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ABSTRACT

The extensive use of tetrachloroethylene (PCE) and trichloroethylene (TCE) as
cleaning solvents has resulted in widespread contamination of groundwater systems with
vinyl chloride (VC). VC, a known human carcinogen, is primarily formed in
groundwater via incomplete anaerobic reductive dechlorination of PCE and TCE.
Aerobic, methane-degrading bacteria (methanotrophs), which are capable of VC
cometabolism while growing on methane, could be important in natural attenuation of
VC plumes that escape anaerobic treatment. Real-time PCR (qPCR) represents an
innovative approach for detecting and quantifying the presence and activity of these VC-
degrading microbes. Immediate applications of this technique include use in a laboratory
setting to help elucidate the potential bacterial-substrate interactions occurring in the
subsurface environments at these contaminated sites; interactions that could ultimately
affect the role of methanotrophs in VC degradation. This technique could also provide
lines of evidence for natural attenuation of VC, thus support existing anaerobic
bioremediation technologies that generate VC as a metabolic intermediate.

In this work, we evaluated several PCR primer sets from the literature for use in
methanotroph qPCR assays of groundwater samples. PCR primers targeting two
functional genes involved in VC cometabolism, pmoA (sub-unit of particulate methane
monooxygenase (pMMO)) and mmoX (sub-unit of soluble MMO (sMMO)), as well as
16S rRNA gene primers that targeted Bacteria, and Type I and Type II methanotrophs
were tested. These assays were made quantitative by constructing standard curves with
DNA from Methylococcus capsulatus (Type 1) and Methylocystis sp. strain Rockwell
(Type II). Primer sets were evaluated by comparing gene abundance estimated against
known amounts of Type I and Type II methanotroph DNA. After primer validation, an
effort to substantiate this methanotroph qPCR method was made by attempting to

investigate methanotroph populations in groundwater samples from VC-contaminated



sites. Some samples studied were also subjected to 16S rRNA gene pyrosequencing,
allowing for relative abundance comparisons with qPCR analyses.

Following our primer assessment experiments, effective primer sets were used to
estimate the presence of methanotrophs at environmental sites in Soldotna, Alaska; Naval
Air Station Oceana, Virginia Beach, Virginia; and Carver, Massachusetts. Results
showed that methanotrophs were present in nearly all wells sampled from all
environmental sites. Estimations of methanotroph relative abundance in environmental
samples were determined by comparing the Type I and Type 1I primer estimates to those
of the 16S universal primers. Methanotrophs in these groundwater samples ranged from
0.2% to 6.6% of the total bacterial population. Pyrosequencing analysis of the same
samples showed methanotroph relative abundances that ranged from 1.7% to 54%. In
groundwater samples where both DNA and RNA was extracted, the quantities of
functional gene transcripts per gene copy was compared, revealing that the
transcripts/gene ratio for both pmoA and mmoX was less than one, implying relatively
low methanotroph activity. Analysis of mmoX environmental sample dissociation curves
revealed a double peak, indicating possible non-specific PCR products.

Our data suggests that most of the qPCR primer sets used in the environmental
samples adequately detect methanotrophs, though the mmoX primers need to be further
validated. These primer sets will be useful for supporting VC bioremediation strategies
by providing a rapid, convincing, and cost effective alternative the enrichment culture
technique currently employed. Comparison of qPCR and pyrosequencing analysis
revealed biases in either one, or both techniques. Finally, our preliminary
transcripts/gene data suggests that the methanotrophs at the Carver site are not actively

expressing pMMO and sMMO genes above basal levels.
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CHAPTER 1
INTRODUCTION

Vinyl chloride (VC), a known human carcinogen [1] and common groundwater
contaminant [2], is often generated in groundwater by incomplete reductive
dechlorination of the widely used chlorinated solvents tetrachloroethylene (PCE) and
trichloroethylene (TCE), also common groundwater contaminants [2]. PCE and TCE, as
well as their daughter products dichloroethylene (DCE) and VC, are key contaminants of
concern. Anaerobic reductive dechlorination is a promising biotechnology for
remediation of PCE- and TCE-contaminated groundwater, but the potential for
production of a mobile VC plume by this process represents a threat to public health if
the VC plume migrates, or could migrate, into drinking water source zones. At some
sites, VC will escape the anaerobic zone and enter aerobic groundwater, forming dilute
plumes. Aerobic groundwater zones are typically low in organic carbon content, which
limits the use of natural attenuation strategies that rely on the generation of reducing
conditions in the aquifer. However, VC is often observed to readily degrade in aerobic
groundwater [3, 4]. It seems likely that microorganisms are responsible for the observed
aerobic attenuation of VC. The formation of methane and ethene under anaerobic
conditions that may comigrate into aerobic zones along with VC can potentially
contribute to cometabolic VC oxidation by methanotrophic bacteria [5]. Methanotrophs
are characterized by their ability to use methane as their sole carbon and energy source
[6]. Active remedial strategies involving cometabolism of VC by methane-degrading
bacteria are currently being developed. One potential strategy involves injection of
methane and oxygen into a dilute VC plume to stimulate growth of the methanotrophs
and subsequent cometabolic oxidation of VC. However, to effectively implement these
remedial strategies it is important to know if methanotrophs are present in the aquifer.

The presence or absence of methanotrophs is currently measured with enrichment culture



techniques that involve taking a groundwater sample and mixing it with a nutrient
containing media. The sample is then amended with methane and oxygen and monitored
for methane degradation with an accompanied increase in turbidity indicating microbial
growth. This analysis works well, but typically requires 15-30 days to complete. A
variety of molecular biology tools (e.g. real-time PCR) for quantifying the abundance of
methanotrophs, which can degrade VC cometabolically, in environmental samples have
been developed [7, 8]. As a result, there is now the opportunity to apply this knowledge
to site cleanup. The aim of this study was to develop quantitative molecular biology
techniques for assessing the presence and activity of VC-degrading methanotrophs that
would be rapid, convincing, and more cost effective than current practices. Previous
reports of real-time PCR assays for methanotrophs [7, 8] will be the starting point for this
study. The proposed techniques, when coupled with rate studies, will improve the ability
to evaluate, demonstrate and measure natural and enhanced attenuation of dilute VC
plumes. The resulting improved VC bioremediation approach would thereby improve
decision making, save time, and ultimately, reduce the life cycle costs for remediation of

dilute VC plumes.

Specific Objectives:
» Develop and validate real-time PCR techniques that can quantify both the
presence and activity of methanotrophs in environmental samples
Perform literature review to find methanotroph qPCR primers
Construct standard curves using literature primers and DNA from pure cultures

Optimize standard curves characteristics

vV V V VY

Validate primer sets by using them to quantify known amounts of methanotroph
genomic DNA

» Validate qPCR technique at sites where VC remedial efforts are ongoing



CHAPTER 2
BACKGROUND AND LITERATURE REVIEW

Vinyl Chloride Presence and Degradation in

Groundwater Systems

Sources of VC, ethene, and methane

Vinyl chloride (VC) is a known human carcinogen [1] that has been demonstrated
to cause cancer in humans and experimental animals [9, 10]. VC is a common
groundwater contaminant [2] and poses a cancer risk to exposed populations through
either ingestion of contaminated drinking water or inhalation during showering [11, 12].
Due to its toxicity and carcinogenicity, the US EPA has set the maximum contaminant
level for VC in drinking water at 2 ppb [13]. VC’s presence in the environment can be
attributed to both natural and anthropogenic sources [14]. Although 95% of VC
production occurs during the rendering of polyvinyl chloride (PVC), its widespread
presence in groundwater is predominately attributed to the extensive use of chlorinated
ethenes [15]. Tetrachloroethylene (PCE), the main constituent of dry cleaning fluid, and
trichloroethylene (TCE), a widely used industrial metal degreaser, also common
groundwater pollutants [2], are among the parent compounds responsible for VC
contamination [16]. Once spilled into the environment, PCE and TCE leach into aquifers
where they subsequently induce anaerobic conditions. Once the aquifers turn anaerobic,
the indigenous microbial populations readily dehalogenate PCE and TCE to produce VC
[16-18]. In contrast to PCE and TCE, VC exhibits a diminished capacity for reductive
dechlorination due to its already relatively reduced state [18]. Consequently, VC tends to
accumulate in anaerobic aquifers [19-21] and, in some cases, has been detected at
concentrations of more than 12 mg/liter in groundwater contaminated with PCE and TCE
[22]. However, in most cases VC plumes are found at concentrations below 1 mg/L and

are difficult to remediate at these dilute concentrations. In addition to VC, ethene and



methane are also likely to be present at these contaminated sites [23]. Ethene, a plant
hormone commonly found in the environment [24] and a product of reductive
dechlorination (Figure 1), and methane, a compound produced under methanogenic
conditions in anaerobic environments [25], are important molecules involved in the
biotransformation of VC to carbon dioxide (CO,) [26-28]. Once in the environment,

there are several options for both reductive and oxidative biodegradation of VC.
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Figure 1: Sequential reduction of PCE by anaerobic reductive dechlorination [23].



Reductive Dechlorination of PCE, TCE, and VC

Reductive dechlorination is a microbially mediated process in which bacteria use
chlorinated compounds as the terminal electron acceptor in their electron transport chain
and sequentially remove chlorine atoms from the core carbon molecule (Figure 1) [29].
Certain environmental conditions must prevail in order for a contaminated site to support
this process. First, the site must contain microorganisms capable of degrading
chlorinated ethenes. For PCE and TCE, many bacteria in the genera Dehalobacter,
Desulfomonile, Desulfitobacterium, and Dehalococcoides have been identified that are
able to perform reductive dechlorination (Table 1); however, Dehalococcoides is

currently the only genera able to dechlorinate past cDCE [30-35].

Table 1: Characteristics of major genera of bacteria capable of reductive dechlorination

[29].
Electron Donor Electron Acceptor Product Ot., PCE
Reduction
Dehalobacter H, PCE, TCE DCE
H,, formate,
Desulfomonile pyruvate, lactate, PCE DCE
benzoate
. . H,, formate, Chlorophenols,
Desulfitobacterium pyruvate, lactate PCE TCE
Dehalococcoides H,, lactate PCE, TCE Ethene

The oxidation-reduction (redox) capacity of an aquifer is also an important
consideration. The redox capacity of a contaminated site is important because it
determines microbial energetics and, consequently, the likelihood of reductive
dechlorination occurring. The most common method of assessing groundwater redox

conditions is by monitoring native terminal electron acceptors (TEAs). The traditional



TEAs are oxygen, nitrate, manganese, iron, sulfate, and methane [36]. Because oxygen is
the most energetically favorable, theoretically it should be the first TEA consumed
followed by nitrate, manganese, iron, sulfate, and methane, respectively. However,
although there is usually a dominant TEA being used in any one location in an aquifer,
there is always overlap due to the presence of microenvironments that can support the use
of multiple TEAs [37]. As these TEAs are consumed sequentially, the aquifer becomes a
more reduced environment (Figure 2). In order for the reductive dechlorination of PCE
and TCE to occur, the redox conditions must be at least sulfate reducing [36]. Table 2
and Table 3 demonstrate conditions under which reductive dechlorination would be both

favorable and unfavorable.

(oxidative/aerobic) O, > NO3 > Mn > Fe’* > SO42' > CH;, (reductive/anaerobic)

Figure 2: Common terminal electron acceptors found in groundwater. TEAs are arranged
in order from most oxidative to most reductive.

