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ABSTRACT

Understanding how fuel oxygenates interact with microorganisms in the
subsurface is important for the remediation of contaminated sites and designing
and optimizing remedial strategies. The current understanding of methyl tertiary
butyl ether (MTBE) and tertiary butyl alcohol (TBA) degradation in the
environment has been developed primarily through gas chromatography GC
analysis and culture-based laboratory studies. Microbial communities can be very
diverse, and while microcosm studies provide valuable data, few metagenomic
studies have been performed. To elucidate the significant microorganisms and
pathways involved in the breakdown of MTBE and TBA, the compositions of
entire indigenous microbial populations must be investigated and compared.
Biodegradation of MTBE and TBA have been observed under most redox
conditions, but all anoxic degradation pathways are still unknown, and anaerobic
pure cultures, capable of MTBE or TBA degradation, have not yet been isolated.
Furthermore, the success of anoxic degradation varies between studies,
suggesting site-specific conditions are of paramount importance. My work utilizes
culture-independent sequencing methods to more inclusively examine the
composition of entire microbial communities.
Anaerobic biodegradation of MTBE and TBA contamination in the
subsurface is not well understood. Natural attenuation of TBA in soil and
groundwater has been observed at some sites, but TBA contamination persists
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at other sites. My study investigated the microbial ecology associated with sites
where TBA degradation has been observed versus sites where TBA persists in
the subsurface. Groundwater and soil core samples were obtained from various
TBA-contaminated sites throughout the United States. The sites were
categorized into two main groups: TBA-degrading and non-degrading. At some of
the sites TBA degradation had been observed while TBA-contamination
persisted at constant levels at the other sites, this was the basis for the
classifications. DNA was extracted from anaerobic groundwater and soil core
samples, PCR amplified, and sequenced using Illumina MiSeq high throughput
sequencing technology. The resulting sequences were then analyzed, providing
insight into microbial community composition present at various sites. My results
highlight microbial groups that might be significant in anaerobic TBA
biodegradation and warrant further investigation.
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CHAPTER ONE
INTRODUCTION

Understanding the breakdown pathways of methyl tertiary butyl ether
(MTBE) and tertiary butyl alcohol (TBA) in the subsurface is very important when
determining the fate of TBA in the environment and implementing successful
remediation strategies. Although anaerobic MTBE and TBA degradation have
been observed under most redox conditions, it is not well characterized, and
natural attenuation only occurs in some of the contaminated aquifers studied to
date. MTBE and TBA contamination in subsurface soils and groundwater is
almost always under anaerobic conditions, due to rapid depletion of oxygen
resulting from the metabolism of other, more easily degraded components of
gasoline (preferential carbon sources). Thus biodegradation by anaerobic
microorganisms is an important facet of MTBE and TBA bioremediation research
(Sun et al., 2012; Finneran and Lovley, 2001).
Although TBA degradation has been reported under most redox
conditions, excluding methanogenic, degradation in any given anaerobic
condition is far from ubiquitous, with the results from various laboratory
microcosm studies contradicting one another (Sun et al., 2012; Wei and
Finneran, 2009). Furthermore, the potential for TBA-degradation at a given site
seems to be largely independent of contamination history, with many TBA-
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contaminated aquifers seemingly lacking microbes capable of utilizing TBA in
their metabolic pathways (Kane et al., 2001).
Pure anaerobic bacterial strains, capable of degrading MTBE or TBA,
have not been isolated, but biodegradation has been observed in field studies
and in mixed anaerobic enrichment cultures (Mackay et al., 2007; Finneran &
Lovley, 2001; Youngster et al., 2008). MTBE and TBA have been shown to
degrade under nitrate-reducing conditions (Badley et al., 2001), sulfate-reducing
conditions (Bradley et al., 2002; Somsamak et al., 2001, 2006), and when Fe(III)
and humic substances are available (Busch-Harris et al., 2008; Finneran and
Lovley, 2001). MTBE-oxidation to TBA has been observed under methanogenic
conditions, but TBA accumulates as a recalcitrant, dead-end product in
methanogenic biodegradation (Somsamak et al., 2006). The unpredictability of
TBA breakdown between individual aquifers makes it difficult to determine
significant microbial signatures and biodegradation pathways of TBA under
anoxic conditions.
My work investigated the microbial ecology found at TBA-contaminated
sites and identified groups of anaerobic microorganisms that warrant further
investigation as potential participants in the breakdown of TBA. Unlike
microcosm studies, this research compared the composition of microbial
communities at sites where TBA-degradation has been observed versus sites
where TBA persists at constant concentrations. Obtaining samples from multiple
TBA-contaminated sites, which were able to be defined as either possessing or
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lacking intrinsic TBA-degrading potential, allowed comparison of microbial
community compositions between the two parameters and draw preliminary
conclusions about microbial signatures that may aid in the mineralization of TBA
in the subsurface. The scope of future research could be narrowed to focus on
the microbes highlighted in this research. Determining groups of microbes
involved in anaerobic TBA degradation would provide the foundation to
determining which terminal electron-accepting processes (TEAPs) are truly
conducive to TBA mineralization, key enzymes involved in TBA degradation, and
breakdown pathways.
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CHAPTER TWO
BACKGROUND

