliquots from each clone were collected and pooled by
rows from each plate. 50 pl aliquots from each pool of rows of the same plate were then
combined and re-grown in a 5 ml culture overnight. The fosmids were induced to high copy

number and subsequently extracted using a FOSMIDMAX™ Purification Kit (Epicentre).
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DNA from the pooled plates were screened via PCR analysis (Erkel et al., 2005). The
primers used include Pseudomonas-selective Ps289F - 5 GGT CTG AGA GGA TGA TCA GT 3’ and
Ps1285R - 5 AGC TCC ACC TCG CGG C -3’, which amplify a 750 bp fragment of the 16S rDNA
specific for Pseudomonas sp. (Widmer et al., 1998). Plates that were found positive for our
target gene were examined further by subjecting pooled fosmid DNA from each row to another
round of PCR analysis and rows that were positive were examined further until single clones

were selected and isolated.

Sequencing fosmid DNA and analysis. The positive clone, IH-22 was streaked and purified, then
re-grown overnight in a 5 ml LB culture supplemented with chloramphenicol. After incubation,
the cells were harvested and fosmid DNA was purified using the FOSMIDMAX™ Purification Kit
(Epicentre). Roughly 5 pg of fosmid DNA was collected and sheared in to fragments of .75-1.5 kb
using a pressurized nebulizer. The sheared DNA was cloned in a TOPO TA shotgun sequencing
vector (Invitrogen) and approximately 288 clones were randomly shotgun sequenced at the UC
Riverside Genomics Core. The sequencing reads were assembled using the Straden Assembly
Software. Glimmer was used to predict open reading frames (ORFs) and all of the ORFs were

annotated using the NCBI database and the PFAM or KEGG databases where applicable.

Microarray probe construction and analysis. A total of 474 gene sequences were compiled and
used to design probes, which would detect genes that encode key enzymes used for petroleum
hydrocarbon degradation. Microarray probes were designed from the sequences using
Oligoarray 2.1 and a total of 376 probes were constructed (Rouillard et al., 2003). The probes
were designed with a predicted melting temperature of 80-85°C; a length of 25-50 bases; a

minimum temperature of 65C for cross -hybridization and secondary structure predictions, and
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to be located within 1000 bases of the 3’ end of the input sequence. The microarray probes
were synthesized in situ on a Combimatrix 12K microarray and each of the probes were
replicated four times across the microarray. Three micrograms of purified DNA extracted from
Pit 101 of the La Brea Tar Pits was fragmented, labeled, applied and hybridized to the microarray
in accordance with CombiMatrix’s suggested protocol (CombiMatrix Corporation, Mukilteo, WA,

USA; www.combimatrix.com). Slides were scanned on an Axon 4000B scanner and feature

intensity data measured from the scanned images using CombiMatrix software.
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RESULTS

De novo assembly of fosmid insert DNA and ORF prediction from clone IH-22. Roughly 288
shotgun sequences were used to assemble the DNA insert of clone IH-22. Vector sequences and
E. coli host sequences were screened and the final assembly yielded five contigs with an average
length of 7.58 kb, and range between 1.1 kb and 22.8 kb. The total length of DNA sequences was
roughly 37.9 KB, which was very close to the estimated 38 kb insert. In total, 24 ORFs were
predicted with an average length of 1.2 kb and 6 additional partial ORFs were found with an
average length of 672.2 bp. Of the total ORFs predicted, only 7 of them had an 85% or greater
identity match to other similar genes in the NCBI database and 15 ORFs did not have any match

from the PFAM or KEGG database (Table 3.1).

Phylogenetic analysis of clone IH-22 and functional gene predtion. There were several
phylogenetic markers found in contig JPB0O03, which has a total length 22.8 kb. The full length
16S rRNA gene was detected and analyzed using the NCBI database. The gene sequence was
found to be 97% similar to an uncultured Rhodospirallacea 16S rDNA clone and several other
organisms that were previously found by others in oil-contaminated sites (Liu et al., 2009). This
sequence was also classified as an unclassified Rhodospirallacea member using the RDP
database, which implies that this organism is thus far an unculturable, previously undescribed

organism (Figure 3.1).

Also found on contig JPB0O03 was the full length 23S large subunit ribosomal RNA gene
and the 5S small subunit gene. There were no significant matches found in the NCBI databases
as the genes were 89% similar to Rhodospirillum rubrum and 91% similar to Rhodospirillum

centenum, respectively. Phylogenetic analysis illustrated very low similarities to other known
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Table 3.1. List of contigs and open reading frames detected after assembly of DNA insert from
clone IH-22. BLAST results of each ORF along with percent identity of the closest matched gene

from NCBI database are shown. ORF greater than 1 kb are denoted in bold.
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Table 3.1. (cont) Table of contigs and open reading frames predicted using GLIMMER after
assembly of DNA insert from clone IH-22. ORFs are annotated using PFAM and KEGG databases

where applicable. ORFs greater than 1 kb are denoted in bold.
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[FM209061.1| Uncultured alpha proteobacterium
[AM935902| Uncultured alpha proteobacterium
% |AM936522| Uncultured alpha proteobacterium
|AM936483| Uncultured alpha proteobacterium
[AM935358| Uncultured alpha proteobacterium
|FJ516931.1) Uncultured Rhodospirillaceae bacterium
IH-22 16S rDNA
|FJ203536| Uncultured bacterium clone
|EU491697| Uncultured bacterium clone
|[EU491571| Uncultured bacterium clone
|AY654742| Mucus bacterium
|DQ401091| Rhodospirillaceae bacterium
|EU580686] Uncultured bacterium
|[EU735601| Uncultured bacterium clone
gi[49175990| Escherichia coli K-12

0.2

Figure 3.1. Phylogenetic tree of 16S rDNA from clone IH-22 (in bold) along with representative
organisms taken from the NCBI database. The evolutionary history was inferred using the
Neighbor-Joining method. The optimal tree with the sum of branch length = 3.22734020 is
shown. The percentage of replicate trees in which the associated taxa clustered together (>85)
in the bootstrap test (1000 replicates) are shown next to the branches. The tree is drawn to
scale, with branch lengths in the same units as those of the evolutionary distances used to infer
the phylogenetic tree
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organisms, which further implied that this DNA insert belongs to a novel member of the
Rhodospirallacea family (Figures 3.2 and 3.3). Another marker that was used for phylogenetic
analysis was the 16S-23S ribosomal RNA intergenic spacer. As with the other phylogenetic
markers, there were no significant matches in the NCBI database and the closest match was
found to be 86% similar to an Azospirillum sp., which is also a genus from the Rhodospirallacea

family (Figure 3.4).