In order for reductive dechlorination to occur, a contaminated site must also have
an ample source of primary growth substrate (i.e. carbon source, electron donor). This is
an important condition for the following reasons: (1) the presence and consumption of an
abundant carbon source can drive an aquifer anaerobic and, consequently, provide the
redox conditions that support reductive dechlorination; (2) Because the microbial redox
reactions must balance, the total mass of chlorinated ethenes degraded by the microbial
population is determined by the amount of carbon available for oxidation. When a
carbon source becomes exhausted, reductive dechlorination will cease and highly
chlorinated compounds will not be dechlorinated. Although the subsurface of some
contaminated sites contain naturally occurring organic carbon that is used as the electron

donor and carbon source of these microbes, anthropogenic organic carbon sources (i.e.



vegetable oil and acetate for remedial purposes) are much more common. The ideal

electron donor for these contaminated sites is hydrogen (H). Since there are no carbon

atoms associated with the H, molecule, when H; is used as an electron donor an organic

carbon source, such as acetate, is also needed [29]. Hydrogen concentrations of 1 nM can

support reductive dechlorination [36]. Table 2 and Table 3 list geochemical conditions in

which reductive dechlorination of TCE is both favorable and unfavorable.

Table 2: Example groundwater conditions that would be strongly indicative of anaerobic
biodegradation (reductive dechlorination) of chlorinated organics [23].

Concentration in Most

Analyte
Contaminated Zones
Dissolved Oxygen 0.1 mg/LL
Nitrate 0.3 mg/L
Iron (II) 10 mg/L
Sulfate 2 mg/L
Methane 5 mg/L
Oxidation-Reduction Potential -190 mV

Chloride

PCE (released)

TCE (none released)
c¢DCE (none released)

VC (none released)

3 times background
1,000 pg/L
1200 pg/L
500 pg/L

20 pg/L




Table 3: Example groundwater conditions that would be unfavorable for anaerobic
biodegradation (reductive dechlorination) of chlorinated organics [23].

Concentration in Most

Analyte
Contaminated Zones

Dissolved Oxygen 3 mg/L
Nitrate 0.3 mg/L
Iron (II) Not Detected
Sulfate 10 mg/L
Methane Not Detected
Oxidation-Reduction Potential +100 mV
Chloride background
PCE (released) 1,000 pg/L
TCE (none released) 1200 pg/L
c¢DCE (none released) Not Detected
VC (none released) Not Detected

The final condition necessary for reductive dechlorination is the absence of
competing electron acceptors. Because chlorinated ethenes act as electron acceptors
during reductive dechlorination, the native geochemical compounds, such as oxygen,
nitrate and iron, become competitors in the electron transfer processes that generate
energy for microorganisms. For this reason, reductive dechlorination will not occur in

the presence of oxygen, nitrate or ferric iron [36].



Oxidative Degradation

Anaerobic Oxidation

Oxidative degradation of chlorinated hydrocarbons can occur in both anaerobic
and aerobic environments. The tendency of chlorinated ethenes to undergo oxidation
increases as the number of chlorine substituents associated with each molecule decreases
[18]. As aresult, oxidation of vinyl chloride can occur under anaerobic conditions, if a
sufficiently strong oxidant is available to drive microbial degradation [30]. In this
situation, it becomes energetically favorable for some microorganisms to use VC as the
electron donor to oxidize various possible TEAs. Rapid anaerobic biodegradation of VC
contaminants has been observed under Fe(Ill)-reducing conditions [30], humic acid-
reducing [38], Mn(IV)-reducing [39], SO42'—reducing [38], and methanogenic conditions
[32, 38, 39]. In all these cases, experimental results showed evidence of VC and DCE
oxidation to CO,. Microorganisms capable of anaerobic VC and cDCE oxidation seem to
occur at many sites, and are active under a variety of terminal-electron-accepting
conditions; however, there is no known microorganism able to oxidize VC or cDCE

anaerobically for growth [40].

Aerobic Oxidation

Aerobic oxidation, typically a microbially mediated process, is a chemical
reaction in which one substance is combined with oxygen in a reaction catalyzed by
oxygenase enzymes. Many of these oxygenase enzymes have a broad substrate range and
are capable of fortuitously oxidizing chloroethenes. The oxidation of chloroethenes
yields an unstable chlorinated epoxide intermediate that will spontaneously degrade to
one of several chloroacetic acids, such as dichloroacetic acid [40, 41]. These chloroacetic
acids are soluble in water and will slowly degrade to CO,, chloride, and water.

Microorganisms capable of oxidizing VC as a carbon and energy source are said

to be metabolic oxidizers of VC. One class of microorganisms capable of such oxidation



10

are known as the etheneotrophs. Etheneotrophic bacteria consume ethene as their
preferred carbon and energy source, yet are capable of growth on VC after extended
incubations with the substrate as the sole carbon and energy source [42, 43]. Conversely,
methanotrophic bacteria, which are bacteria that consume methane as their sole carbon
and energy source, are capable of only cometabolic VC oxidation. Cometabolic
oxidation of VC by methanotrophs is a process by which the oxidation of VC is
fortuitous and only occurs in the presence of the growth substrate, methane. Sustained
oxidation of VC at dissolved oxygen (DO) concentrations of less than 0.02 mg/L has
been reported [37].

Where an environmental pollutant does not support microbial growth, aerobic
cometabolism offers a biological method for the removal of the pollutant from the
contaminated environment. This approach to bioremediation is particularly appropriate
for chlorinated solvents and related compounds when other methods (such as reductive
dechlorination) are less likely to result in the complete mineralization of the target

compound.

Methanotrophs

Methanotrophs are distinguished from other microorganisms by their ability to
utilize methane (CHy4) as their sole carbon and energy source [6]. With the exception of
the genus Methylocella [44], aerobic methanotrophic bacteria are unable to grow on
substrates containing carbon-carbon bonds. These microorganisms, which play a key
role in the global carbon cycle by controlling anthropogenic and natural emissions [45,
46] of CHa4, and which have been widely used for bioremediation of chlorinated solvents
[47-49], occur ubiquitously [46, 50, 51] and are capable of growth in many diverse
environments. Methanotrophs have been isolated from such environments as the air, the
tissues of higher organisms, soils, wetlands, freshwater and marine sediments and water

columns, sewage sludge, groundwater, rice paddies, and peat bogs [46, 50-52]. Although
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moderate pH (5-8) and temperature ranges (20-35 °C) are advantageous growth
parameters for most known methanotrophs [46], extremophiles have also been
discovered. Psychrophilic (growth < 15 °C) [53, 54], thermophilic (growth > 40 °C) [55,
56], alkaliphilic (growth at pH> 9.0) [57], and acidophilic (growth at pH < 5) [51, 58]

methanotrophs have been successfully isolated from the environment.

Particulate and Soluble Methane Monooxygenase

Despite their diversity, the general pathway by which CHy is oxidized to CO; is
remarkably similar between the diverse genera of methanotrophs, particularly in the
initial oxidation of CH4 to methanol via monooxygenase enzymes. For this conversion,
two forms of methane monooxygenase have been found: a particulate, membrane-bound
form (pMMO) and a soluble, cytoplasmic form (sMMO). Particulate MMO, located in
the cytoplasmic membrane, has been reported in all methanotrophs except for the genus
Methylocella [59], while sSMMO, located in the cytoplasm, is found only in some
methanotrophs [60]. It has been discovered that, for methanotrophs possessing both
forms of MMO, copper (Cu) plays a key role in the gene regulation and enzymatic
activity of pMMO and sMMO [61, 62]. For instance, a Cu-to-biomass ratio greater than
5.64 mmolCu g protein has been shown to inhibit SMMO activity [63].

The sMMO is a well characterized, three component enzyme consisting of a
hydroxylase, a reductase, and a regulatory protein (Figure 3). The catalytic center of this
enzyme, which contains a unique di-iron site, has a broad substrate range including TCE,
DCE, and VC [52]. The well-studied biochemistry of sMMO has revealed that the
hydroxylase component of this enzyme is composed of three subunits. The a, 3, and y-
subunits, approximately 54 kDa, 42 kDa, and 22 kDa, respectively, constitute one
monomer of the enzyme. The hydroxylase is then formed when two monomers combine
yielding a dimer protein with the structure (afy), [52, 64] (Figure 3). The sMMO

operon, which occurs in a single copy in the genome of M. capsulatus (Bath) [65],
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contains six genes that code for the hydroxylase a, B, and y-subunit (mmoX, mmoY,
mmoZ), the reductase enzyme (mmoC), and the regulatory protein (mmoB) [66]. The
purpose of the sixth gene in the operon, orfY (mmoD), is unknown but it is thought to

play a role in assembly of the unique di-iron center of the sSMMO enzyme [67].

Figure 3: (a) The crystal structure of sMMO’s hydroxylase component. The a-subunit is
shown in red, the B-subunit in blue, and the y-subunit in green. Iron atoms are
shown as purple spheres [64]. (b) The crystal structure of the pMMO
subunits. PmoB is shown in magenta, pmoA is shown in yellow, and pmoC is
shown in blue. Three copper ions are shown (cyan), and one zinc ion is shown

(grey) [68].

In contrast to sMMO, little is known about the molecular properties of pMMO;
however, it is understood that this enzyme consists of three, integral-membrane,
polypeptide subunits (affy) and has a catalytic center containing copper. The a, B, and y-
subunits, approximately 45 kDa, 26 kDa, and 23 kDa, respectively, constitute one
monomer of the enzyme (Figure 3). The pMMO is then formed when three monomers
combine yielding a trimer protein with the structure (afy); [68] (Figure 3). The pMMO
operon, which occurs in duplicate copies in Methylococcus capsulatus Bath,

Methylocystis sp. strain M, and Methylosinus trichosporium OB3Db [6], contains three
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genes that code for the a, B, and y-subunit (pmoB, pmoA, pmoC) [69]. Degradation
kinetics rates for TCE, DCE, and VC by either sMMO or pMMO-expressing

methanotrophs is shown in Table 4.

Type I and Type II Methanotrophs

Despite their diversity, methanotrophic bacteria share several characteristics that
allow them to be classified as either a Type I or a Type II methanotrophs (Figure 4).
Type I methanotrophs, which fall under the Gamma subdivision of Proteobacteria,
typically have intracytoplasmic membranes throughout the cell that occur as bundles of
vesicular disks, utilize the ribulose monophosphate (RuMP) pathway (Figure 5) for
carbon assimilation, and have signature phospholipid fatty acids that are 4 and 16 carbons
in length. Type II strains, which fall under the Alpha subdivision of the Proteobacteria,
typically have intracytoplasmic membranes that are aligned along the periphery of the
cell, utilize the serine pathway for carbon assimilation (Figure 6), and have signature
phospholipid fatty acids 18 carbons in length [6]. Based on 16S rRNA gene sequence
analyses, Type I methanotroph genera include Methylobacter, Methylococcus,
Methylomicrobium, Methylomonas, Methylocaldum, Methylohalobius, Methtyhlothermus,
Methylosarcina, Methylosoma, and Methylosphaera [46, 55, 70-75]. Type Il
methanotroph genera include Methylocystis, Methylosinus, Methylocella, and
Methylocapsa [46, 58, 76-78]. Although the majority of known methanotrophs fall
within the Proteobacteria phylum, some have been isolated and characterized that group
within the Verrucomicrobia phylum [56, 79, 80]. A summary of methanotrophs and their

characteristics can be found in Table 5, Table 6, and Table 7.



Table 4: Kinetics of halogenated hydrocarbon degradation by methanotrophs known to be expressing either sMMO or pMMO [6].

sMMO-expressin% cells : pMMO-expressing cells :

Vmax (nmol min® k1 (mL min® Vmax (nmol min® k1 (mL min®
Compound Ks (uM) mg p(rotein ) mgf protein™ Ks (1M) mg érotein ) mg( protein™
Methane 92 726 7.9 19 450 25
Vinyl Chloride 160 2100 13 26 42 1.6
trans-Dichloroethylene 148 662 4.5 42 61 1.5
cis-Dichloroethylene 30 364 12.1 0.8 0.12 0.15
1,1-Dichloroethylene 5 12 24 2.5 0.23 0.092
Trichloroethylene 145 580 4 7.9 4.1 0.52

14!
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Figure 4: Pathways for oxidation of methane and assimilation of formaldehyde. This
figure shows substrate metabolism by methanotrophs to demonstrate both
their common and distinguishing metabolic features. Formaldehyde plays a
central metabolic role as an intermediate in catabolism and anabolism.
Abbreviations: CytC, cytochrome c; FADH, formaldehyde dehydrogenase;
FDH, formate dehydrogenase [46].