Methyl tertiary butyl ether (MTBE) is a fuel additive that belongs to a group
of branched ethers termed fuel oxygenates. Fuel oxygenates can be mixed with
gasoline to increase combustion efficiency and decrease airborne emissions.
MTBE started being added to U.S. gasoline in 1979, replacing lead. The use of
MTBE in domestic gasoline increased drastically due to a mandate in the 1990
Clean Air Act Amendments, but although the addition of MTBE decreases
exhaust emissions, MTBE and related compounds have become groundwater
and subsurface contaminants of significant concern. In 2005, the Energy Policy
Act eliminated the oxygenate requirement in reformulated gasoline, but MTBE is
still widely used internationally and persists in many contaminated sites (EPA,
2014; Youngster et al., 2010; WHO, 2005; Schmidt, 2003).
Tertiary butyl alcohol (TBA) is the primary intermediate compound that is
formed via ether bond cleavage during MTBE degradation. Like MTBE, TBA is
also a concerning environmental contaminant. TBA is often considered to be a
recalcitrant, dead-end product of anaerobic MTBE breakdown, but TBA
degradation has been reported under most anoxic conditions, but has never
been observed under methanogenic conditions.
MTBE and TBA are commonly introduced into the subsurface from
accidental spills or storage tank leaks, and 5-10% of community drinking water
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wells nationwide have detectable levels of MTBE (Johnson et al., 2000; Finneran
and Lovley, 2001). TBA and MTBE are water soluble, and sorb poorly to soil
particles, and therefore can easily spread in contaminated water supplies
(Youngster et al., 2008). The mobility of the fuel oxygenates can lead to
expansive MTBE/TBA plumes in aquifers lacking intrinsic MTBE and TBA
degradation ability (Wilson et al., 2005). The Henry’s Law constant is 40 times
lower for TBA than it is for MTBE, resulting in extremely minimal transfer of TBA
from water to air. Furthermore, TBA’s fuel-water partitioning coefficient is 70
times smaller than MTBE’s, thus TBA readily transfers from NAPL to water
(Schmidt et al., 2004). TBA’s recalcitrant characteristics and its’ affinity for water
have made TBA remediation in groundwater challenging. The success and
degree of TBA degradation varies dramatically between studies, strongly
suggesting that site-specific conditions largely impact the fate and breakdown of
TBA in the subsurface (Schmidt et al., 2004).
The United States Environmental Protection Agency (EPA) does not have
Maximum Contaminant Level (MCL) TBA in drinking water, but multiple states
have implemented regulations and clean up goals for TBA in the subsurface
(Wilson and Adair, 2007). Although MTBE and TBA are not regulated by the
EPA, MTBE has been listed on the EPA’s drinking water Contaminant Candidate
List (CCL) since 1998, and as of 2001 public water systems serving most of the
population have been required to monitor MTBE. MTBE has been the subject of
health risk assessments and research by the National Center for Environmental
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Assessment (NCEA) since the late 1980s and non-regulatory guidelines on
levels of MTBE contamination that would affect the taste and odor of drinking
water have been developed by the EPA’s Office of Water (EPA, 2009, 2012). In
contrast, TBA, a known animal carcinogen, is not regulated, monitored, or listed
on the EPA’s CCL (EPA, 2009; Schmidt et al., 2004).
Aerobic degradation of MTBE and TBA is well documented (Deeb et al.,
2000; Steffan et al., 1997), but anaerobic degradation is observed irregularly and
is less understood. The breakdown of fuel oxygenates varies between sites,
suggesting it is dependent on site-specific conditions. Although TBA degradation
has been observed under most anoxic conditions, no anaerobic pure cultures
capable of TBA or MTBE degradation have been isolated, and anaerobic
degradation pathways are unknown. Furthermore, TBA degradation has never
been demonstrated under methanogenic conditions (Schmidt et al., 2004).
In laboratory microcosm studies, in which anaerobic TBA degradation is
reported, dominant terminal electron-accepting processes (TEAPs) are often
suggested, but it is difficult to unambiguously determine significant TEAPs due to
the presence of various electron acceptors, at unknown concentrations, in the
aquifer material. Microcosm studies are also limited by the culturability of various
microbes and the extent to which the native environment can be mimicked in a
laboratory setting.
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Microbial community composition is inevitably different between sites, and
investigating each site’s unique microbial ecology may provide insight into the
types of microbes and processes involved in the complete degradation of TBA.
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CHAPTER THREE
OBJECTIVES AND APPROACH

Goal
The goal of this research is to provide insight into potential anaerobic
degradation pathways of TBA and highlight microbial groups that might be
involved in the breakdown of TBA in the subsurface, by comparing the microbial
communities present at sites where TBA-degradation has been observed versus
sites were TBA contamination persists in the subsurface. Statistical analysis of
taxonomic and functional profiles (STAMP) software was used to assess
biological importance of microbial signatures of 16s DNA extracted from
groundwater and soil core samples from TBA-contaminated sites.