There was one partial ORF that had a specific degradative function. A 556 bp fragment
was found at the 5’ end of of contig JPBO001 (Table 3.1). This partial ORF was found to be 93%
similar to a 2-nitropropane dioxygenase from the organism Rhodococcus jostii (Figure 3.5).
There were also other ORFs that were predicted, which appear to also have low similarity to

housekeeping genes found in the NCBI, KEGG, PFAM databases (Table 3.1).

Confirmation of 2-NPD in the Rancho La Brea Tar Pits using a microarray analysis and the
detection of petroleum hydrocarbon degrading genes. Microarray analysis was performed to
detect the presence of specific functional genes used to degrade petroleum hydrocarbons.
There were a variety of petroleum degrading genes that were detected, including 2-
nitropropane dioxygenase. 2-NPD was found at a relatively high abundance in comparison to the
other dioxygenases detected, which confirmed the presence of this gene in the Rancho La Brea

Tar Pits (Figure 3.6).

Other petroleum degrading genes were detected from the environmental microarray
analysis (Table 3.2). Of the top 15% most represented genes in the microarray, the most
common gene was methane monoxygenase, which was detected at a very high abundance with
a frequency of 76. The second most found petroleum degrading gene was naphthalene
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IH-22 23S rDNA
gi|288926859| Rhodospirillum centenum
gi|154154406| Parvibaculum lavamentivorans
93 gi|297183545| Uncultured Rhizobiales bacterium
96  Qi|2244674| Rhodospirillum rubrum
gi|83574254| Rhodospirillum rubrum
gi|82943940| Magnetospirillum magneticum
92 gi|82943940| Magnetospirillum magneticum
gi|307625127| Escherichia coli
gi|L35794| Uncultured bacterium
100  @nl|L35483| Uncultured bacterium
gi|297181438| Uncultured alpha proteobacterium

0.5

Figure 3.2. Phylogenetic tree of 23S rDNA from clone IH-22 (in bold) along with representative
organisms taken from the NCBI database. The evolutionary history was inferred using the
Neighbor-Joining method . The optimal tree with the sum of branch length = 5.52868653 is
shown. The percentage of replicate trees in which the associated taxa clustered together (>85)
in the bootstrap test (1000 replicates) are shown next to the branches. The tree is drawn to
scale, with branch lengths in the same units as those of the evolutionary distances used to infer
the phylogenetic tree.
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IH-22 5S rDNA
0i[288914861| Azospirillum sp.
0i|161784420| Gluconacetobacter diazotrophicus
gi|309700213| Escherichia coli
gi|297183545| Uncultured Rhizobiales bacterium
083574254 Rhodospirillum rubrum
gi|46403|emb|X02044.1| Rhodospirillum rubrum
gi[176130| Thiobacillus acidophilus
0i[209529865| Gluconacetobacter diazotrophicus
0i[288926859| Rhodospirillum centenum
gi[256653503| Acetobacter pasteurianus
gi|146400702| Acidiphilium cryptum

100

0.2

Figure 3.3. Phylogenetic tree of 55 rDNA from clone IH-22 (in bold) along with representative
organisms taken from the NCBI database. The evolutionary history was inferred using the
Neighbor-Joining method. The optimal tree with the sum of branch length = 2.28686511 is
shown. The percentage of replicate trees in which the associated taxa clustered together in the
bootstrap test (1000 replicates) are shown next to the branches (> 85). The tree is drawn to
scale, with branch lengths in the same units as those of the evolutionary distances used to infer
the phylogenetic tree.
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gi|310754489| Uncultured Rhizobiales bacterium
dbj|AB498838.1| Rhodopseudomonas sp.
gi|310755271| Uncultured Frankia sp.
emb|AM910563.1| IMethylobacterium nodulans
g5  gi|288914861| Azospirillum sp.
gb|AY685924.1| Azospirillum lipoferum
gb|AY685926.1| Azospirillum brasilense
gb|AY685927.1| Azospirillum brasilense
IH-22 16S-23S rDNA Intergenic Spacer
gi|219944660| Methylobacterium nodulans

100

gi|297181331| Uncultured alpha proteobacterium
gi|307625127| Escherichia coli

0.1

Figure 3.4. Phylogenetic tree of 235-16S rDNA intergenic spacer from clone IH-22 (in bold) along
with representative organisms taken from the NCBI database. The evolutionary history was
inferred using the Neighbor-Joining method. The optimal tree with the sum of branch length =
1.91609559 is shown. The percentage of replicate trees in which the associated taxa clustered
together in the bootstrap test (1000 replicates) are shown next to the branches (> 85). The tree
is drawn to scale, with branch lengths in the same units as those of the evolutionary distances
used to infer the phylogenetic tree.
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gi|145213092| Mycobacterium gilvum 2-NPD
gi|119692146| Mycobacterium sp. 2-NPD
85 IH22 putative 2-nitropropane dioxygenase
gi|171991584| Burkholderia ambifaria 2-NPD
88 gi|118168627| Mycobacterium smegmatis 2-NPD
gi|105891751| Burkholderia cenocepacia 2-NPD
gi|110816552| Rhodococcus jostii 2-NPD
gi|226237899| Rhodococcus opacus