3 Ribose-5-phosphate 3 HCHO
e Hexulose-6-phosphate
T synthase
Rearrangement reactions 3 Hexulose-6-phosphate
T l Hexulose phosphate
isomerase

5 Gyceraldehyde-3-phosphate «———— 3 Fructose-6-phosphate

1 Glyceraldehyde-3-phosphate

CELL MATERIAL

(3HCHO + ATP — GLYCERALDEHYDE-3-PHOS + ADP)

Figure 5: RuMP pathway for formaldehyde fixation. The unique enzymes of this
pathway, hexulose-6-phosphate synthase and hexulose-phosphate isomerase,
are indicated [46].
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Figure 6: Serine pathway for formaldehyde fixation. The enzymes of this pathway,
serine hydroxymethyl transferase, hydroxypyruvate reductase, malate
thiokinase, malyl coenzyme A lyase, are indicated [46].

Phylogenetic relationships between methanotrophs are commonly examined using
16S rRNA and pmoA sequence data. Figure 7 and Figure 8 show general phylogenetic
trees for methanotrophs based on 16S and pmoA sequences, respectively. The 16S and
pmoA sequences are the target genes of this research and, thus, these trees will be
important in predicting primer bias and quantification accuracy of the quantitative

polymerase chain reaction method.

Methanotrophic Bioremediation of VC

The ability of methanotrophs to cometabolize VC is well established [81] and
attributed to the nonspecific nature of both pMMO and sMMO. Comparatively, sSMMO
is much more non-specific with respect to potential substrates than pMMO [6]. Although
CH, is the preferred substrate of both enzymes, sSMMO and pMMO will bind and oxidize
chlorinated hydrocarbons [6, 82]. Oxidation of VC by MMOs results in the formation of

chlorooxirane, an epoxide intermediate (Figure 9). Chlorooxirane is a very unstable
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Figure 7: Phylogenetic relationships between known methanotrophs based on 16S rRNA gene sequences using MEGA4. The tree was

constructed using the neighbor-joining method with 1304 positions of 16S rRNA gene. The bootstrap consensus tree was

inferred from 500 replicates. Evolutionary distances were computed using the maximum composite likelihood method. The
scale bar indicates 0.02 base substitutions per site [6].
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Figure 8: Phylogenetic relationships between known methanotrophs based on deduced PmoA sequences using MEGA4. The tree was
constructed using the neighbor-joining method with 101 amino-acid positions. The bootstrap consensus tree was inferred
from 500 replicates. Evolutionary distances were computed using the PAM Dayhoff matrix. The scale bar indicates 0.1

amino-acid substitutions per site [6].

81



Table 5: Methane monooxygenase characteristics of methanotrophic genera within Gammaproteobacteria [6].

Characteristic Methylobacter Methylococcus Methylomicrobium Methylomona Methylocaldum
pMMO + + + + +
sMMO - + - - -
Characteristic Methylohalobius  Methtyhlothermus Methylosarcina Methylosoma, Methylosphaera
pMMO + + + + +
sMMO - - - - -
Table 6: Methane monooxygenase characteristics of methanotrophic genera within Alphaproteobacteria [6].

Characteristic Methylocystis Methylosinus Methylocapsa Methylocella
pMMO + + + -

sMMO Varies between species + - +

61



Table 7: General characteristics of known families of methanotrophs [6].

Characteristic
Phylum Gammaproteobacteria  Alphaproteobacteria Alphaproteobacteria Verrucomicrobia
Family Methylococcaceae Methylocystaceae Beijerinckaceae Methylacidiphilaceae
Methylobacter,
Methylococcus,
Methylomicrobium,
Methylomonas,
Methylocaldum, .
Genera Methylohalobius, %Zzy ézgsgs’ %Zzy égizll?c’l Methylacidiphilum
Methtyhlothermus, Y Y P
Methylosarcina,
Methylosoma,
Methylosphaera,
Crenothrix, Clonothrix
RuMP pathway + - - -
Serine pathway - + + +
pMMO + + Varies between species +
sMMO Varies between species  Varies between species  Varies between species -

0¢
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compound with a half-life of less than two minutes in aqueous solutions [83]. Due to its
instability, after formation the epoxide is quickly transformed via spontaneous reactions
or microbially mediated processes [84]. Methanotrophic degradation of VC will only
occur in the presence of O, due to the fact that they are obligate aerobes [52]. Oxygen
must also be present because it is the reactant molecule inserted into VC. Furthermore,
since the process is cometabolic, and since nearly all known methanotrophs are non-
facultative [44], methane must also be present in groundwater systems for VC oxidation
to occur. Consequently, methanotrophic oxidation of VC is thought to occur at the
anaerobic/aerobic interfaces of contaminated aquifers where VC, CH4 and O, are all
present [28, 85].

It is known that oxidation of chlorinated hydrocarbons will negatively affect
methanotrophic growth for several reasons. First, these pollutants compete with CH4 for
the MMO binding site and, because the pollutant oxidation reaction is fortuitous, inhibit
the microbes’ ability to ascertain energy. Furthermore, the oxidation of VC consumes
vital reducing equivalents needed for microbial growth, and the formation of toxic
epoxide by-products adversely affects microbial health [83]. Experimental results have
shown that methanotrophs expressing SMMO are capable of degrading pollutants at much
faster rates than cells expressing other MMOs [86], yet cells expressing pMMO are able
to survive more readily in the presence of chlorinated ethenes, and can actually degrade
more of these compounds at high concentrations [87, 88]. The pMMO results are likely
due to the greater specificity of pMMO for CH, and the subsequent slower rates of
pollutant transformation to more toxic products. Thus, these findings suggest that

pMMO may play a greater role in in sifu environmental remediation of VC.

Possible Methanotroph/Ethenotroph Interactions
Etheneotrophs are aerobic, ethene-degrading bacteria that are capable of both

fortuitous and growth-linked VC oxidation [89]. Methane and ethene are often present at
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Figure 9: Transformation of vinyl chloride to chlorooxirane [90]

many VC contaminated sites as they are also produced during anaerobic reductive
dechlorination of chloroethenes. Their ubiquity suggests that methanotrophs [5] and
etheneotrophs [42, 84] could play major roles in oxidative VC degradation in
groundwater. Although it is likely that the substrates of these two microorganisms
interact, the extent and effects each substrate has on these microbes is not well
understood. Microcosm studies using contaminated sediments have shown that in the
presence of ethene and VC, methane consumption is inhibited [28]. These results would
imply amensalism between the two microorganisms; yet, ethenotrophs possess the
necessary enzymatic pathways for degradation of the toxic epoxide intermediate that
result from methanotroph oxidation of VC [84]. This knowledge would suggest a
synergistic relationship. Furthermore, it has been shown that the chlorooxirane epoxide
intermediate stimulates etheneotrophic growth and VC degradation [91]; yet another
implication of commensalism. In order to elucidate the dynamics between each bacterial
population and the effects of their substrates on one another, a microcosm study
measuring changes in substrate concentrations as well as changes in the genomic and

transcriptional DNA and RNA levels of key enzymatic pathways is needed.

Quantitative Real-Time Polymerase Chain Reaction

End Point PCR Technology

Polymerase chain reaction (PCR) is a scientific technique in molecular biology

used to amplify small amounts of DNA across several orders of magnitude, generating
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thousands to millions of copies of a particular DNA sequence. The main components of
a PCR reaction are Taq polymerase enzymes, primers targeting a specific DNA sequence,
single nucleotide base pairs, and template DNA. Using this mixture, a DNA sequence
can be duplicated by cycling the reaction through several temperatures. Typically, the
temperature cycle consists of a 95 °C, a 60 °C, and a 70 °C step. During the 95 °C
process, double stranded DNA is denatured yielding two single strands of DNA. During
the 60 °C step, both primer and enzyme anneal to the single stranded DNA sequence of
interest. During the 70 °C process, elongation of the primer is executed by the
polymerase enzyme, yielding, at the end of the process, an exact duplicate of the targeted
DNA sequence. Theoretically, after each cycle the amount of targeted DNA in each
reaction should double. Under these theoretical circumstances, the PCR efficiency of the
reaction is said to be 100% [92].

Using the PCR technique, extremely small amounts of DNA (and RNA converted
into cDNA by reverse-transcription) can be amplified; however, this amplification
technique presents obstacles for accurately quantifying the initial amount of DNA or
cDNA in a sample. For example, assuming a 100% amplification efficiency, a PCR of
only 20 cycles amplifies the initial amount of DNA or cDNA over a million-fold. With
this enormous accumulation there is also potential for huge errors. Now consider a PCR
reaction that operates with an efficiency of 95%. In this instance, the original amount of
DNA or cDNA will only be amplified approximately 400,000-fold. That is a 60%
decrease in amplification compared to the reaction operating with 100% efficiency.
Therefore, accurate DNA quantification using the qPCR techniques requires that samples

have an amplification efficiencies as close to 100% as possible [92] .

Quantitative End Point PCR

Although it was one of the first techniques developed to quantify DNA, there are

major limitations associated with quantitative end point PCR (end point qgPCR). In end
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point gPCR, DNA (either genomic or cDNA derived from RNA) is amplified for a
discrete number of cycles and the resulting products are then subjected to analysis.
Typically, the products are visualized through agarose gel electrophoresis and ethidium
bromide staining (Figure 10). This is both time consuming and not reliably quantitative.
Examination of a PCR amplification plot (Figure 11) shows the reaction going through
exponential and linear phases in which the PCR is initially not limited by enzymatic
activity or substrates. Eventually, the enzyme activity and/or nucleotide substrates
become limiting or exhausted. At this point, the reaction reaches a plateau and,
theoretically, all of the samples will reach the same total amount of amplified DNA. This
obscures any difference in initial DNA or cDNA abundance. Also, by quantifying PCR
products at the end of the reaction after a high number of cycles, any small difference in
reaction efficiencies between samples is magnified. For these reasons, the use of the end

point qPCR for quantitative analysis is inappropriate [92].

Quantitative Real-Time PCR

The standard for quantitative PCR (qQPCR) has become real-time qPCR, which
avoids many of the pitfalls of end point gPCR; however, real-time qPCR also has its own
caveats [92]. The major difference between real-time PCR and endpoint PCR is the
addition of a fluorescence dye to the reaction mixture that binds to DNA and,
consequently, emits a fluorescent light. This fluorescent light is then measured after
every temperature cycle by a thermocycling instrument. Typical fluorescence
measurements for a real-time qPCR assay are shown in Figure 11. While end point
gPCR requires that PCR products be detected and quantified after completion of the 40-
cycle reaction, real-time qPCR technology allows quantification of PCR products in “real
time” during each PCR cycle, yielding a quantitative measurement of PCR products
accumulated during the course of the reaction. The real-time PCR approach requires less

DNA than end point assays and can more accurately quantity small differences in sample
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Figure 10: Visualization of end point PCR products via agarose gel electrophoresis and
ethidium bromide staining.
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Figure 11: Amplification plot of a real-time qPCR assay showing the exponential, linear,
and plateau stages of PCR amplification. This amplification plot also
demonstrates that with each additional PCR cycle the mass of DNA in each
reaction increases and, subsequently, so also does the amount of fluorescent
light emitted by each reaction.
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DNA concentrations [92].