1. Metagenomic sequencing of 16s DNA fragments via massively parallel
next-generation Illumina MiSeq technology.
i.

Extract genomic DNA from homogenized soil and filtered
groundwater samples.

ii.

PCR amplify purified genomic DNA using Illumina MiSeq tagged
primer pairs.

iii.

Normalization of DNA for Illumina Miseq sequencing.

2. Statistical analysis of environmental 16s sequencing.
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i.

Taxonomic classification of 16s amplicon reads in Illumina
BaseSpace application.

ii.

Compare sequences from various samples using STAMP software.
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CHAPTER FOUR
MATERIALS AND METHODS

Sample Preparation for Sequencing
Anaerobic groundwater and soil core samples were obtained from TBAcontaminated sites across the nation. The sites were operationally defined as
either TBA-degrading or non-degrading, based on previous groundwater
monitoring data. Samples from sites where natural attenuation of TBA has been
observed were classified as TBA-degrading, and samples from sites where TBA
concentrations persist at constant levels were defined as non-degrading. Sample
classification can be found in Appendix A.
Soil samples were homogenized and then DNA was extracted using
FastDNA® Spin Kit for Soil, per manufacturer's instructions (Ferrand et al.,
2014). Prior to DNA extractions soil core samples were thoroughly homogenized
by vigorous shaking in large mason jars for at least 5 minutes. 500 mg of
homogenized soil from each sample was then added to a sterile Lysing Matrix E
tube, along with 978 μl of Sodium Phosphate Buffer and 122 μl of MT Buffer. The
tubes were beadbeated for 40 seconds to lyse the cellular material, exposing
genomic DNA. The tubes were centrifuged for 10 minutes to pellet debris; and
the supernatant was transferred into clean 2.0 ml microcentrifuge tubes. 250 μl of
Protein Precipitate Solution (PPS) was added and each tube was inverted 10
times to mix. The samples were centrifuged for 5 minutes to precipitate the pellet,
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and the supernatants were transferred into clean 15 ml Eppendorf tubes and 1.0
ml of resuspended Binding Matrix solution was added. The tubes were then
rotated by hand for 2 minutes, allowing binding of the DNA to the matrix, and
allowed to settle in a rack for 3 minutes. 500 μl of supernatant was discarded, the
Binding Matrix was resuspended in remaining supernatant, and then added to
spin filter tubes. The tubes were centrifuged for 1 minute and the flow throughs
were discarded. 500 μl of SEWS-M solution was added to each spin filter and
centrifuged for 1 minute. The flow through was discarded. The tubes were
centrifuged for 5 minutes without any additional liquid and allowed to air dry for 5
minutes in a rack on the bench top. DNA was eluted in clean microcentrifuge
tubes by adding 50 μl of EB Buffer and centrifuging for 1 minute. Water samples
were vacuum filtered using permeable cellulose filters, and DNA was then
extracted from the filters using the same method described above.
Once extracted, the DNA from each sample was PCR amplified using
Illumina MiSeq tagged primer pairs. Three, previously published, Illumina tagged
16s primer pairs, two bacterial and one archaeal, were used. Primer and tag
sequences can be found in Appendix B. Three different primer pairs were used to
decrease sequencing bias. Two bacterial 16s primer pairs, 341F/785R and
338F/907R, were used to comprehensively generate metagenomic data that truly
represented the entire bacterial community. Both primer pairs have been
reported to attain high overall bacterial coverage with reliable accuracy
(Klindworth et al., 2012). Using two sets of primers enhanced the dataset in
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multiple ways. First, it reduced the possibility of excluding certain bacteria that
may not be ideally amplified using a particular primer pair. It also provided more
compelling evidence of potentially significant microbial groups if the pattern was
present in the data from both of the primer pairs. Only one archaeal primer pair,
Arch 349F/519R, was used, because archaea are less defined than bacteria and
are typically less prevalent in the subsurface.
PCR amplification of each sample was checked via agarose gel
electrophoresis, and repeated if unsuccessful. Once successfully amplified,
QIAquick® PCR Purification Kit was used, per manufacturer’s instructions, to
purify the 16s DNA fragments. Buffer PB was added to the PCR sample in a ratio
of 5:1 and mixed, in order to remove any mineral oil or kerosene from the
sample. Each mixture was then pipetted into the provided QIAquick spin column,
and centrifuged for 1 minute to bind the DNA. The flow-through was discarded
and the column was washed with 750 μl Buffer PE. The DNA was then eluted in
50 μl EB buffer.
DNA concentrations of each sample were measured with a Qubit
fluorometer, using HS dsDNA Assay Kit (Invitrogen, Carlsbad, CA, USA), per
manufacturer's instructions. The DNA concentrations in each sample were
normalized to 30 ng/μl with a final volume of 10 μl for Illumina MiSeq
Sequencing. The normalized samples were given to the Clemson University
Genomics Institute (CUGI) to be sequenced. Once sequencing was complete,
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the trimmed sequences were uploaded to my Illumina BaseSpace account from
CUGI.
Sequence Analysis
The normalized DNA concentrations for each sample were sequenced via
next-generation, massively parallel, high throughput Illumina MiSeq Sequencing.
Taxonomic classification of the 16s amplicon reads was accomplished using the
Illumina BaseSpace 16s Metagenomics application. BaseSpace employs a highperformance algorithm to assign identification to each sequence using an
Illumina-curated version of the GreenGenes Taxonomic Database (Illumina,
2014). The data were segregated by primer pair used and aggregate 16s
Metagenomic sample analyses were performed in BaseSpace for all the data
associated with each primer pair. BaseSpace generated aggregate summary
reports for the samples amplified with each primer pair. Each aggregate
summary report included seven Microsoft Excel files: Kingdom-, Phylum-, Class-,
Order-, Family-, Genus-, and Species-Level Aggregate Results. Each Excel file
contained the direct counts of abundance for each sample at the given taxonomic
level.
The data compiled using BaseSpace were organized in Microsoft Excel
and analyzed via STAMP (Parks et al., 2014). The Excel files generated by
BaseSpace were organized in Excel by changing the abundance counts to
percent compositions and replacing the plate well number with the sample ID.
The organized Excel files were saved as text documents (tsv) files to be
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compatible with the STAMP software. For STAMP analysis, a group metadata tsv
file was also generated in Excel that operationally defined each sample as being
either TBA-degrading or non-degrading. The STAMP software employed a onesided White’s non-parametric statistical t-test with a Benjamini-Hochberg FDR
correction factor to identify statistically significant differences in the community
composition and relative abundances between the defined parameters. In
STAMP, data were generated in accordance with the following set parameters: a
q-value filter greater than 0.05, an effect size less than 0.5 and an effect size
filter of the difference between proportions. Using these parameters, STAMP
generated graphical figures of the significant variations between the degrading
and non-degrading groups.
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CHAPTER FIVE
RESULTS AND DISCUSSION