0.1

Figure 3.5. Phylogenetic tree of putative 2-nitropropane dioxygenase found on clone IH-22 (in
bold) along with other representative genes taken from NCBI database. The evolutionary history
was inferred using the Neighbor-Joining method. The optimal tree with the sum of branch
length = 3.06078971 is shown. The percentage of replicate trees in which the associated taxa
clustered together in the bootstrap test (1000 replicates) are shown next to the branches (> 85).
The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary
distances used to infer the phylogenetic tree.
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Functional Gene Frequency of representation in top 15%

Methane Monoxygenase 76

[uny
o

Naphthalene Dioxygenase

Alkaline Phosphatase

Benzoyl-CoA Reductase

Biphenyl Dioxygenase

Chlorobenzoate Dioxygenase

Hydroxyphenol Dioxygenase

Nitropropane Dioxygenase

Benzene Dioxygenase

Benzoate Dioxygenase

Halobenzoate Dioxygenase

Protocatechuate Dioxygenase

Reductive Dehalogenase

Aromatic Ring Dioxygenase

Benzylsuccinate Synthase

Benzaldehyde Dehydrogenase

Benzoyl Oxygenase

Benzyl Succinate Dehydrogenase

Catechol Dioxygenase

Extradiol Ring Dioxygenase

Phenylpriopionate Dioxygenase

Toluate Dioxygenase

Toluene Dioxygenase

RlRr|lR|R|R|RP|IRP|R|RPR|R[R[N[NN|NM|NVNW W w|w| |

Xylene Monooxygenase

Table 3.2. Table of microarray analysis results of the top 15% represented functional genes.
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Figure 3.6. Graph of top 15% represented functional genes found in the Rancho La Brea Tar Pits.



dioxygenase, which had a frequency of 10 and has already been found as an important enzyme
in the La Brea Tar Pits. Biphenyl dioxygenase and 2-NPD were both represented at a frequency
of 3, benzene dioxygenase was represented at a frequency of 2 and several others (aromatic
ring dioxygenase, catechol dioxygenase, extradiol ring dioxygenase, toluene dioxygenase and
xylene dioxygenase) were found at a frequency of 1. In addition, benzylsuccinate sythase,
benzaldehyde dehydrogenase and benzyl succinate dehydrogenase were found at a frequency

of 1; these particular enzymes are used for anaerobic degradation of petroleum hydrocarbons.
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DISCUSSION

By applying metagenomic techniques to the La Brea Tar Pits, we were able to link
function and phylogeny of a thus far previously undescribed, unculturable organism.
Phylogenetic analysis of the DNA insert of clone IH-22, illustrated that this fragment belongs to
an uncultured novel member of the Rhodospirallacea family. There were no culturable
organisms, which were significantly similar to the 16S rDNA found on this fragment. In addition,
the other phylogenetic markers which were analyzed also had no significant matches in the NCBI
database. Neither the 5S rDNA, 23S rDNA nor the 23S-16S intergenic spacer region showed to
have much similarity with any known organism. The fact that there are no significant matches in
the NCBI or RDP databases implied that there have been no similar organisms that have been

cultured or examined, thus indicating that this organism is indeed novel.

Gene prediction and functional annotation of this DNA fragment resulted in the
discovery of a putative petroleum degradative gene. 2-nitropropane dioxygenase is an enzyme
used to oxidize nitroalkanes into their corresponding carbonyl compounds and nitrile and is an
important function in petroleum contaminated environments (Francis and Gadda, 2008, Gadda
et al., 2007, Mijatovic and Gadda, 2008). Although this was a partial ORF of about 556 bp, this
sequence was found to be 93% similar to a 2-nitropropane dioxygenase gene found in
Rhodococcus jostii. This partial ORF was found on the 5" end of JPBO01, and according to the
assembly, it is assumed to be located at the 5’ end of the DNA insert, which suggests that the 5’

end of this gene may have been cut in the extraction process.

Phylogenetic analysis of the putative 2-NPD suggests that this gene may be novel as

with the organism it belongs to. The microarray analysis which detected the presence of this
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gene also implied that the degradation of nitroalkanes is an important process and therefore
this organism may play an important role in the La Brea Tar Pits. If so, studies which include the
full sequencing of the 2-NPD gene should be performed, along with the expression of this gene.
The 93% similarity is relatively significant enough to predict this gene’s function, however if this
gene is novel, there may be new characteristics that are associated with this enzyme. In
addition, gPCR analysis may be a good way to quantify this organism’s presence in the La Brea

Tar Pits.

The other ORFs that were predicted on this DNA insert also show low similarity to other
functional genes in the NCBI, PFAM and KEGG databases. This suggests that these genes, along
with the other phylogenetic markers and 2-NPD have not been examined so far. However, the
gene functions that are predicted seem to be housekeeping genes that encode enzymes for
functions that are common to many bacteria. A polished insert sequence, with 5-6X coverage
may aid in the gene prediction of the additional ORFs, however to warrant any additional in-
depth sequencing and analysis, functions other than housekeeping and metabolism should be

present.

The microarray analysis identified the presence of other important degradative genes in
the La Brea Tar Pits. The most represented petroleum degrading gene by a wide margin is
methane monooxygenase, which oxidizes the C-H bond in methane and other alkanes. This gene
was represented roughly 7.5 times higher than the next most represented gene in naphthalene
dioxygenase, which catalyzes the first reaction in the degradation of aromatic hydrocarbons.
The presence of these genes in high numbers is not that surprising, especially in a petroleum

contaminated environment. It is well known that methane monooxygenases and naphthalene
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dioxygenases are readily found in sites where petroleum degradation takes place. However, the
more important finding from the microarray analysis is the relatively low number of genes
involved in the anaerobic degradation of petroleum. Asphalts are thought to be an anaerobic
system, but the overwhelming presence of monooxygenases and dioxygenases found in the La

Brea Tar Pits could suggest that there may be oxygen being transported within the asphalts.