SYBR Green Technology

Real-time reactions are carried out in a thermocycler that permits measurement of
fluorescence emitted from a detector molecule. One such detector molecule, SYBR
Green, is an intercalating dye that fluoresces upon binding to double-stranded DNA.
Following primer-mediated replication of the target sequence during PCR, molecules of
SYBR Green bind to the product and emit a strong fluorescent signal that is easily
detected [92]. As a result, the amount of fluorescence emitted by the SYBR Green dye is
directly related to the mass of DNA present in the PCR reaction. Thus, after every cycle
of a PCR reaction containing SYBR Green, the mass of DNA in the reaction increases
and, consequently, the amount of fluorescent light emitted by the detector molecules also
increase.

Intercalating dyes are inexpensive, simple to use and, because they are not
sequence-specific, can be used for any reaction. However, because these molecules do
not discriminate between gene sequences, it is possible for non-specific PCR products
and primer dimer artifacts to contribute to the fluorescence detection captured by the
thermocycling instrument [92], ultimately resulting in inaccurate quantification of sample
target DNA. Non-specific PCR products are sequences produced when primers bind
non-specifically to template DNA that is not the targeted sequence of interest. Primer
dimer artifacts occur when weak interactions between primer pairs cause binding and
amplification of short PCR products called primer dimers [93].

To ensure that neither primer-dimers nor non-specific PCR products are
contributing to sample quantifications, a dissociation curve is required when using SYBR
Green. A dissociation curve is produced at the end of a real-time PCR cycle by ramping
up the temperature in each reaction tube by small increments and, after each temperature

increase, measuring the florescence emitted from a specific reaction. At a certain
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temperature, the PCR products produced during the 40-cycle amplification process will
denature causing the fluorescence in that reaction to drastically decrease. Due to the
chemistry of DNA, double-stranded nucleotides will separate at specific temperatures
based on their exact sequence. Thus, if neither primer-dimers nor non-specific PCR
products are being produced, then there will only be one DNA sequence present in a
given PCR reaction. Consequently, the resulting dissociation curve for that reaction will
only show a single peak temperature (Figure 12). However, if there are non-specific
products being produced, then multiple DNA sequences will be present in the PCR
reaction and the resulting dissociation curve will show several peak temperatures, each
corresponding to a different PCR product sequence. Therefore, when using SYBR Green
as a detection method in real-time qPCR, it is very important that the dissociation curve

show only one peak.

. Temperature (C)

Figure 12: Ideal dissociation curve for a qPCR reaction. As demonstrated by the single
peak temperature of the dissociation curve, this PCR reaction only contained
PCR products from the targeted DNA sequence. Primer dimers and non-
specific PCR products were not formed during this reaction.
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Quantitative Real-Time PCR Standard Curves

For absolute quantifications, a DNA standard curve of the gene of interest is
required in order to calculate the number of copies. In this case, a serial dilution of a
known amount (number of copies) of pure DNA is diluted and subjected to amplification.
Like a protein assay, the unknown signal is compared with the curve to extrapolate the

starting concentration. Figure 13 demonstrates a typical qPCR standard curve.
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Figure 13: Standard curve plot for a typical qPCR assay. The plot demonstrates that as
the standard concentration increases, the cycle at which the instrument is able
to measure fluorescence in that reaction is lowered.

Degenerate Primers and Primer Bias

Primer bias is a phenomenon that occurs during PCR when a primer binds and
amplifies certain sequences preferentially to others. This bias is attributed to differences
in primer binding energy. For example, if a primer has one mismatch base pair with a
target sequence, the amplification efficiency will be very low, and consequently, a large
bias in the amplification process will occur. To avoid this phenomenon, PCRs containing
multiple template sequences (such as those in environmental samples) should use a

degenerate primer. Degenerate primers are obtained by using a mixture of primers with



29

nucleotide sequences corresponding to various homologs of the target sequence.
Although degenerate primers lower the chance of primer bias, they do not eliminate the

phenomenon completely [94].

DNA, Proteins, and Messenger RNA Transcript

DNA is a linear, double-helical structure whose biological role is to carry
information, in the form of genes, which specify the chemical composition of proteins.
Proteins play an important role in the cell as active agents, such as enzymes, in cellular
processes. The first step taken by the cell to make a protein is to transcribe, or copy, a
DNA sequence into a complimentary single stranded RNA molecule known as messenger
RNA (mRNA). Messenger RNA is then used by ribosomes in the cell to synthesize
protein. Since mRNA is only present in cells when the protein is being synthesized, the
presence and abundance of these transcripts can be indicative of the enzymatic activity of
a cell. For this reason, mRNA transcripts pMMO and sMMO are of interest in this
research, as they will be able to demonstrate that methanotrophs are actively synthesizing
the pMMO and sMMO enzymes that are capable of VC oxidation. In the lab, mRNA
transcripts are converted to DNA by a process known as reverse transcription. The

product of mRNA reverse transcription is a DNA molecule known as cDNA [95].

Pyrosequencing

Pyrosequencing is a DNA sequencing technique that is based on the detection of
released pyrophosphate (PPi) during DNA synthesis. In a cascade of enzymatic
reactions, visible light is generated that is proportional to the amount of PPi released,
which in turn is proportional to the number of DNA nucleotides that are incorporated into
a sequence. The cascade starts with a nucleic acid polymerization reaction in which
inorganic PPi is released as a result of nucleotide incorporation by polymerase. The
released PPi is subsequently converted to adenosine triphosphate (ATP) by ATP

sulfurylase, which provides the energy to luciferase to oxidize luciferin and generate
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light. Because the added nucleotide is known, the sequence of the template can be
determined. Pyrosequencing can be used at contaminated sites to help elucidate the
microbial ecology of the pollutant degrading bacteria, as well as corroborate qPCR data

[96]. Figure 14 shows the reaction cycle of the pyrosequencing process.

DNA polymerase

TGCACCTTTAGACTGGCCG---
44— CTGACCGGC---

llNTl/'\*‘—* PPi
( ATP-sulfurviase \’

ATP
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k Light
Apyrase ‘_/

(wash)

Figure 14: Enzymes and process flow for pyrosequencing technique. Apyrase is an
enzyme that catalyzes the hydrolysis of ATP to adenosine monophosphate
(AMP). This step of the process ensures that leftover ATP from a previous
reaction will not falsely elevate light production in the next cycle [97].

Contaminated site info

Soldotna, Alaska

The River Terrace RV Park (RTRVP) site is located in Soldotna, Alaska, adjacent
to the Kenai River, a renowned sport fishing location on the Kenai Peninsula. From the
mid-1960s to the late 1980s, a dry cleaning facility operated at this site. Due to
inappropriate storage of the dry cleaning solvent PCE, the groundwater below this site
became contaminated with PCE [98].

The remedial strategy chosen at this site was bioremediation using Hydrogen

Releasing Compound (HRC). It was anticipated that the use of HRC would drive the
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aquifer anaerobic and promote reductive dechlorination of PCE to ethene prior to
migrating off site. HRC was injected in six phases at the site, in October 2000, June
2001, October 2003, August 2005, October 2006 and August 2009. After each injection,
groundwater monitoring showed a significant drop in PCE concentrations; however, it
was discovered that, although some ethene was generated, a majority of the reductive
dechlorination occurring at this site was stalling at the VC daughter product. This stall
resulted in the accumulation of VC in the groundwater system. In addition to the
generation of ethene and VC, the injection of HRC into the groundwater system also
resulted in the production of large amounts of methane [99]. The resulting VC plume,
containing methane, ethene, and VC, migrated towards the Kenai River where dissolved
oxygen is present. Since methane, ethene, oxygen and VC are present, Soldotna provides
an excellent environmental site where groundwater samples can be evaluated for the
presence of methanotrophs and their role in VC oxidation.

A series of C-radiotracer-based microcosm experiments were conducted in 2004
to assess, among other things, the products being generated by microbial dechlorination
of TCE, DCE, and VC in sediments at the River Terrace RV Park [100, 101]. In these
experiments, the mechanism of TCE biodegradation was primarily reductive
dechlorination to the reduced products, DCE and VC, whereas biodegradation of DCE
and VC involved net oxidation to CO2 [100]. This aerobic VC oxidation was measured
in microcosms contained sediment collected down gradient from MW6. This evidence
would suggest a possible role for oxidative degradation of VC by methanotrophs. Figure
15 shows the Soldotna contaminated site and the location of sampling wells tested in this
research. For more photos of the Soldotna site, see APPENDIX B: Figure B 1and

Figure B 2.

Naval Air Station Oceana, Virginia

Naval Air Station (NAS) Oceana, located in Virginia Beach, Virginia, was
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Figure 15: VC Contaminated groundwater site in Soldotna, Alaska. Monitoring wells 5, 6, 7, and 8 are near the rivers edge where
oxygen is present, and oxidative degradation is likely to occur [99].
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established in 1940 as a small auxiliary airfield. Since then, NAS Oceana has grown to
more than 16 times its original size and is now a 6,000-acre master jet base supporting a
community of nearly 20,000 Navy personnel and dependents. The operational growth of
this facility coupled with historical disposal of various maintenance and cleaning
chemicals, many of which contained TCE, resulted in VC contamination at the NAS
Oceana site. The area of contamination, located near solid waste management unit 2C
(SWMU 20C), has been and is currently being used for aircraft maintenance and cleaning.
Two areas of the SWMU 2C site, a north and a south plume, contained substantially
elevated levels of VC. Utilizing these two dilute VC plumes, a field study was conducted
which compare the outcome of aerobic and anaerobic enhanced bioremediation [102].
The remedial strategy for the north plume was aerobic degradation of VC.
Accordingly, Oxygen Releasing Compound (ORC) was injected into the contaminated
groundwater [103]. Although methane was not monitored in all of the north plume wells,
monitoring well 18 showed the presence of methane in its waters (Figure 16). The
remedial strategy for this plume, along with the presence of methane, made it an
interesting environmental site for this research. Since methanotrophs are aerobic
oxidizers of VC, the injection of oxygen in the presence of methane may be stimulating
these microbes to degrade VC. The remedial strategy for the south plume was anaerobic
degradation of VC. Accordingly, emulsified vegetable oil was used as an electron donor
to promote reductive dechlorination of VC. Results showed that the average VC
concentrations in the north plume area were reduced by 67%. For the south plume, the
average VC concentrations were reduced by 69% [103, 104]. Figure 16 shows the NAS

Oceana contaminated site and the location of sampling wells tested in this research.

Carver, Massachusetts

A landfill waste disposal facility, located in Carver, Massachusetts, is the site of

VC contamination that resulted from the dumping of polymer-concrete landing-strip
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Figure 16: VC Contaminated groundwater at Naval Air Station Oceana. Monitoring wells 18, 19, and 25 are in the north plume
aerobic treatment zone, where methanotrophs may be playing a role in VC degradation. The left hand side of the figure
illustrates the extent of the VC plume. The purple dots on the right hand side of the figure indicate the oxygen injection
points.
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materials from a local Air Force Base in the 1970’°s [105]. It was discovered later that the
polymer-concrete contained PCE. Disposal of the polymer in the landfill caused
groundwater contamination with PCE and a subsequent VC plume. The remedial
strategy chosen at this site was bioremediation using direct injection of oxygen. It was
anticipated that the supplemental oxygen would stimulate aerobic degradation of VC.
The remedial strategy for this plume, along with the presence of methane at this site [106,
107], made it an ideal environmental location for this research. Since methanotrophs are
aerobic oxidizers of VC, the injection of oxygen in the presence of methane may be
stimulating cometabolic degradation of VC by these microbes. Figure 17 shows the

Carver contaminated site and the location of sampling wells tested in this research.