The metagenomic sequence data from TBA-degrading sites versus TBA
non-degrading sites were compared at the order, family, and genus taxonomic
levels. Microbial analysis, focusing on those three levels of taxonomic hierarchy,
produced comprehensive datasets. The sequence data from broader taxonomic
levels (i.e. kingdom, phylum, class) are too general, classifying microorganisms
with significantly varying characteristics into the same groups, to be used to
produce meaningful relationships within the data. Species-level in-depth analysis
was also not ideal for the scope of this research because it is too specific.
Different species of bacteria, within the same genus, are very closely related and
likely share many of the same characteristics and metabolic pathways. While
closely-related microbes may be involved in TBA-degradation, the exact species
present likely varies between sites, and such microbial signatures would be
excluded if examining species-level sequencing data. Species-level sequence
data are also inherently less accurate than higher taxonomic ranks for a few
reasons. Most microbes have not been fully described at the species-level, and
due to fast generation time and giant population size, DNA sequences -even
within a single species- change fairly often due to typical mutations and
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horizontal gene transfer, so it is difficult to accurately assign species identification
based on fragments of 16s sequences.
The following figures were generated in STAMP and highlight statistically
significant differences of microbial groups found between TBA-degrading and
non-degrading sites. The following extended error bar charts were created in
STAMP using input files that were arranged by percent composition of each
sample. Although the DNA concentrations, in each sample, were normalized
before Illumina sequencing, human error and instrument limitations made it
impossible to achieve perfectly identical DNA concentrations in every sample, but
this was corrected for in the downstream analysis. Microbial community
composition was represented as a percentage of the total sequence data in each
sample, not as direct counts of abundance, which eliminated the potential for a
sample that simply contained more DNA sequences to be overrepresented and
skew the data.

Bacteria Sequence Data
I will first discuss the data generated from the two primer pairs that
targeted bacterial 16s gene sequences. Figure 5.1 highlights the significantly
different bacteria present in the TBA-degrading versus non-degrading samples
using the 341F/785R primer pair at the order-level, and Figure 5.2 examines the
same relationship but using the 338F/907R primer pair.
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Figure 5.1 Order-level extended error bar chart for TBA-degrading versus nondegrading samples from the 341F/785R primer pair sequence data

Figure 5.2 Order-level extended error bar chart for TBA-degrading versus nondegrading samples from the 338F/907R primer pair sequence data