Selected sequencing of large insert DNA metagenomic libraries proved to be a valuable
technique in examining the unculturable majority of microbial communities. This approach
allowed us to examine a thus novel organism from the Rhodospirallacea family, which
potentially plays a major role in the degradation of nitroalkanes in the Rancho La Brea Tar Pits.
The microarray analysis confirmed the presence of petroleum degrading genes and also
provides a useful tool for further examination of the metagenomic library. The important
processes that were found in the microarray analysis should serve as future target genes for the
metagenomic library. By targeting the genes found in the microarray analysis, one may find DNA
inserts, which contain full length degradative gene sequences and even whole metabolic
pathways of specific petroleum hydrocarbons. DNA fragments which contain entire metabolic
pathways, along with phylogenetic markers may provide valuable information regarding the

metabolism of specific compounds and insights into the gene evolution of degradative enzymes.
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CHAPTER FOUR:

APPLYING ILLUMINA SEQUENCING COUPLED WITH A METAGENOMIC CLONE LIBRARY TO

IDENTIFY NOVEL PETROLEUM DEGRADING GENES

ABSTRACT

Recent studies on the biodiversity of asphalt deposits at the Rancho La Brea Tar Pits in
Los Angeles, California have revealed the existence of several hundred new species of bacteria
and gene sequences encoding putative novel degradative enzymes. The presence of fossilized
extinct animal remains in the La Brea Tar Pits has led to estimations that these natural asphalt
seeps have existed for at least 40,000 year. These deposits consist of petroleum that has been
degraded to the extent that the remaining material is comprised mainly of asphalts and heavy
oils, which have saturated into the soil matrix. Since petroleum hydrocarbons are both a target
and a product of microbial metabolism, the role of microorganisms that inhabit this and other
similar environments is directly relevant to development of technology for bioremediation,
biotransformation of petroleum hydrocarbons, and microbial enhanced oil recovery for

extracting and refining heavy oil.

The current investigation of the La Brea Tar pits concluded using Illumina technologies
(Hlumina, Inc.) to deep sequence the metagenomic library of over 3,000 clones using a high
throughput sequencer. Over 75 MB of DNA has been sequenced, from which over 650 contigs
with an average length of 500 bp were assembled. Bioinformatics analysis indicated the
presence of genes encoding three types of dioxygenases, one of which encoded a naphthalene

dioxygenase from Pseudomonas sp. along with two other genes that are most similar to
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previously reported genes encoding biphenyl and toluene dioxygenases. However, sequence
analysis revealed that these genes were not significantly similar to these known dioxygenases
and may thus be novel. The results of this research provide a foundation for further studies on
the evolution and assembly of metabolic pathways in bacteria that have undergone long term

adaptation to survival in natural asphalts.
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INTRODUCTION

Petroleum reservoirs, natural oil seeps, and oil contaminated environments select for
microorganisms that transform and degrade the many different components that comprise
petroleum hydrocarbons. Petroleum itself is a product derived from microbial transformations
of organic substances that have then aged under pressure over millions of years, during which
time it continues to undergo additional transformation by microbes that inhabit the oil. The
metabolic versatility of these microorganisms holds great promise for bioremediation, industrial
microbiology, development of better methods for oil recovery and processing, and the
development of new petroleum based products. Nonetheless, our ability to access the genetic
diversity of petroleum degrading communities has been a slow process, and mainly reflects the
methods that have been available to microbiologists. The first decades of petroleum
microbiology research began with plate cultures and biochemical studies with pure cultures to
characterize the primary pathways. During the 1970s, DNA sequencing using Sanger dideoxy
chain-termination methods led to many new advances and enabled discovery of new organisms
and enzymes. This sequencing technology is still currently being used in many laboratories
worldwide, providing more than 1 kb of sequencing per sample and has driven the first
revolution in whole-genome sequencing. However, this technology has reached its plateau in
the advancement and development of single-tube chemistry with fluorescently marked
termination bases, heat stable polymerases, and automated capillary electrophoresis (Snyder et
al.,, 2009). With the quest for ever more powerful methods, new technologies now take
sequencing to another level in which it is possible to obtain millions of base reads and to

sequence an entire microbial genome. The work of Venter and his colleagues in 2004 revealed
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the diversity of protein-coding genes in ocean-dwelling microbes and thus showed the practical
application of high-throughput sequencing for gene discovery (Venter et al., 2004). These tools
offer similar promise for the study of microbial communities that inhabit petroleum deposits

such as the Rancho La Brea Tarpits.

Next-generation sequencing (NGS) technologies produce data faster and more
economically due to two fundamental differences in DNA sequencing. First, is elimination of the
requirement for in vivo amplification of DNA fragments and the subsequent creation of a clone
library, which is prone to clone biases and is very labor intensive. Second, the new sequencing
chemistries enable samples to be sequenced in real time, as compared to Sanger sequencing in
which the bases are called after the creation of dideoxy chain extension products. Since first
introduced to the market in 2005, NGS has had a tremendous impact on genomic research. The
technologies that are commercially available today include the 454 FLX Pyrosequencing based
instrument (Roche Applied Science), the lllumina IIG analyzer (lllumina, Inc.) and SOLID
instrument from Applied Biosystems. These next-generation sequencing technologies offer
dramatic increases in cost-effective sequence throughput, but at the expense of read lengths.

The throughput of these sequencers is about the order of multiple gigabases per week.