1SOCLIne2  ISOC Line 1 &
— 100
80
2002 7
(o ive site B0 i
ol 50
completed. 40 ﬁ
Seplember 2008 *PCE degraded to mainly VG in a0
- 2003 through 2006 robic landfill lsachals
Fiurlurrug_rnu?nns‘t_oﬂal In-situ bioremediation phased in anag i plume A" T ?g
g property at h e = Datached stabla ~30 ppb plume 400 tons of PCE containing
boundary and attenuated to two d,;"“dm”“ ﬁ"hlmu' 'mi“'d' b migrating at ~0.5 fiday with concrete mlalr:;ia"l disposed in e §0,
small aneas with max VC oxygen and sthene delivery groundwater flow demalition la & 20
concentrations of ~Sppb »VC plume expected to migrate ""‘%::jg
up 1o 150 years at concentrations — 3
>2 ppb standard without treatment
Groundwaltar
Conceptual Site Mode! ] seno [ Fomer Pume o Crou
1IS0C B
™ B residual Pume Monitoring Well B0 i
September 2008 Lines Line
[] croundwater

Figure 17: VC Contaminated groundwater in Carver, Massachusetts [107]. The presence of methanotrophs in monitoring wells 46 D,
521, 58 1, and 64 I was evaluated in this research.
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CHAPTER 3
MATERIALS AND METHODS

Chemicals and Growth Media

Methane (99.995%) was from Airgas, and all other chemicals were reagent grade
or better. One liter of minimal salts medium (MSM) was prepared as follows: 0.95 g
KH,POy, 2.27 g K;HPOy, 0.67 g (NH4)SOy4 per liter of deionized water. MSM was
autoclave sterilized at 121 degrees Celsius (°C) for 30 minutes. One liter of trace metals
solution (TMS) was prepared as follows: 60 g MgS0O4*7H,0, 6.37 g EDTA (Nay(H,0),),
1 g ZnSO4*7H,0, 0.5 g CaCl,*2H,0, 2.5 g FeS0O4*7H,0, 0.1 g NaM004*2H,0, 0.1 g
CuSO4*6H;0, 0.2 g CoCl,*6H,0, 0.52 g MnSO4*H,0 per liter of deionized water. TMS
was not autoclaved and was stored at 4°C in a foil wrapped container to prevent

photodegradation.

Bacterial Strains, Culture Conditions,
and Cell Line Maintenance

Two species of methane oxidizing bacteria, Methylococcus capsulatus (ATCC
33009, Type I methanotroph) and Methylocystis sp. strain Rockwell (ATCC 49242,
Typell methanotroph), were used in this study. Methanotroph cultures were grown in
modified 1 liter Erlenmeyer flasks containing MSM (250 mL, Figure 18), filter-sterilized
TMS (500 pL), and filter-sterilized methane (60 mLs). Polyvinylidene fluoride (PVDF)
filters from Millpore (Millex, 0.22 um) were used for filter sterilizations. M. capsulatus
cultures were incubated at 37 °C while Methylocystis sp. cultures were grown at room
temperature (RT, ~25°C). Both cultures were agitated on a circular shaker operating at
200 revolutions per minute (rpm). For cell line maintenance, frozen stocks were made of
each bacterial strain. When cultures reached mid-exponential growth phase, they were
pelleted via centrifugation (5 min, 5000 rpm), resuspended in either MSM or

MSM/glycerol (50% MSM, 50% glycerol), and stored at -80°C. M. capsulatus required
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the added glycerol while Methylocystis sp. strain Rockwell did not. To revive the
Methylocystis cell line, thawed frozen-stock was added directly to fresh media. Due to
the presence of glycerol in the M. capsulatus frozen stocks, it was necessary to wash
them twice in sterile MSM before cells could be added to growth media. A single wash
step consisted of the following: (1) resuspending frozen stock in 25 mLs sterile MSM, (2)

pelleting cells in centrifuge (5 min, 5000 rpm), (3) removing supernatant.

Figure 18: Modified Erlenmeyer flasks used to culture methanotroph bacterium.

DNA Extraction from Pure Cultures and
Sterivex Filters

DNA was extracted from methanotroph pure cultures using the MO BIO Ultra
Clean Soil DNA kit (MoBio, #12800-50) according to the manufacturer’s protocol or
using a previously reported bead-beating extraction method [42] with the cells grown on
MSM and methane (0.44 mg/mL) instead of trypticase soy agar and glucose (TSAG).

DNA extracted from pure cultures was used as a template in endpoint PCR procedures.
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Removal of genomic DNA from Sterivex filters was performed using the MO BIO
PowerSoil DNA extraction kit and a modified manufacturer’s protocol, as earlier reported
[89], or using the MO BIO PowerWater DNA extraction kit according to the
manufacturer’s protocol. The modified PowerSoil protocol increased DNA yield by
43% [89] as compared to the un-altered PowerSoil protocol [42].

To monitor DNA losses during the extraction process, a Luciferase gene control
was used. Luciferase is used as an external gene control because it is a very rare gene
only found in fireflies, therefore, it would not be mistaken for any other gene in the
methanotroph genome. After genomic DNA or RNA is removed from the sterivex filter,
7.5x107 copies of the Luciferase gene were added to each environmental sample. At the
end of the extraction process, the copies of Luciferase gene were measured using a gPCR
standard curve (as described in Real-time PCR Procedures Section), and a percent
recovery was calculated. That percent recovery was then used to adjust gene abundance
calculations from environmental samples [108]. For more information regarding the use
of Luciferase percent recoveries to calculate gene abundance see Real-time PCR

Procedures Section.

End Point PCR Procedures

PCR mixtures (50 uL) contained 25 pL of Qiagen HotStart PCR Master Mix, 2
um of each primer, and 100 ng of template DNA. The thermocycling protocol consisted
of one cycle at 95°C (5 min), 55°C (1 min), 72°C (30 sec), followed by 40 cycles of 94°C
(1 min), 55°C (1 min), 72°C (30 sec), and concluded with a final extension cycle (72°C,
10 min). Agarose gel electrophoresis was used to visualize the PCR products, which
were then purified using the Qiagen PCR purification kit (#28104). DNA concentrations
were measured on a Qubit fluorometer (Invitrogen) using the Quanti-IT dsDNA BR assay
(Invitrogen). Selected PCR products were used as the template for gPCR standard

curves.
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Real-time PCR Procedures

Real-time PCR was performed by the DNA Facility at the University of lowa
using an ABI 7000 Sequence Detection System (Applied Biosystems). Each assay
consisted of a 3 stage process. Stage 1: 1 cycle of 95°C for 10 min (DNA denaturing),
stage 2: 40 cycles of 95°C (15 sec, denaturation step) and either 60°C for 1 min
(annealing, elongation, and data collection), and stage 3: a PCR product dissociation
curve. For construction of the dissociation curve, the temperature inside each reaction
was increased in small intervals (0.3 — 0.4°C) from 65-95°C. After each temperature
increase, fluorescence in each reaction well was measured and plotted (for more
information on dissociation curves see SYBR Green Technology Section). PCR mixtures
were prepared in 25 pL. volumes using 12.5 uL of Power SYBR Green PCR Master Mix
(Applied Biosystems), 100 nM to 800 nM of primer (as determined in qPCR Primer
Optimization Experiments), 2 uL of DNA template (DNA concentration varied 0.16 —
19.48 ng/ uL), and 400 ng/uL Bovine Serum Albumin (BSA; New England Biolabs).
Environmental samples may contain humic substances that can interfere with the PCR
process. BSA was added to alleviate this PCR inhibition [109, 110]. Standard curves
were constructed for each primer set using PCR products as template. The number of

gene copies per UL of PCR product was calculated by the following equation (Applied

Biosystems):
. (P9 23 (__bp
copies ~ [DNA concentration (ﬁ)] X [6.023 x 10 (m)]
ul : bp g 12 (@)]
[PCR product size (copy)] X [660 (mole bp)] X [10 g

Avogadro’s number is 6.023 x 10 molecules per 1 mole, and the average
molecular weight of double stranded DNA is 660 g/mole. ABI 7000 System SDS

Software (Applied Biosystems) was used to analyze real-time PCR fluorescence data.
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Data analysis was performed using the proprietary software provided for the Applied
Biosystems 7000 System. The “auto” function was used to determine the threshold
fluorescence values (used for determining the threshold cycle Ct) for each set of
standards and samples analyzed.

To normalize gene copy quantifications to the amount of groundwater tested, the
following equations were used:

Reference DNA Recovery Ratio

RDRR — [Quantified Gene Copies/PCR Rxn)| X [DNA Elution Volume (ul)]
 [Total Gene Copies Added before Extraction] x [Template DNA (ul)]

RNA Transcript Copies per Liter Groundwater

RNATC _[Transcript Copies/PCR Rxn] X 4 X [RNA Elution Volume (ul)]
LGW — [RDRR] x [Template cDNA (uL)] x [GW Sample Volume (L)]

DNA Gene Copies per Liter Groundwater

DNAGC _ [Quantified Gene Copies/PCR Rxn] X [DNA Elution Volume (ulL)]
LGW — [RDRR] x [Template DNA (uL)] X [GW Sample Volume (L)]

PCR efficiency was calculated using the following equation. An ideal slope of

-3.32 cycle #/ Log [concentration] would yield an efficiency of 100%.

PCR Ef ficiency = [(10” /store ) — 1] x 100
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Real-time PCR Primer Sets

A list of all primers used in this study can be found in Table 8. Eight primer sets
from the literature were compiled and evaluated to determine which pairs most accurately
detected methanotroph populations in groundwater qPCR assays. Four primer sets
targeted the pmoA gene encoding B-subunit of the particulate methane monooxygenase
enzyme (pMMO), three targeted the 16S rRNA gene, and one targeted the mmoX gene
encoding a subunit of the soluble MMO enzyme (sMMO). The specific pmoA primer
sets were as follows: A189 F (GGN GAC TGG GAC TTC TGG) and Mb661 R (GGT
AAR GAC GTT GCN CCQG) [8], pmofl (GGG GGA ACT TCT GGG GIT GGA C) and
pmor (GGG GGR CIA CGT CIT TAC CGA A) [111], pmof2 (TTC TAY CCD RRC
AAC TGG CC) and pmor [111], and A189 F and mb661r (CCG GMG CAA CGT CYT
TAC C) [112, 113]. Hereafter, these primer sets will be referred to as Kolb, pmoA 330,
pmoA 178 and pmoA 472, respectively.

The 16S primer sets each targeted a separate conserved region of the rRNA gene
which allowed for identification of distinct bacterial populations. One primer set
detected bacteria universally, while the other two sets amplified the rRNA gene of either
type 1 or type 2 methanotrophs. The specific 16S primer sets were as follows: 16S
universal primers — 16SU f (TCC TAC GGG AGG CAG CAG T) and 16SU r (GGA
CTA CCA GGG TAT CTA ATC CTG TT) [114], 16S type 1 methanotroph primers —
U785F (GGA TTA GAT ACC CTG GTA G) [115] and MethT1bR (GAT TCY MTG
SAT GTC AAG Q) [116], 16S type 2 methanotroph primers — U785F and MethT2R
(CAT CTC TGR CSA YCA TAC CGQG) [116]. Hereafter, these primer sets will be
referred to as 16S U, 16S T1 and 16S T2, respectively. The mmoX primer set was as
follows: 536f (CGC TGT GGA AGG GCA TGA AGC G) and 898r (GCT CGA CCT
TGA ACT TGG AGC C) [113, 117], and hereafter will be referred to as mmoX.

It should be noted that based on the phylogenetic trees in the literature review,

these primer sets will likely be biased against the Methylacidophilium and Crenothrix
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methanotrophs because their sequences appear far removed from the rest of the
methanotroph family. Primer bias occurs when primers do not efficiency bind to certain
species sequence and therefore, do not show a true picture of the microbial population

based on those primers.

Optimization of Real-time PCR Primer Concentrations

The pmoA 178, pmoA 330, 16S T1, and 16S T2 primer sets were assayed to find
their optimal working concentrations. For pmoA 178 and pmoA 330, approximately 15
gPCR plates were run amplifying template NDA with primer concentrations ranging
from 200 nM to 1000 nM. Both pmoA primer sets (pmoA 178 and pmoA 330) were used
to amplify both our isolated methanotroph DNA templates (Methylococcus sp. and
Methylocystis sp.). The goal of this experiment was to determine the optimal standard
templates, primer set, and primer concentration for these specific primer sets.