The colored asterisks on the left side of Figures 5.1 and 5.2 highlight
some potentially important bacterial orders. The red asterisks denote orders of
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sulfate-reducing bacteria (SRB), which were found to be more abundant at sites
where TBA-degradation has been observed than sites where TBA concentrations
persist. The blue asterisks mark the bacterial orders that were more prevalent in
TBA-degrading samples from both sets of primer pairs. Bacteroidales, tagged
with the purple asterisks, were found to represent larger portions of the nondegrading bacterial communities in the data produced from both sets of primer
pairs.
Figure 5.3 highlights the significantly different bacteria present in the TBAdegrading versus non-degrading samples using the 341F/785R primer pair at the
family-level, and Figure 5.4 examines the same relationship but using the
338F/907R primer pair.
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Figure 5.3 Family-level extended error bar chart for TBA-degrading versus nondegrading samples from the 341F/785R primer pair sequence data
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Figure 5.4 Family-level extended error bar chart for TBA-degrading versus nondegrading samples from the 338F/907R primer pair sequence data
Desulfobulbaceae, marked with the red asterisks, is still dominant in TBAdegrading samples, at the family-level, from both primer pair data. The green
asterisks denote families that were more abundant, at the order-level, in the TBAdegrading samples using both primer pairs, but are now only significant in the
338F/907R primer pair data. It should be noted that Desulfobacteraceae was
surprisingly slightly more abundant in the non-degrading samples amplified using
the 338F/907R primer pair, but the abundance of other families of SRB were still
more dominant in the TBA-degrading samples. The blue asterisks denote the
bacterial families that were more prevalent in TBA-degrading samples, and the
purple marks the families that were more abundant in non-degrading samples,
from the data generated by both sets of primer pairs.
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Figure 5.5 highlights the significantly different bacteria present in the TBAdegrading versus non-degrading samples using the 341F/785R primer pair at the
genus-level, and Figure 5.6 examines the same relationship but using the
338F/907R primer pair.
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Figure 5.5 Genus-level extended error bar chart for TBA-degrading versus nondegrading samples from the 341F/785R primer pair sequence data
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Figure 5.6 Genus-level extended error bar chart for TBA-degrading versus nondegrading samples from the 338F/907R primer pair sequence data
Desulfobulbus, marked in red, is still dominant in the TBA-degrading
samples from both data sets. The green asterisks denote genera that were more
abundant, at the order-level, in the TBA-degrading samples using both primer
pairs, but are now only significant in the data from one primer pair. It should be
noted that Desulforhopalus was more abundant in the non-degrading samples
amplified using the 338F/907R primer pair, which was unexpected, because
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Desulforhopalus is a genus within the Desulfobulbaceae family which has been
more dominant in TBA-degrading samples at the other taxonomic levels, but
Desulfobulbus is also part of the Desulfobulbaceae family, and is significantly
more abundant in TBA-degrading samples. Genera marked by the black
asterisks are supposedly significant genera, but the data from the two primer
pairs disagree about which group (TBA-degrading or non-degrading) it is
dominant in. The blue asterisks denote the bacterial genera that were more
prevalent in TBA-degrading samples, and the purple marks the genera that were
more abundant in non-degrading samples, in the data generated by both sets of
primer pairs.
Figures 5.1 through 5.6 show the statistically significant groups of bacteria
in the microbial communities present at sites where TBA-degradation has
occurred and sites where TBA persists at constant concentrations in the
subsurface, and can be used to identify microbial signatures that might be
associated with anaerobic TBA degradation in the subsurface. I will discuss
some of those groups in further detail and highlight potentially important microbial
signatures associated with anaerobic TBA-degradation in the subsurface.
First, I would like to point out the genus Hydrogenophaga, seen in Figures
5.5 and 5.6 as being more prevalent in TBA-degrading site samples. The
Hydrogenophaga genus is composed of Gram-negative aerobes, and a pure
culture of a Hydrogenophaga flava species, capable of growing on MTBE or TBA
as the sole carbon source, has been isolated and described (Hatzinger et al.,
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2001). My data support the previously published claims of Hydrogenophaga
species involvement in the breakdown of TBA. Although it is encouraging that my
data highlighted a known TBA-degrading microbe, aerobes were not the target of
this research project. The samples analyzed here were collected from anaerobic
subsurface environments, but it is not unusual that aerobic DNA was present in
the samples. Unlike RNA, which is less stable than DNA, and is produced only by
metabolically active members of the microbial community, environmental DNA
can be contributed by active, inactive, and even dead bacteria (Rettedal et al.,
2015). Therefore, the Hydrogenophaga DNA found in my samples could be