Metagenomics has great potential for both fundamental and industrial applications that
range from the understanding of microbial adaptation and evolution to the discovery of new
enzymes (Ferrer et al.,, 2007, Ferrer et al., 2005, Lorenz and Eck, 2005, Deutschbauer et al.,
2006). The application of metagenomics to the study of sites polluted with toxic chemicals and
industrial wastes has transformed environmental biotechnology because these habitats include

niches for microorganisms that have the necessary enzymes to use these compounds as their
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carbon and energy sources. The genetic diversity in these environments includes genes
encoding for degradative enzymes and pathways for recalcitrant chemicals, which may be used
for the remediation of environmental pollution and as sources of novel catalytic activities useful
in green chemistry and biotechnology (Galvao et al., 2005, Schmid et al., 2001). Still other genes
of interest include those encoding for stress tolerance, heavy metal resistance, surfactant
production, and enzymes involved in biogeochemical cycling of elements such as nitrogen,

phosphorus, and sulfur.

In this study, | applied lllumina based next generation sequencing coupled with a fosmid
library to discover new genes and catabolic pathways for petroleum degradation. This study
represents a hybrid approach to metagenomics in that rather than shotgun sequencing of total
DNA from microbial communities in oil, | used a previously constructed fosmid library consisting
of 3,000 clones with DNA inserts of about 38 kb. By applying the Illumina technology to the
fosmid library, | hypothesized that it should be possible to validate the final assembled reads by
returning to the clone library to verify the full length sequences, and eventually express these
genes and pathways in culturable organisms. There are currently no known studies in which
only Illumina sequencing has been used to characterize a metagenome, which is constrained by
the challenge of assembling DNA base reads of 30 to 40 bases into contigs that can be further
assembled into gene sequences and pathways. This study thus represents a first application to
test the efficacy of these methods for identifying genes encoding novel petroleum degrading

enzymes, and insight into the types of genes that are carried by oil inhabiting microorganisms.
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MATERIALS AND METHODS

Construction of Illumina sequencing library using Pit 101 metagenomic DNA. Previously
unexposed samples of asphalt-soil aggregates were removed from approximately 10 cm under
the surface of Pit 101 of the Rancho La Brea Tar Pits in Los Angeles, CA as previously described
(Kim and Crowley, 2007). Samples were removed from the asphalt pits with sterile, autoclaved
spatulas and were transferred into sterile sampling bags (Fisherbrand) for processing. The soil-
tar samples were used to extract high molecular weight DNA about 38 Kb in length. DNA was
extracted using an indirect cell lysis technique, which first separated the cells from the soil-tar
matrix, which was then chemically lysed to extract DNA (Gabor et al., 2003). The extracted DNA
was then purified by multiple low melting point agarose gel extractions using an agarase enzyme
(Epicentre).

The metatgenomic library was constructed using a CopyControl™ Fosmid Library
Production Kit (Epicentre) following the manufacturers’ protocols. Briefly, DNA fragments of
over 38 kb were selected and purified by gel electrophoresis. The resultant DNA was then blunt-
end repaired and ligated to fosmid vector pCC1IFOS™ and pCC2FOS™. The fosmids containing
insert DNA were then packaged into Lambda Phage and used to infect E. coli strain EP1300™. A
library of over 3,000 clones was picked and grown individually using LB medium supplemented
with chloramphenicol in 384 well plates. The DNA insert of roughly 38 Kb was verified by
digesting a random selection of fosmids using NOT | restriction enzyme (New England Biolabs).

To improve screening efficiency, the entire library was grown up using pooled fosmid
samples with 24 clones per well. Each pool of 24 clones was grown in LB supplemented with

chloramphenicol and fosmid induction solution to increase the number of fosmids per cell.
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Fosmid DNA was extracted from each pool of clones using a FosmidMAX DNA Purification Kit
(Epicentre). The fosmid DNA from the entire library was pooled together and sheared into 400
bp fragments for the lllumina sequencing library. The resulting fosmid DNA was used to

construct the lllumina sequencing library with all manufacturer’s protocols followed as directed.

Data analysis of lllumina sequencing library. All of the lllumina sequencing reads were
processed using the UC Riverside Bioinformatics Bioconductor suite on a Linux server. The reads
were assembled using Velvet and the contigs were analyzed using the NCBI, PFAM, KEGG and
Uniprot databases. Phylogenetic analysis and tree construction of the contigs of interest were

analyzed using Mega 4 software.
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RESULTS

De novo assembly and gene annotation of lllumina paired-end sequencing data from the
Rancho La Brea Tar Pits. Illumina sequencing yielded roughly two million reads from both paired
end and single end libraries. Sequencing reads ranged from about 32 to 64 bp in length and the
paired end reads were separated by 400 bp spacers. Both fosmid vector sequences and
competent E. coli EP1300 (Epicentre) host cell sequences were removed prior to analysis. Velvet
was used for contig assembly, in which over 75 Mb of DNA were assembled, resulting in 662
contigs with an average length about 500 bp. Gene annotation and data analysis was performed
via UCR’s bioconductor suite, in which contigs were analyzed using the NCBI, PFAM, KEGG and

Uniprot databases where applicable on a Linux platform.

Of the 661 contigs, contigs of over 400 bp were used for statistical analysis. 64% of the
contigs had significant protein matches in the PFAM, KEGG, Uniprot or NCBI databases of about
80% or greater (Table 4.1). Roughly 32% of the contigs were either found have no known
function, of which 11.3% were predicted to encode a conserved protein of unknown function
and 20.4% had no matches in any of the databases (Table 4.2). The majority of the contigs,
33.9% were found to be involved in the biosynthesis and metabolism of endogenous precursors
and other organic molecules. Membrane proteins made up 10% of the contigs, while 8.1% were
assigned to encode DNA binding proteins, 5.0% represented transporter proteins, 4.5% were
involved in heavy metal resistance, another 4.5% were structural proteins and 2.3% contained

sequences similar to known mobile genetic elements (Table 4.2).
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Table 4.1. List of contigs that are greater than 400 bp in length along with their gene product,
percent identity and organism of metagenome from which they originated. Gene products,

percent identity and organisms/metagenomes were determined via NCBI, PFAM, KEGG and

t databases.
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Table 4.1. (cont) List of contigs that are greater than 400 bp in length along with their gene

product, percent identity and organism of metagenome from which they originated. Gene
products, percent identity and organisms/metagenomes were determined via NCBI, PFAM,