For 16S T1 and 16S T2, approximately 5 qPCR plates were run amplifying
template DNA with primer concentrations ranging from 200 nM to 1000 nM. The 16S
T1 primer set amplified from the Type I methanotroph DNA (Methylococcus sp.); while
the 16S T2 primers amplified form the Type II methanotroph DNA (Methylocystis sp.).
The goal of this experiment was to determine the optimal primer concentration for these

specific primer sets.

Primer Validation and Comparison

In order to validate each primer set, known amounts of methanotroph DNA were
quantified using the pmoA 178, 330, 16S T1, and T2 primer sets and subsequently
compared. Assuming there is one copy of each gene per organism genome, then this
technique would be expected to validate the qPCR primers because the gene abundance
derived from them would be with in the same order of magnitude. Genomic DNA was
extracted from Methylococcus capsulatus (Type 1) and Methylocystis sp. strain Rockwell

(Type 1) and used to assemble 5 different mixtures of Type I and Type 1I methanotroph



Table 8: Oligonucleotides used in this study.

Primer Set Sequence Target Gene  Product Length  Reference
Kolb pMMO 472 [8]
Al189F GGN GAC TGG GAC TTC TGG

Mb661 R GGT AAR GAC GTT GCN CCG

pmoA 330 pMMO 330 [111]
pmofl GGG GGA ACT TCT GGG GIT GGA C

pmor GGG GGR CIA CGT CIT TAC CGA A

pmoA 178 pMMO 178 [111]
pmofl GGG GGA ACT TCT GGG GIT GGA C

pmof?2 TTC TAY CCD RRC AAC TGG CC

pmoA 472 pMMO 472 [112, 113]
A189F GGN GAC TGG GAC TTC TGG

mb661r CCG GMG CAA CGTCYTTACC

16S U 16S Universal 466 [114]
16SU f TCC TAC GGG AGG CAGCAGT

16SUr GGA CTA CCA GGG TAT CTA ATCCTGTT

144



Table 8 continued

Primer Set Sequence Target Gene  Product Length  Reference
16S Type 1 16S Type 1 221 [115, 116]
U785F GGA TTA GAT ACCCTG GTA G Methanotroph

MethT1bR GAT TCY MTG SAT GTC AAG G

16S Type 2 16S Type 2 232 [115, 116]
U785F GGA TTA GAT ACCCTG GTA G Methanotroph

MethT2R CAT CTC TGR CSA YCA TAC CGG

mmoX sMMO 362 [113,117]
536f CGC TGT GGA AGG GCA TGA AGC G

898r GCT CGA CCT TGA ACT TGG AGC C

9%
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DNA. The mixtures were as follows: 100% (T1); 75:25 (T1:T2); 50:50 (T1:T2); 25:75
(T1:T2); 100% (T2). The concentration of each mixture was 5 ng/ul, with a total of 15
ng used per reaction. The mixtures were as follows: 100% (T1); 75:25 (T1:T2); 50:50
(T1:T2); 25:75 (T1:T2); 100% (T2). The concentration of each mixture was 5 ng/uLL and

3 uL. were used per reaction for a total of 15 ng/rxn.

Pyrosequencing Analysis and Phylogenetic Trees

Sequence data was collected from the Carver, MA site using the Pyrosequencing
technique. This sequence data was then used to construct phylogenetic trees of the
methanotroph populations in these tested wells. Phylogenetic trees were constructed
using Silva and Seaview software programs. Sequences were uploaded to the Sina
aligner on the Silva website where they were aligned using the default alignment
parameters. The Silva browser was then used to retrieve appropriate methanotroph
references sequences as well as an out group from the Bacteroides genus. Sequences
alignments were manually trimmed in Seaview, and the final alignment sequences
contained 620 nucleotides. Within Seaview, the PhyML program was run using the
GTR+G model to construct a maximum likelihood phylogeny. Trees were edited in
Archaeopteryx. Data analysis and phylogenetic tree construction was done in

collaboration with Josh Livermore.
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CHAPTER 4
RESULTS AND DISCUSSION

One of the objectives of this research was to develop a qPCR method for
detecting the abundance and activity of methanotrophs in dilute VC groundwater plumes.
To accomplish this task, literature articles were reviewed to find qPCR specific primers
targeting the methanotroph pMMO functional gene. Particulate MMO was targeted due
to the fact that it is present in nearly all methanotrophs [6] and because it is the functional
gene in the methanotroph VC degradation pathway. Thus, measuring levels of pMMO
genomic DNA and mRNA in groundwater would allow for estimations of methanotroph
abundance and activity. Specifically, primers targeted the gene encoding for the [3-
subunit (pmoA) of the pMMO gene.

Initially, the only qPCR-specific primers targeting pmoA found in the literature
were designed by Kolb et al [8]. However, reliable amplification of pmoA from pure
culture methanotroph DNA using end point PCR techniques was not possible with these
primers and thus, they were not used in the remainder of this study. For Kolb primer
results, see APPENDIX A. Other pmoA primers sets, pmoA 178 and pmoA 330, were
discovered in the literature and, though not specifically designed for qPCR, were
rigorously evaluated to determine their usefulness in such assays. The first step was to
evaluate the PCR efficiencies of standard curves constructed using these primer sets.
Initially, PCR efficiencies were inconsistent from assay to assay, ranging from 70% to
125%. It was discovered that this inconsistency was most likely attributed to the
freshness of the serial dilutions. In order to increase their reproducibility, the serial
dilutions were made fresh for every experiment, and the primer concentrations were
optimized as well. PCR inconsistencies for pmoA 178 and pmoA 330 are discussed
further in APPENDIX A. Furthermore, using two primer sets to amplify two sets of pure

culture template DNA resulted in four separate standard curves. Since only one standard
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curve is necessary to detect pmoA in environmental samples, creating four standards
curves for every experiment would not only waste valuable time and resources, but would
also be needless. Thus, in addition to optimizing primer concentrations, it was also

necessary to determine the optimal standard templates and primer set.

Primer Optimization

Optimizing pmoA 178 and pmoA 330 Primer

Concentrations

The goal of this experiment was to determine the optimal standard templates,
primer set, and primer concentration so that a single standard curve can be used in the
remainder of our methanotroph qPCR experiments. To that end, standard curves were
constructed using both pmoA 178 and pmoA 330 primer sets, amplifying from both
isolates of methanotroptophs (Methylococcus and Methylocystis), and with primer
concentrations varying from 200 nM to 1000 nM. To ensure equal comparison between
primer sets, template species, and primer concentrations, the standard curve dynamic
ranges were limited to 100-10° copies per reaction and data was analyzed using the “auto
CT analysis” function of the proprietary Applied Biosystems 7000 System software.

The results of this experiment revealed that, when Methylocystsis sp. and
Methylococcus sp. template DNA was amplified, the optimal standard curves for the

pmoA 178 primer set occurred when the primer concentrations were 300 1 nM and 200

1 Throughout the course of this study, attempts were made to optimize experimental conditions and
increase PCR efficiencies. One such attempt included manual analysis of CTs. This analysis altered the
PCR efficiencies such that the optimal primer concentration for pmoA 178/Methylocystis was thought to be
300 nM. The 300 nM concentration was used for all remaining experiments, including the assessment of
environmental samples. It was later decided that, due to the unknown effects of the manual CT analysis,
the auto CT analysis was most appropriate. Upon reanalyzing with auto CT, the optimal PCR efficiency
was found to be 200 nM. Table 9 and Figure 19 represent the latter auto CT analysis; however, the
highlighted primer concentrations in those tables and figures are those used in the assessment of
environmental samples. Thus, the highlighted primer concentrations are not the optimal concentration
demonstrated by Table 9 and Figure 19.
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nM, respectively, yielding PCR efficiencies of 107% " and 103% (Table 9, Table 10,
Figure 19, and Figure 20). For the pmoA 330 primer set, when Methylocystsis sp. and
Methylococcus sp. template DNA was amplified, the optimal standard curves for both
species occurred when the primer concentrations were 300 nM, yielding PCR efficiencies
of 100% for both (Table 11, Table 12, Figure 21, Figure 22).

When comparing results between species, there was no noticeable difference
between standard curves amplified using Methylocystis sp. or Methylococcus sp. template
DNA. Due to the lack of discernable variation, and because the Methylocystis sp. is
easier to culture in the lab, it was decided that Methylocystis sp. would be the best choice
for template DNA in standard curves. Table 9 and Figure 19 contain the standard curve
results for the pmoA 178 primer set amplifying Methylocystis sp. template DNA, while
Table 10 and Figure 20 contain the standard curve results for Methylococcus sp. template
DNA. Table 11 and Figure 21 contain the standard curve results for the pmoA 330
primer set amplifying Methylocystis sp. template DNA, while Table 12 and Figure 22
contain the standard curve results for Methylococcus sp. template DNA. Dissociation
curves for pmoA 178 and 330 qPCR assays can be found in APPENDIX C: Figure C 1,
Figure C 2, Figure C 3, and Figure C 4.

Optimizing 16S Type I and 16S Type II Primer

Concentrations

After the appropriate primer concentrations and template species were
determined, the pmoA 178 and pmoA 330 primer sets needed to be validated. In order to
do this, a set of 16S qPCR primers specific to Type I and Type II methanotrophs were
taken from the literature [115]. However, before performing the validation experiment,
the 16S qPCR primer concentrations were also optimized.

Standard curves were constructed using both 16S T1 and 16S T2 primer sets,

amplifying from Methylococcus sp. (Type I methanotroph) and Methylocystis sp. (Type 11



Table 9: Average standard curve characteristics for primer set pmoA 178 amplifying
template DNA from Methylocystis sp. strain Rockwell.

50

Dynamic 2 PCR Y-intercept
oM Range Slope R Efficiency (%) (cycle #)
200 100 - 10° -3.34 0.993 99.3 38.0
300 100 - 10° -3.16 0.994 107 36.1
400 100 - 10° -2.97 0.988 117 34.4
500 na na na na na
600 na na na na na
700 100 - 10° -3.00 0.994 115 34.2
800 100 - 10° -2.89 0.989 121 33.7
900 100 - 10° -2.86 0.987 123 33.5
1000 100 - 10° -2.75 0.981 131 33.3

Note: Cells marked “na” were not included in these result due to the 10° portion of the
standard curve amplifying poorly, resulting in standard curves that were unusable.

Note: Values represent the average of triplicate measurements.

methanotroph), respectively. Primer concentrations varied from 200 nM to 1000 nM. To

ensure equal comparisons between primer concentrations, the standard curve dynamic

ranges were limited to 100-10° copies per reaction and were analyzed using the “auto CT

analysis”. The results of this experiment revealed that the optimal standard curve for the

16S T1 primer set occurred when the primer concentration was 800 nM, yielding a PCR

efficiency of 101% (Table 13 and Figure 23). For the 16S T2 primer set, the optimal

standard curve occurred when the primer concentration was 300 nM, yielding a PCR

efficiency of 100% (Table 14 and Figure 24). Table 13 and Figure 23 contain the

standard curve results for the 16S T1 primer set, and Table 14 and Figure 24 contain the

standard curve results for the 16S T2 primer set. Dissociation curves for 16S T1 and T2

gPCR assays can be found in APPENDIX C: Figure C 5 and Figure C 6.
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Figure 19: Comparison of pmoA 178 PCR efficiencies as related to varying primer
concentrations. Template DNA was from Methylocystis sp. strain Rockwell.
Bolded borders indicate optimal primer concentration, and light grey bars
represent chosen template species for the indicated primer set. The bar
heights at each concentration are the average of triplicate measurements and

error bars represent standard deviations.