attributed to TBA-degrading Hydrogenophaga bacteria that were active in the
oxic regions of the soil, near the anoxic zone. Tables containing the percent
composition of each sample can be found in Appendix B. Groups of
microorganisms that did not comprise at least 5% of the sequences in any
sample were classified as “other.” Sequences from close to a thousand different
genera were present in the samples, so condensing the infrequent groups
together was necessary in order to generate intelligible tabulations that depicted
most of the members comprising each microbial community. Although the least
abundant groups were termed “other” in the tables in Appendix C, the data used
in the STAMP analyses were not condensed in such a fashion. The “other”
category was only used for the Tables in Appendix C, because the abundance of
a given microbial group does not convey its metabolic significance within the
community. Although members of the Hydrogenophaga genus were statistically
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significantly more abundant in TBA-degrading samples, compared to nondegrading samples, members of the genus represented less than 1% of the
sequences from any given sample, except for sample 6, as shown in Tables C.3
and C.6 in Appendix C.
Hydrogenophaga is a genus within the β-proteobacteria class, and is not
the only β-proteobacteria associated with MTBE and TBA degradation. The βproteobacteria class is comprised of aerobes and anaerobes that span a range of
degradation pathways. One of the most extensively studied aerobic MTBEdegrading bacterial isolates is the β-proteobacteria strain PM1, which was first
isolated by Hanson et al. (1999). Although MTBE-degradation by PM1 has been
described multiple times (Deeb et al., 2000, 2001), PM1’s ability to degrade TBA
has not yet been studied. In addition to Hydrogenophaga, members of
Oxalobacteraceae, a family also within the β-proteobacteria class, were found to
be more abundant in TBA-degrading samples as shown in Figures 5.3 and 5.4.
These findings support previously published results and suggest that βproteobacteria deserve to be further investigated as a class of bacteria that are
potentially capable of TBA-degradation in the subsurface (Key et al., 2013).
β-proteobacteria are not the only class of proteobacteria listed in the
above Figures as being positively correlated with sites where TBA-degradation
occurs. Alpha- and delta-proteobacteria were also found to be associated with
TBA-degrading samples.
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Caulobacterales, an order of α-proteobacteria, were found to be dominant
in samples from TBA-degrading sites, as shown in Figures 5.1 and 5.2. Figures
5.5 and 5.6 also identified Rhodoplanes, a genus of Rhizobiales, as being more
abundant in TBA-degrading samples. Rhizobiales is an order of bacteria within
the α-proteobacteria class, and is comprised of nitrogen-fixing bacteria. Previous
studies have also associated α-proteobacteria with TBA-degradation (Wei and
Finneran, 2011; Zhuang et al., 2005) and TBA-degradation has been
demonstrated under denitrifying conditions (Bradley et al., 2001, 2002). Using
amplified ribosomal DNA restriction analysis (ARDRA), Wei and Finneran (2011)
reported a clone, most closely related to α-proteobacteria, as being as dominant
bacterial group in anaerobic TBA-degrading incubations. Unlike the Illumina
sequences used in this study, ARDRA does not produce DNA sequences, but
rather assigns identity based on patterns generated through a series of restriction
enzyme digests. While ARDRA analysis can provide valuable insight in microbial
community composition, it is difficult to definitively assign identity with extreme
confidence and accuracy, due to some limitations that are inherent to the
process, including misidentification of species with similar restriction sites and
previously undescribed organisms can only be defined as being closely related to
a characterized organism available in the database. The results reported by Wei
and Finneran (2011) are reliable on their own, but are fortified by the sequencebased data, which also identified α-proteobacteria is being more prevalent at
TBA-degrading sites, generated in this study.
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The data in this study also highlighted a positive correlation between TBAdegradation and members of the Delta-proteobacteria class that have been
associated with TBA and MTBE previously (Key et al., 2013). As shown in Tables
5 and 6, members of the Geobacter and Desulfobulbus genera are among the
genera that are significantly more abundant at sites where TBA-degradation has
been observed. Geobacter and Desulfobulbus species are genera within the δproteobacteria class. Ferric iron-reducers comprise the Geobacter genus, and
the Desulfobulbus genus consists of sulfate-reducers. Multiple publications
provide evidence of TBA and MTBE degradation under iron- and/or sulfatereducing conditions (Busch-Harris et al., 2008; Somsamak et al., 2001), but Key
et al. (2013) specifically identified Geobacter and Desulfobulbus species as being
associated with MTBE and TBA degradation. Key et al. (2013) utilized DNAstable isotope probing (SIP) to track MTBE and TBA biodegradation and identify
members of indigenous microbial communities that are involved in the
biodegradation of MTBE and TBA in the subsurface. SIP technology allows
specific atoms to be tracked as the compound breakdown. The study performed
by Key et al. (2013) utilized 13C labeled MTBE and TBA to track the fate of