KEGG and uniprot databases.
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Table 4.1. (cont) List of contigs that are greater than 400 bp in length along with their gene

product, percent identity and organism of metagenome from which they originated. Gene
products, percent identity and organisms/metagenomes were determined via NCBI, PFAM,

KEGG and uniprot databases.
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Table 4.1. (cont) List of contigs that are greater than 400 bp in length along with their gene

product, percent identity and organism of metagenome from which they originated. Gene
products, percent identity and organisms/metagenomes were determined via NCBI, PFAM,

KEGG and uniprot databases.
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Table 4.1. (cont) List of contigs that are greater than 400 bp in length along with their gene

product, percent identity and organism of metagenome from which they originated. Gene
products, percent identity and organisms/metagenomes were determined via NCBI, PFAM,

KEGG and uniprot databases.
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Table 4.1. (cont) List of contigs that are greater than 400 bp in length along with their gene

product, percent identity and organism of metagenome from which they originated. Gene
products, percent identity and organisms/metagenomes were determined via NCBI, PFAM,

KEGG and uniprot databases.
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Table 4.1. (cont) List of contigs that are greater than 400 bp in length along with their gene

product, percent identity and organism of metagenome from which they originated. Gene
products, percent identity and organisms/metagenomes were determined via NCBI, PFAM,

KEGG and uniprot databases.
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Table 4.1. (cont) List of contigs that are greater than 400 bp in length along with their gene

product, percent identity and organism of metagenome from which they originated. Gene
products, percent identity and organisms/metagenomes were determined via NCBI, PFAM,

KEGG and uniprot databases.
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Protein Type % Abundance
Biosynthesis and metabolism 33.9%
Conserved proteins 11.3%
Membrane proteins 10.0%
DNA-Binding proteins 8.1%
Transport 5.0%
Heavy metal resistance 4.5%
Structural proteins 4.5%
Mobile genetic elements 2.3%
Unknown 20.4%

Table 4.2. Distribution of contigs into different protein categories.
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Identification of petroleum degrading genes. Among the assembled contigs, there were six that
encoded dioxygenases (Table 4.1). Phylogenetic analysis indicated that there were two contigs,
[NODE 794 length 614 cov 313.040710] and [NODE 420 length 575 cov 29.766956], which were
similar to naphthalene dioxygenase genes from Pseudomonas stutzeri, Pseudomonas aeruginosa
and those previously found from the Rancho La Brea Tar Pits (Baquiran and Crowley,
unpublished data). There were also two others, [NODE 354 length 584 cov 624.654114] and
[NODE 355 length 617 cov 664.84924], which appeared to be most similar to toluene or
biphenyl dioxygenases, but no significant similarity was found. The last two contigs [NODE
40121 length 451 cov 11.447893] and [NODE 58996 length 415 cov 3.720482] were most closely
related to an aromatic ring hydroxylating dioxygenase from Escherichia coli, however there was

no statistically significant similarity (Figure 4.1).

Organism and metagenome distribution of the contigs. In addition to gene annotation, the
contigs were also assigned to specific organisms. Approximately 39% of the organisms belonged
to the class Betaproteobacteria, 25% belonged to Actinobacteria, 17% belonged to
Gammaproteobacteria, 11% belonged to Alphaproteobacteria and 8% were unknown (Figure
4.2). The most abundant organism was Achromobacter xylosoxidans, which was represented by
13.8% of the contigs. The next most abundant was Cupriavidus taiwanensis at 7.2%, then
Variovorax paradoxus and Ralstonia eutropha at 6.1%. Pseudomonas aeurginosa and Rhodoccus
opacus were both represented by 5.5% of the contigs, along with many other organisms, which

were represented by less than 5% of the contigs (Figure 4.3).

For contigs that were not assigned a function or organism, a preliminary classification

was attempted by comparing them to unknown sequences from metagenomes from other
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environments. The majority of the unclassified contigs, 20.0% were most similar to those from
the acid mine drainage metagenome. The next highest similar metagenome was the Antarctic
Ocean at 17.8%, and the compost and stromalite metagenome were next at 11.8%. There were

eight other metagenomes that were represented at 6.7% or less (Table 4.3).
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[PYR-10] Naphthalene dioxygenase
[PAH-2] Naphthalene dioxygenase
gi|28630837| Pseudomonas stutzeri, Naphthalene dioxygenase
NODE 794 length 614 cov 313.040710
NODE 420 length 575 cov 29.766956
? gi|1255665| Pseudomonas aeruginosa, Naphthalene dioxygenase
gil4104750| Pseudomonas stutzeri, Naphthalene dioxygenase
gi|238859724| Escherichia coli, 3-phenylpropionate dioxygenase
NODE 354 length 584 cov 624.654114
NODE 355 length 617 cov 664.849243
gi|156069145| Pseudomonas sp., Toluene dioxygenase
gi|148724084| Uncultured soil bacterium clone, Biphenyl dioxygenase
[CHR-3] Catechol 2,3-dioxygenase
97 [PYR-8] Catechol 2,3-dioxygenase
[PHE-2] Catechol 2,3-dioxygenase
NODE 40121 length 451 cov 11.447893
NODE 58996 length 415 cov 3.720482
Qi|260447279| Escherichia coli, Aromatic-ring-hydroxylating dioxygenase
0i[148509317| Pseudomonas putida, ring-hydroxylating dioxygenase

05

Figure 4.1. Phylogenetic analysis of dioxygenases detected on contigs (in bold) with other
known dioxygenase sequences from the NCBI database. The evolutionary history was inferred
using the Neighbor-Joining method. The optimal tree with the sum of branch length =
10.07987831 is shown. The percentage of replicate trees in which the associated taxa clustered
together in the bootstrap test (1000 replicates) are shown (>85) next to the branches. The tree
is drawn to scale, with branch lengths in the same units as those of the evolutionary distances

used to infer the phylogenetic tree.
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Figure 4.2. Distribution of organisms from phylogenetic classification of contigs classified by
class.
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Figure 4.3. Relative distribution organisms from phylogenetic assessment of contigs.