Table 10: Average standard curve characteristics for primer set pmoA 178 amplifying
template DNA from Methylococcus capsulatus.

nM Dﬁgilgn:c Slope R’ Efficil;gg (%) Y-h(lée;;ept
200 100-10°  -3.23 0.994 104 36.5
300 100-10°  -3.14 0.995 108 35.5
400 100-10°  -2.91 0.984 121 33.5
500 100-10°  -3.08 0.993 11 345
600 100-10°  -3.03 0.991 114 34.2
700 100-10°  -2.93 0.986 120 33.9
800 100-10°  -2.87 0.979 123 33.7
900 100-10° 278 0.968 129 333
1000 100-10°  -2.68 0.959 136 32.9

Note: Values represent the average of triplicate measurements.
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Figure 20: Comparison of pmoA 178 PCR efficiencies as related to varying primer
concentrations. Template DNA was from Methylococcus capsulatus. Bolded
borders indicate optimal primer concentration. The bar heights are the
average of triplicate measurements and the error bars represent standard

deviations.

Table 11: Average standard curve characteristics for primer set pmoA 330 amplifying
template DNA from Methylocystis sp. strain Rockwell.

nM Dggir;:c Slope R’ Efficil;gg (%) Y-h(l::e;;ept
200 100 - 10° 335 0998 98.9 35.9
300 100 - 10° 331 0.999 101 35.6
400 100 - 10° 326 0998 103 35.5
500 100 - 10° 320 0.995 105 353
600 100 - 10° 320 0997 105 35.4
700 100 - 10° 322 0.999 104 352
800 100 - 10° 314 0998 108 35.1
900 100 - 10° 305 0.999 13 34.9
1000 100 - 10° 309 0998 11 35.4

Note: Values represent the average of triplicate measurements.
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Figure 21: Comparison of pmoA 330 PCR efficiencies as related to varying primer

concentrations. Template DNA was from Methylocystis sp. strain Rockwell.
Bolded borders indicate optimal primer concentration, and light grey bars
represent chosen template species for the indicated primer set. The bar heights
at each concentration are the average of triplicate measurements and error bars
represent standard deviations.

Table 12: Average standard curve characteristics for primer set pmoA 330 amplifying

template DNA from Methylococcus capsulatus.

nM Dynamic Slope R? PCR Y-intercept
Range Efficiency (%) (CT)
200 100 - 10° -3.32 0.999 100 35.5
300 100 - 10° -3.31 0.999 101 353
400 100 - 10° -3.23 0.999 104 35
500 na na na na na
600 na na na na na
700 100 - 10° -3.20 0.997 106 35.1
800 100 - 10° -3.15 0.995 108 35.2
900 100 - 10° -3.03 0.997 114 34.4
1000 100 - 10° -3.08 0.994 111 35.0

Note: Cells marked “na” were not included in these result because the 10° portion of the
standard curve amplified poorly, resulting in standard curves that were unusable.

Note: Values represent the average of triplicate measurements.
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Figure 22: Comparison of pmoA 330 PCR efficiencies as related to varying primer

concentrations. Template DNA was from Methylococcus capsulatus. Bolded
borders indicate optimal primer concentration. The bar heights at each
concentration are the average of triplicate measurements and error bars
represent standard deviations.

Table 13: Average standard curve characteristics for 16S T1 primer set amplifying

template DNA from Methylococcus capsulatus.

PCR Efficiency  Y-intercept

Dynamic 2
nM Range Slope R (%) (CT)
200 100 - 10° -3.96 0.998 78.8 42.8
300 100 - 10° -3.62 0.999 88.9 39.2
400 100 - 10° -3.46 0.999 94.7 37.3
500 100 - 10° -3.46 0.999 94.7 36.5
600 100 - 10° -3.42 1.000 96.0 35.9
700 100 - 10° -3.35 0.999 99.0 35.6
800 100 - 10° -3.30 0.999 101 35.1
900 100 - 10° -3.31 0.999 101 34.8
1000 100 - 10° -3.34 0.999 99.3 35.0

Note: The standard curve at each concentration was run in triplicate.
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Figure 23: Comparison of 16S T1 PCR efficiencies as related to varying primer

concentrations. Template DNA was from Methylococcus capsulatus. Light
grey bars indicate optimal primer concentration. The bar heights at each
concentration are the average of triplicate measurements and error bars
represent standard deviations.

Table 14: Average standard curve characteristics for 16S T2 primer set amplifying

template DNA from Methylocystis sp. strain Rockwell.

Dynamic PCR Y-intercept
nM Range Slope R? Efficiency (%) (CT)
200 100 - 10° -3.36 0.999 98.6 35.8
300 100 - 10° -2.97 0.989 117 33.2
400 100 - 10° -3.05 0.994 113 33.1
500 100 - 10° -3.27 0.999 102 34.2
600 100 - 10° -3.26 0.994 103 34.0
700 100 - 10° -3.16 0.997 108 33.7
800 100 - 10° -3.18 0.998 107 33.2
900 100 - 10° -3.24 0.999 104 34.1
1000 100 - 10° -3.24 0.999 103 34.1

Note: The standard curve at each concentration was run in triplicate.
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Figure 24: Comparison of 16S T2 PCR efficiencies as related to varying primer
concentrations. Template DNA was from Methylocystis sp. strain Rockwell.
Light grey bars indicate optimal primer concentration. The bar heights at each
concentration are the average of triplicate measurements and error bars
represent standard deviations.

Primer Validation

To validate the pmoA primer sets for gPCR, known amounts of methanotrophic
DNA were quantified using the pmoA 178, 330, 16S T1, and T2 primer sets and
subsequently compared. Assuming there is one copy of each gene per organism genome,
this technique would be expected to validate the qPCR primers because the gene
abundance derived from them would be with in the same order of magnitude. Genomic
DNA was extracted from Methylococcus capsulatus (Type I) and Methylocystis sp. strain
Rockwell (Type II) and used to assemble 5 different mixtures of Type I and Type 11
methanotroph DNA. The mixtures were as follows: 100% (T1); 75:25 (T1:T2); 50:50

pmoA 178 and pmoA 330 Primer Validation

The standard curve PCR efficiencies for the pmoA 178, pmoA 330, 16S T1, and

16S T2 primer sets were 95.8%, 94.5%, 95.5%, and 87.3%, respectively. The primer sets
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were used at 300 nM, 300 nM, 800 nM, and 200 nM, respectively (for more standard
curve characteristics for this experiment, see APPENDIX A: Table A 1) Although the
16S T2 standard curve PCR efficiency is outside of the desirable range (95% to 105%)
[118], the most important issue raised by this experiment is the inefficient amplification
of pure culture methanotroph template DNA by both pmoA primer sets. Dissociation
curves for pmoA 178, pmoA 330, 16S T1, and 16S T2 qPCR assays can be found in
APPENDIX C: Figure C 7, Figure C 8, Figure C 9, and Figure C 10.

The experimental results revealed that neither pmoA 178 nor pmoA 330 could
robustly amplify methanotroph DNA when compared to the 16S T1 and T2 primers. In
comparison, pmoA 178 and 330 produced quantifications one to three orders of
magnitude lower than the 16S primers. This was serious cause for concern because DNA
extractions from environmental samples typically have low yields. As a result, to be able
to detect methanotrophs in environmental samples, a primer set that can vigorously
amplify from small quantities of DNA is necessary. Furthermore, the pmoA 178 primers
seemed to be biased towards Type I methanotrophs. As the amount of Type I
methanotroph DNA decreased in each sample, so also did the pmoA 178 quantifications
(1.2x10" copies per ng DNA down to 2.0x10” copies per ng DNA). For both of these
reasons, it was decided that neither the pmoA 178 nor the pmoA 330 were adequate
primer sets for use in qPCR detection of methanotrophs. Full results of the pmoA 178
and 330 validation experiments are listed in Table 15 and shown in Figure 25.

Conversely, the 16S T1 and 16S T2 primer sets efficiently amplified
methanotroph template DNA (Table 15, Figure 25). As expected, when the amount of
Type I methanotroph DNA decreased in each samples, so also did the 16S T1
quantifications (4.3x10* copies per ng DNA down to O copies per ng DNA). Likewise, as
the amount of Type II methanotroph DNA increased in each samples, so also did the 16S
T2 quantifications (0 copies per ng DNA up to 1.2x10° copies per ng DNA). These

results demonstrated that 16S Type I and Type II primers were functioning as expected.
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Table 15: Average quantification results for known amounts of methanotrophic DNA
amplified with 16S T1, 16S T2, pmoA 178, and pmoA 330 primer sets.

Sample 16ST1 16S T2 pmoA 178 pmoA 330
T1:T2 copies/ng DNA copies/ng DNA copies/ng DNA copies/ng DNA
100 : 0 4.3x10* 2 1.2x10° 6.8x10?
75 :25 3.0x10* 8.7x10* 1.3x10° 3.4x10?
50 : 50 2.1x10* 1.4x10° 9.3x10° 2.5x10?
25:75 1.1x10* 1.4x10° 6.2x10? 1.9x107
0:100 0 1.2x10° 2.1x10? 1.0x107
Note: Values represent the average of replicate measurements.
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Figure 25: Comparisons of average quantifications between pmoA 178, pmoA 330, 16S
T1, and 16S T2 primer sets amplifying known amounts of genomic DNA.
Type I DNA was extracted from Methylococcus capsulatus pure culture.
Type Il DNA was extracted from Methylocystis sp. strain Rockwell. The bar
heights for each sample are the average of replicate measurements and error
bars represent the range of data.
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It should be noted that, although the 16S T1 primers were able to produce significant
levels of quantification, they were small when compared to the 16S T2 quantifications.
This could be explained by primer bias. Since only one species of methanotroph Type I
DNA was used in these mixtures, if the primer set does not amplify that species well,
then the quantifications will be lower. This hypothesis would need to be confirmed in lab

experiments.

pmoA 472 and mmoX Primer Validation

Fortunately, a more recent literature review revealed a new set of pmoA qPCR
primers, pmoA 472 [112, 113], which could potentially be used in this research. In that
same publication were qPCR primers that amplify a subunit of the soluble methane
monooxygenase (SMMO). Another publication was found to have qPCR primers for
universal detection of Bacteria [114]. Standard curves were constructed using the new
pmoA 472, mmoX, and the 16S gene (16S U) primers. The primers were used at the
same concentrations as stated in the original papers (300 nM for all) and were validated
using the same technique as previously described. The standard curve PCR efficiencies
for the pmoA 472, mmoX, 16S T1, and 16S T2 primer sets were 98.0%, 94.2%, 103%,
and 101%, respectively (for more standard curve characteristics for this experiment, see
APPENDIX A: Table A 2). Dissociation curves for pmoA 472, 16S T1, and 16S T2
gPCR assays can be found in APPENDIX C: Figure C 11, Figure C 12, and Figure C 13.
Dissociation curves for the mmoX experiment can be seen in Figure 27.

Results, listed in Table 16, show that the Methylocystis sp. did not have mmoX (an
sMMO gene). As the mass of Methylocystis DNA increased in each sample, the mmoX
quantifications decreased from 1.3x10° copies per ng DNA to 0 copies per ng DNA. This

was confirmed by inspection of the recently published genome sequence of this strain
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[119]. The new pmoA 472 and mmoX primers did not produce the same quantification
disparity as did the previous pmoA primer sets and were able to detect similar amounts of
genomic DNA as the 16S T1 and T2. In fact, the pmoA detection level was
approximately 35% greater than the 16S T2 detection when the 100% T2 sample was
probed (T2 ~ 8.8x10° copies; pmoA ~ 1.2x10° copies). This result would be easily
explained by the fact that there are two copies of pmoA present in this methanotroph’s
genome. We concluded that both 16S primer sets and the pmoA primers were suitable for
use evaluating environmental samples from contaminated groundwater.