specific carbons during mineralization. A variety of microorganisms incorporated
the 13C from the labeled MTBE and TBA into their DNA, confirming their ability to
actively degrade the particular compound. The groups of anaerobic bacteria,
reported by Key et al. (2013), to be involved with TBA-degradation are
concurrent with my results. Key et al. (2013) suggested the involvement of δ-
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proteobacteria, specifically iron- and sulfate-reducing members, in the anaerobic
biodegradation of TBA. Furthermore, Key et al. (2013) identified sequences to
the genera Geobacter and Desulfobulbus, with 100% similarity. It is very
encouraging that my data agrees so closely with the results reported by Key et
al. (2013), and were achieved using two distinct methods employing very
different sequencing techniques. Not only did the research done by Key et al.
(2013) involve the use of stable isotopes, but it also utilized a clone-based
sequencing approach with amplicons ranging from 1350-1400 basepairs in
length. In contrast, the methods used for my research project were completely
culture- and clone-independent, and the fragments of DNA sequenced via
Illumina MiSeq were about a third of the length, at around 500 basepairs long.
Although my data have drawn some noteworthy correlations between
intrinsic TBA-degradation capability and indigenous bacterial groups, not all the
statistically significant bacterial groups highlighted in the above figures provide
convincing results. For example, in Figures 5.1 and 5.2, the bacterial order
Dehalococcoidales is more prevalent in the TBA-degrading samples, but in
Figure 5.6, members of Dehalococcoides, a genus within the Dehalococcoidales
order, are more abundant in non-degrading samples. This underscores the
necessity of future investigative research, and the importance of examining the
entire data set for correlations that are consistent throughout the various
taxonomic levels and primer pairs, before drawing convincing conclusions about
potential TBA-biodegradation ability.
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Archaeal Sequence Data
In addition to the two bacterial primer pairs, each sample was also PCR
amplified with a pair of 16s primers designed to specifically target archaea.
Figure 5.7 is analogous to Figures 5.1 and 5.2, but corresponds to the
sequences obtained from the archaeal primer pair. Figure 5.7 highlights the
archaeal orders that have statistically significant differences in abundance in
TBA-degrading versus the non-degrading samples. The extended error bar
charts for the Archaeal sequence data at the family- and genus-levels can be
found in Appendix D. The archaeal data will only be discussed in detail at the
order-level for a couple reasons. Archaea only comprise a small portion of
microbial communities (under typical environmental conditions), so it is a much
smaller (and more manageable) dataset than the bacterial sequences and
generated less noteworthy results. There are also some flaws with the archaeal
data.
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Figure 5.7 Order-level extended error bar chart for TBA-degrading versus nondegrading samples from the Archaeal primer pair sequence data
There are some obvious flaws with the archaeal data that decreases its
credibility. First and foremost, the blue asterisks in Figure 5.7 denote bacterial –
not archaeal – orders. It is unusual and unexpected that so many sequences
amplified with the archaea-specific 349F/519R primer pair were identified as
bacteria. Arch 349F/519R is a widely used and well published 16s archaeal
primer pair. It is reported to be the best universal archaeal primer to use for
Illumina sequencing, with an overall coverage of 76.8% and 0.0% compatibility
with bacterial strains. Although 76.8% may seem low, not relative to other
universal archaeal primers- only 12 published archaeal primer pairs have an
overall coverage greater than 70%. A challenge when trying to access the
archaeal community is that archaea are not as well studied as bacteria and
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therefore the reference database used to assign identity to environmental
sequences is lacking, this could have contributed to many of the sequences
being misidentified as bacteria. Another potential drawback is that archaea are
typically smaller than bacteria and the region of their 16s gene that is the most
compatible with a forward and a reverse primer is a relatively short fragment of
DNA (about 185 bp long) to sequence and assign identity (Klindworth et al.,
2012). I hypothesize that the sequences that were classified as bacteria in Figure
5.7 were actually DNA from archaea that have not yet been described, so their
DNA sequences are not in the reference database, and since the amplicon is so
short it can be matched to a 200 bp string of nucleotides within the 16s gene
sequence of some bacteria within the database- the 16s rRNA gene sequence is
about 1,550 bp long in bacteria (Clarridge, 2004).
Due to the misidentified bacterial orders, I am wary that the four actual
archaeal orders represented in Figure 5.7 are accurate. The only group of
archaea that is prevalent in TBA-degrading samples are Nitrososphaerales,
which consists of ammonia oxidizers. Not surprisingly, the methanobacteriales
are more abundant at sites where TBA-degradation has not been observed. TBA
is widely believed to be a dead-end product of MTBE degradation under
methanogenic conditions (Schmidt et al., 2004; Bradley et al., 2001, 2002).
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CHAPTER SIX
CONCLUSIONS AND FUTURE WORK