119



Metagenome % Abundance
Mine drainage 20.0%
Marine 17.8%
Compost 11.1%
Stromalite 11.1%
Clay loam 6.7%
Freshwater sediment 6.7%
Fungus garden 6.7%
Human gut 6.7%
Ant fungus 4.4%
Fossil 4.4%
Epibiont 2.2%
Microbial mat 2.2%

Table 4.3. Distribution of unknown contigs classified by similar sequences from different

metagenomes.
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DISCUSSION

The results from this study confirmed the presence of a diverse microbial community in
the Rancho La Brea asphalts, which is comprised of many previously uncharacterized
microorganisms that inhabit a soil matrix saturated with heavy petroleum hydrocarbons.
Roughly 75 Mb of DNA was assembled, resulting in 661 different contigs of an average length of
only 500 bp. Many of these contigs could be assigned to particular functional genes, but as
expected there were many novel sequences that could not be identified. Using this technology,
it was also apparent that much more sequencing would be needed to assemble large scaffolds
that are necessary for constructing composite genomes to infer organism-function and

evolutionary relationships.

The contigs that were assigned a function via the KEGG, PFAM, NCBI and Uniprot
databases suggested a low diversity of genes relative to the amount of DNA sequenced. There
are a number of reasons why this may have occurred (e.g. cloning biases of the fosmid library
and sequencing biases of the lllumina library). Nevertheless, there were several types of genes
that may be of interest with respect to microbial life in natural asphalts. There were only six
contigs that encoded petroleum hydrocarbon degrading genes and phylogenetic analysis
revealed 3 different types of dioxygenases. The first type was a known naphthalene dioxygenase
that belongs to Pseudomonas aeurginosa, which is consistent with previous studies on Pit 101
and appears to be a major degradative enzyme in the La Brea Tar Pits. The second type of
dioxygenase discovered here was most similar to the toluene and biphenyl type dioxygenases,
and the third was most closely related to an aromatic ring hydroxylating dioxygenase. However,

because of the relatively low similarity of these new genes to known genes in the databases
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used here, their function could not be inferred via sequence data alone. The next approach
would be to find these dioxygenases in the fosmid library to get the full gene sequence and even

an entire catabolic pathway, and then attempt to express these in a culturable bacterium.

In addition to these degradative genes, mobile genetic elements (MGEs) were found on
several contigs. The finding of insertion sequences, transpose regions and integrases imply that
horizontal gene transfer occurs within the microbial community of Pit 101. All of the MGEs
detected belonged to the same types previously found in Pseudomonas aeurginosa and suggest
that this organism is at least partially responsible for harboring and disseminating petroleum
degrading enzymes within this microbial community. It is also known that organisms from
Pseudomonas sp. are facilitators of horizontal gene transfer (Nojiri et al., 2004, Stuart-Keil et al.,
1998), meaning that these MGEs may be have value for adapting microbial communities to the
presence of petroleum following a contamination event in soil without prior history of exposure

to petroleum hydrocarbons.

Unlike gene function, the distribution of organisms in which the contigs belong,
displayed a wider diversity. Many different organisms that are known to degrade petroleum
hydrocarbons including several that have been found in previous studies on Pit 101 were
detected. The most abundant organism, i.e. that was represented by the most contigs, was
Achromobacter xylosoxidans, which can degrade many petroleum hydrocarbons such as
polychlorinated biphenyls, polycyclic aromatic hydrocarbons and MTBE (Eixarch and Constanti,
2010, Jencova et al., 2004, Medina-Moreno et al., 2005). The next most represented organism
was Cupriavidus taiwanensis, which is closely related to Ralsonia eutropha. Both of these

bacteria are well known for their ability to degrade organic compounds in heavy metal
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contaminated environments (Chen et al., 2008, Ganesh-Kumar et al., 2010, Hussain et al., 2009,
Perez-Pantoja et al.,, 2009), and both were also previously isolated from Pit 101 using
phenanthrene as a sole carbon source (Baquiran and Crowley, unpublished data). Detecting
these two organisms in both the lllumina library and through enrichment cultures, suggests that
they are dominant petroleum degraders in the Rancho La Brea Tar Pits. In addition to the above,
there were many other organisms detected through Illumina sequencing that are well known
petroleum hydrocarbon degraders, however because of the many relatively short contigs, more
in-depth sequencing would is needed to determine their metabolic roles within this

environment.

As expected, there were also a high amount of contigs that were unknown to any of the
databases. The occurrence of unknown genes found in metagenomic studies is a common
occurrence as previously unknown species are being sequenced (Venter et al., 2004,
Handelsman, 2005). Even though the gene functions are unknown, one way that such data sets
are now being analyzed is through comparative metagenomics, in which quantitative gene
content analysis reveals habitat-specific fingerprints that reflect known characteristics of the
sampled environments (Tringe et al., 2005). The identification of environment-specific genes
through a gene-centric comparative analysis allows for interpreting and diagnosing metadata
from complex environments. Comparative metagenomics has been successfully used to
compare a wide range of environments, such as the human gut microbiota, farm soil and whale
remains (Bodaker et al., 2010, Kurokawa et al., 2007, Quaiser et al., 2008, Tringe et al., 2005). In
analyzing the unknown contigs from this environment, the majority of the contigs were most

closely related to those from an acid mine biofilm. This preliminary analysis suggests that
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because the acid mine environment revealed similar pathways for carbon and nitrogen fixation
and energy generation (Tyson et al., 2004), both environments may require similar functional

capabilities for survival in extreme environments.

Applying lllumina sequencing to characterize the Pit 101 metagenome, made clear the
need for longer reads and more sequencing data in general. Two million reads of 36 to 72 bp
was not enough to characterize a complex metagenome such as this, with only 75 Mb of DNA
being assembled. Short reads from next generation sequencing technologies need roughly 10-
12x coverage to fully sequence a single genome, so it is apparent that we have only partially
sequenced this environment. Although, we have satisfactory data in finding novel dioxygenases
and detecting more petroleum degrading organisms, there is much more to be discovered. We
know that there are many more organisms and petroleum degrading genes detected by Kim and
Crowley, which were not represented in the assembled contigs. However, by reverse blasting
those same organisms and genes to the primary lllumina reads, we found that there are reads
that contain the same sequences (data not shown). This suggests that although we need more
sequencing to accomplish our primary objective of sequencing whole catabolic pathways,

approach used here provides a viable step towards this goal.
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CHAPTER FIVE: GENERAL CONCLUSIONS

This research on the Rancho La Brea Tar Pits further expanded on the studies initiated
by Kim and Crowley, in which they discovered the existence of several hundred new species of
bacteria and gene sequences encoding putative novel degradative enzymes. It is well known
that petroleum hydrocarbons are substrates supporting microbial growth, so they are both a
target and a product of microbial metabolism. There is much interest in exploiting petroleum-
degrading organisms for environmental cleanup and the application of molecular biology
methods for characterizing these microbes and their catabolic enzymes has become central to
petroleum microbiology. Here | investigated the presence of petroleum degrading
microorganisms and enzymes using a variety of methods, including denaturing gradient gel
electrophoresis and enrichment cultures, microarray analysis, and characterization of a
metagenomic clone library using targeted PCR primers, and next generation Illumina
sequencing. In all of these studies, we found a diverse petroleum degrading community that
provides new insight into the diversity and functional characteristics of this petroleum degrading

community that has undergone selection to this environment for about 40,000 years.

In my first study, | identified microbial consortia that degrade a variety of polycyclic
aromatic hydrocarbons using denaturing gradient gel electrophoresis. Results showed that when
cultured samples of the asphalt soil on selected petroleum hydrocarbons, the enrichment
culture selects for distinct consortia of bacteria that are able to degrade these compounds as a
sole carbon source. While individual substrates each selected for their own community, | also
identified an unclassified Pseudomonas sp. that appeared in communities across different

substrates that may be able to degrade biphenyl, naphthalene, phenanthrene, chrysene, pyrene
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and a combination of PAHs. In addition, | created clone libraries of both upper and lower
pathway petroleum degrading genes, which are most similar to those from Pseudomonas
stutzeri. These results, coupled with the finding from Kim and Crowley, in which they found a
new species of Pseudomonas stutzeri imply that this organism may be novel and have a wide
degradative selectivity. Pseudomonas stutzeri has been successfully cultured in the laboratory,
so isolation of this organism would verify its degradative capacity and function within the

Rancho La Brea Tar Pits.

In order to study the uncultured majority of the Rancho La Brea Tar Pits, | constructed a
fosmid clone library from high molecular weight DNA extracted from Pit 101. This metagenomic
library consisted of DNA inserts of about 38 kb and consisted of about 3,000 clones. The clone
that was sequenced contained phylogenetic markers that identified this organism as an
unknown member of the Rhododospirallacea family. In addition, a partial gene sequence
encoding a novel 2-nitropropane dioxygenase was found on the same insert. This finding
suggests that this novel Rhodospirallacea member degrades persistent nitroalkanes in natural
asphalts. Meaning that this metagenomic study was able to link phylogeny and function of an as

of yet unknown organism.

The metagenomic library was examined even further using next generation sequencing
techniques. Illlumina based sequencing was applied to the fosmid library in hopes of assembling
whole DNA inserts from the fosmid library. What resulted was 75 Mb of DNA, which assembled
into 661 contigs with an average length of 500 bp. This was much less than the expected result,
however | was still able to find 3 types of dioxygenases, of which 2 are unknown and the other is

most similar to a naphthalene dioxygenase from Pseudomonas stutzeri. This data, in addition to
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the microarray analysis that detected a wide variety of petroleum degrading genes further
illustrated the importance of the naphthalene dioxygenase enzyme in this system. Further
sequencing is needed to assemble larger contigs and scaffolds, which may reveal the presence
of more degradative genes along with composite genomes of the dominant organisms. In
addition, probing the original fosmid library for the genes detected in the microarray analysis
and the lllumina sequencing data may uncover whole catabolic pathways of genes found on the

same DNA fragment.

There is much more work that can be done on the Rancho La Brea Tar Pits. This includes
further shotgun sequencing of the petroleum degrading community, as well as further
characterization of specific microorganisms contained in the tar that might have applications for
biotechnology, such as microbial enhanced oil recovery and for the biosynthesis of small
molecules. The Rancho La Brea Tar Pits represents a rich source of genetic diversity that has only
begun to be explored. This research provided new insights into the types of microorganisms and
enzymes that may be recovered from this site, and sets the stage for continued research. Of
particular interest are genes encoded on mobile genetic elements as these are commonly used
for the assembly and evolution of catabolic pathways, and for their transfer between different
species. Illumina sequencing indicated the presence of DNA reads that appear to represent
transposons and insertion elements. Follow-up studies could focus on PCR targeting of these
mobile genetic elements in the fosmid library as a means to identify novel enzymes and
catabolic pathways. In addition, expression of these novel enzymes and pathways may prove to
be more efficient in petroleum degradation because these organisms have been evolving in the

tar pits for millennia. Given the complexity of the community in the asphalts, metagenomic
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approaches are useful for identifying potential new genes, but also yields what appear to be
extraneous sequences for various housekeeping genes. Combining metagenomics with targeted
PCR to access genes in the fosmid library, revealed by shotgun sequencing may be the most

efficient approach for new enzyme discovery in this system.
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