My research contains a broad metagenomic analysis of anaerobic
microbial communities at TBA-contaminanted sites and compares the
compositions of the communities indigenous at sites where TBA-degradation has
occurred and sites where TBA concentrations persist. The data presented here,
in conjunction with the relevant literature, have identified groups of
microorganisms that warrant further research as potentially being involved in the
anaerobic biodegradation of TBA in the subsurface. Some of the most compelling
groups for further investigation include various groups of proteobacteria,
nitrogen-cycling bacteria, and sulfate- and iron-reducers with a particular
emphasis on members belonging to the Desulfobulbus and Geobacter genera,
respectively. In the literature, there are many conflicting results regarding
anaerobic biodegradation of TBA, particularly in microcosm studies, but my
research eliminated the unpredictability associated with culture-dependent
analysis, and instead utilized microbial communities, lacking intrinsic TBAdegrading abilities, to investigate and identify characteristics unique to microbial
communities capable to mineralizing TBA in the subsurface.
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Appendix A
Sample Classification

Table A.1: Sample Identification Key for Groundwater Samples
Sample Sample Name
Number

Sample
Source

TBA-Degrading (D) or
Nondegrading (N)

1

R-28AS

ARCADIS

D

2

T-4

ARCADIS

D

3

R-28AM

ARCADIS

D

4

R-25AM

ARCADIS

D

5

R-43AD

ARCADIS

D

6

R-69AM

ARCADIS

D

7

R-69AD

ARCADIS

D

8

M-5

ARCADIS

N

9

R-49AS

ARCADIS

N

10

R-50AS

ARCADIS

N

11

R-51AS

ARCADIS

N

12

R-77AS

ARCADIS

N

13

RW-114

ARCADIS

D

14

R-52AS

ARCADIS

N

15

MW-18A

UC Davis

D
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Table A.2: Sample Identification Key for Soil Core Samples
Sample
Number

Sample Name

Sample
Source

Sample
Depth (ft)

TBA-Degrading (D) or
Nondegrading (N)

16

Petaluma, CA

UC Davis

--

D

17

SB-PZ-2A

API

3-5

N

18

SB-PZ-2A

API

5-6

N

19

SB-PZ-2A

API

6-7

N

20

SB-PZ-2A

API

7-8

N

21

SB-PZ-2A

API

8-9

N

22

SB-PZ-2A

API

9-10

N

23

SB-G1-A

API

3-5

D

24

SB-G1-A

API

5-6

D

25

SB-G1-A

API

6-7

D

26

SB-G1-A

API

7-8

D

27

SB-G1-A

API

8-9

D

28

SB-G1-A

API

9-10

D

29

SV-1

ARCADIS

10

D

30

SV-2

ARCADIS

10

D

31

SV-3

ARCADIS

10

D
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Appendix B
Primer Sequences

Table B.1: Primer Sequences with Illumina Tags Highlighted in Yellow
Primer

Sequence

341F

5’- TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG -3'

785R

5’- GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC -3’

338F

5’- TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGACTCCTACGGGAGGCAGC -3'

907R

5’- GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCCGTCAATTCCTTTGAGTTT-3’

Arch349F

5’- TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGYGCASCAGKCGMGAAW -3'

Arch519R

5’- GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGGTDTTACCGCGGCKGCTG -3'
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Appendix C

Percent Composition per Sample
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48

Table C.1: Percent Composition of Each Sample at Order-Level Using 341F/785R Primer Pair
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Table C.1 Continued: Percent Composition of Each Sample at Order-Level Using 341F/785R Primer Pair

50

Table C.2: Percent Composition of Each Sample at Family-Level Using 341F/785R Primer Pair
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Table C.2 Continued: Percent Composition of Each Sample at Family-Level Using 341F/785R Primer Pair
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Table C.3: Percent Composition of Each Sample at Genus-Level Using 341F/785R Primer Pair
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Table C.3 Continued: Percent Composition of Each Sample at Genus-Level Using 341F/785R Primer Pair
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Table C.4: Percent Composition of Each Sample at Oder-Level Using 338F/907R Primer Pair
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Table C.4 Continued: Percent Composition of Each Sample at Oder-Level Using 338F/907R Primer Pair

56

Table C.5: Percent Composition of Each Sample at Family-Level Using 338F/907R Primer Pair
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Table C.5 Continued: Percent Composition of Each Sample at Family-Level Using 338F/907R Primer Pair
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Table C.6: Percent Composition of Each Sample at Genus-Level Using 338F/907R Primer Pair

59

Table C.6 Continued: Percent Composition of Each Sample at Genus-Level Using 338F/907R Primer Pair

60

Table C.7: Percent Composition of Each Sample at Order-Level Using Arch 349F/519R Primer Pair

61

Table C.7 Continued: Percent Composition of Each Sample at Order-Level Using Arch 349F/519R Primer Pair

62

Table C.8: Percent Composition of Each Sample at Family-Level Using Arch 349F/519R Primer Pair

63

Table C.8 Continued: Percent Composition of Each Sample at Family-Level Using Arch 349F/519R Primer Pair

64

Table C.9: Percent Composition of Each Sample at Genus-Level Using Arch 349F/519R Primer Pair
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Table C.9 Continued: Percent Composition of Each Sample at Genus-Level Using Arch 349F/519R Primer Pair

Appendix D

Archaeal Extended Error Bar Charts

Figure D.1 Family-level extended error bar chart for TBA-degrading versus nondegrading samples from the Archaeal primer pair sequence data

Figure D.2 Family-level extended error bar chart for TBA-degrading versus nondegrading samples from the Archaeal primer pair sequence data
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