With regard to the mmoX primers, it should be noted that there are two areas of
concern. First, although the mmoX primers were able to produce significant levels of
quantification, they were small when compared to the other primer sets. This could be
explained by primer bias. Since only one species of methanotroph with the sMMO gene
was used in these mixtures, if the primer set does not amplify that species well, then the
quantifications will be lower. As mentioned before, this hypothesis would also need to
be confirmed using lab experiments.

The second area of concern arose upon inspection of the mmoX dissociation
curve, which showed two peak temperatures, 76.3°C and 85.8°C (Figure 27). Although
the 76.3°C peak was much weaker than the 85.8°C peak, its presence implies possible
primer-dimer artifacts or non-specific amplicons. Upon further inspection, it appeared
that the 76.3°C peak only occurred in the dissociation curve related to the standard curve
PCR products, while the dissociation curve associated with the Type I/Type II sample
mixtures contained only the 85.8°C peak. Furthermore, it was observed that the no-
template control contained only the 76.3°C peak. Since the no-template control is void of
genetic material that would produce non-specific amplification, this peak implies a
primer-dimer artifact. To confirm this suspected caveat, PCR products from these
reactions should be gel analyzed and sequenced. Evaluation of environmental samples

using the mmoX primers proceeded with caution. Full results of the pmoA 472 and
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mmoX validation experiments are listed in Table 16 and shown in Figure 26 and Figure

27.

16S T1, T2 and Universal

Finally, the 16S T1 and 16S T2 primer sets were validated using the 16S universal
gPCR primers and the same technique as previously stated. The standard curve PCR
efficiencies for the 16S T1, 16S T2, and 16S U primer sets were 101%, 99.2%, and
102%, respectively. The primer sets were used at 800 nM, 200 nM, and 300 nM,
respectively (for all standard curve characteristics for this experiment, see APPENDIX A:
Table A 3). Dissociation curves for the 16S T1, 16S T2, and 16S U primer assays can be
found in APPENDIX C: Figure C 14, Figure C 15, and Figure C 16.

Experimental results showed that the 16S T2 primer quantifications matched well
with the 16S U quantifications (Table 17). This shows that the 16S T2 primers are
efficiently amplifying the methanotroph DNA. However, the 16S T1 primer set was
producing much smaller quantifications than the 16S U. This means that either the
primer set is not good for use in qPCR or that the primer set is biased against the specific
species of methanotroph that we have used in these mixtures. Full results of the 16S T1
and T2 validation experiments are listed in Table 17 and shown in Figure 28.

The overall results from the pmoA 472, mmoX, 16S T1, 16S T2, and 16 U
validation experiments suggest that the mmoX and 16S T1 primer sets should be used
with caution until they can be further validated. However, quantifying environmental
DNA with several sets of primers would be of benefit. Therefore, these five primer sets

used to evaluate environmental samples from contaminated groundwater.
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Table 16: Average quantification results for known amounts of methanotrophic DNA
amplified using 16S T1, 16S T2, pmoA 472, and mmoX primer sets.

Sample 16ST1 16S T2 pmoA 472 mmoX
T1:T2 copies/ng DNA copies/ng DNA copies/ng DNA copies/ng DNA
100 : 0 3.2x10* 0 7.7x10° 1.3x10°
75 : 25 1.3x10* 2.1x10° 6.6x10° 6.8x10"
50 :50 1.3x10* 4.5x10° 1.1x10° 6.4x10*
25:75 8.5x10° 7.7x10° 1.1x10° 3.2x10"
0:100 3 8.8x10° 1.2x10° 0
Note: Values represent the average of replicate measurements.
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Figure 26: Comparison of average quantifications between pmoA 472, mmoX, 16S T1,
and 16S T2 primer sets amplifying known amounts of genomic DNA. Type |
DNA was extracted from Methylococcus capsulatus pure culture. Type II
DNA was extracted from Methylocystis sp. strain Rockwell. The bar heights
for each sample are the average of replicate measurements and error bars
represent the range of data.
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Figure 27: Dissociation curve for mmoX primer set amplifying Methylococcus sp. (Type
I) and Methylocystis sp. (Type 1I). Multiple peaks were observed, implying

primer-dimer artifacts or non-specific amplification.

Table 17: Average quantification results for known amounts of methanotrophic DNA

amplified using 16S T1, 16S T2, and 16S U primer sets.

Sample 16S T1 16S T2 16S U
T1:T2 copies/ng DNA copies/ng DNA copies/ng DNA
100:0 6.0x10" 0 9.7x10°
75:25 2.3x10* 1.6x10° 6.9x10°
50: 50 1.7x10* 4.1x10° 6.5x10°
25:75 1.2x10* 6.9x10° 1.0x10°
0:100 1 9.5x10° 9.5x10°

Note: Values represent the average of replicate measurements.
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Figure 28: Comparison of average quantifications between 16S T1, 16S T2 and 16S U
primer sets amplifying known amounts of genomic DNA. Type I DNA was
extracted from Methylococcus capsulatus pure culture. Type II DNA was
extracted from Methylocystis sp. strain Rockwell. The bar heights for each
sample are the average of replicate measurements and error bars represent the
range of data.

Methanotroph qPCR Method Validation Using

Environmental Samples

Soldotna, AK2

In order to evaluate the presence of methanotrophs in contaminated groundwater
at the Soldotna, AK site (Site map — Figure 29), first genomic DNA was extracted from
groundwater samples. The DNA was then qPCR assayed using pmoA 472 and mmoX
primers at a concentration of 300 nM. Standard curve PCR efficiencies for each primer

set were 101 % and 97.6 %, respectively (for more standard curve characteristics, see

2 DNA and RNA extractions for the Soldotna site were performed by Yang Oh Jin.
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APPENDIX A: Table A 4 and Table A 5). Dissociation curves for the pmoA 472 primer
assays can be found in APPENDIX C: Figure C 17.

Results for this experiment showed that all wells tested contained detectable
amount of both genes, although in some wells gene abundances were detected in
quantities both above and below the dynamic range of the standard curves. Monitoring
well 40 (MW40), which is located in an area considered to be favorable for reductive
dechlorination, experienced a 99% decrease in gene abundance; down from 3.9x10’
copies/L groundwater (copies/LGW) to 1.7x10° copies/LGW. Generally, these results
would seem to fit with the overall geochemical data trends of this well, which indicate
high concentrations of methane, low concentrations of dissolved oxygen (1.29 mg/L in
2008), and are typically indicative of anaerobic conditions. As a result, aerobic
methanotrophs would not be expected to thrive in this well under such environmental
circumstances. Specific geochemical data for this well illustrated a decrease in both VC
(20.7 pg/L to 9.4 pg/L) and methane (12,400 pg/L to 4,380 ug/L) from 2008 to 2009, and
the presence of ethene (90 pg/L and 72 pg/L) at both time points. The decrease in
methane, if being consumed by methanotrophs, would point towards a growing
methanotroph population and, consequently, would seemingly contradict the qPCR data.
Yet, the presence of ethene could indicate possible methanotroph inhibition and, thus,
would tend to corroborate the qPCR data. Another alternative analysis could be that a
decrease in methanotroph food source (i.e. decreasing methane concentrations) would
lead to a decreasing population, which would coincide with the geochemical data. The
ultimate conclusion being that, because there are very few groundwater and geochemical
samples being considered, it is extremely difficult to draw any definitive conclusions, or
links, between the specific geochemical data and the qPCR gene abundance results.

Regarding MW6, although quantifications at both time points were within the
same order of magnitude, MW 6, which is located on an aerobic/anaerobic boundary,

experienced an increase in the pmoA gene abundance by 438%. From 2008 to 2009,
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Figure 29: Bird’s eye view of Soldotna site with methane and VC plumes delineated.
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pmoA gene abundance in MW 6 increased from 1.6x10* copies/LGW to 6.3x10*
copies/LGW. Again, these results would seem to generally fit with the overall
geochemical data trends of this well, which indicate MW 6 to be near an
aerobic/anaerobic interface. These aerobic/anaerobic interfaces are thought to be
conducive to methanotrophic VC oxidation, because they are likely to contain ample
amounts of methane, VC, and O,. Specific geochemical data for this well illustrated a
steady presence of VC (8.89 pg/L to 9.64 ng/L) from 2008 to 2009, a dissolved oxygen
concentration of 0.35 mg/L in 2008, and methane and ethene concentrations of 7,650
pg/L and 50 pg/L, respectively, in 2009.

For the mmoX gene, from 2008 to 2009, MW 6 and MW 40 experienced a 170%
increase (1.5x10° copies/LGW to 2.6x10” copies/LGW) and a 52% decrease (2.0x10’
copies/LGW to 9.7x10* copies/LGW) an in gene abundance, respectively. As previously
stated, these results coincide with the overall trends of these wells; however, it is
extremely difficult to draw any definitive conclusions, or links, between the specific
geochemical data and the qPCR gene abundance results. Full results for Soldotna are
displayed in Table 18, Figure 30, Figure 31, Figure 32, and Figure 33. In addition to
geochemical data, Soldotna results were also compared to data from a tracer study
conducted at the site. Real-time PCR results coincide with the tracer study, which
demonstrated DCE and VC were being oxidized to CO, near MW 6 [100, 101]. The
presence of pmoA and mmoX genes in these wells could indicate that methanotrophs
producing pMMO and sMMO enzymes are responsible for the oxidative degradation of
VC.

With regard to the mmoX dissociation curve, results showed the presence of the
standard-curve double peak that was previously mentioned; however, in this instance the
76°C peak was much large than those observed in the previous experiment (Figure 34).
The presence of this suspected primer-dimer artifact in the standard curve would falsely

elevate the fluorescence in these wells, ultimately leading to decreased sample
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quantification. The environmental sample melt curve contained a single peak at the 86°C

(Figure 35).

Table 18: Average methanotroph gene abundance at the Soldotna, Alaska contaminated

site.
Monitoring pmoA 472 mmoX
Well 2008 2009 2008 2009
copies/L groundwater copies/L groundwater
MW 6 1.6x10* 6.3x10* 1.5x10°% #* 2.6x10% #*
MW 40 3.9x10" * 1.7x10° 2.0x10° 9.7x10*

Note: Samples marked with “**” were detected at quantities below the dynamic range of
the standard curve (100 copies/reaction). Samples marked with “*” were detected at
quantities above the dynamic range of the standard curve (1. 0x10° copies/reaction).

Note: Each sample was run in duplicate.
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Figure 30: Change in average pmoA gene abundance in contaminated groundwater from
MW 40 in Soldotna, AK. The bar heights for each sample are the average of
replicate measurements and error bars represent the range of data.
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Figure 31: Change in average pmoA gene abundance in contaminated groundwater from
MW 6 in Soldotna, AK. The bar heights for each sample are the average of
replicate measurements and error bars represent the range of data.
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Figure 32: Change in average mmoX gene abundance in contaminated groundwater from
MW 6 in Soldotna, AK. The bar heights for each sample are the average of
replicate measurements and error bars represent the range of data.
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Figure 33: Change in average mmoX gene abundance in contaminated groundwater from
MW 40 in Soldotna, AK. The bar heights for each sample are the average of
replicate measurements and error bars represent the range of data.
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Figure 34: Dissociation curve for mmoX primer set standard curve. Multiple peaks were
observed and appear to be primer-dimer artifacts since the no-template control
contains only one peak.



71

quantification. The environmental sample melt curve contained a single peak at the 86°C

(Figure 35).

0.35 ~

Single dissociation peak

03 | \
0.25 1 i

0.2 1
0.15 ~
0.1 A .
A T e L
0.05 ’/ = e
0 a
64.3 70.8 77 83.1 89 2

Melting Temperature (degrees Celsius)

Figure 35: Dissociation curve for mmoX primer set amplifying environmental samples
from Soldotna site. The single dissociation peak demonstrates absence of
primer-dimer artifacts.

NAS Oceana, VA3

Environmental samples from the Naval Air Station Oceana contaminated site in
Virginia Beach, VA were also tested (Site map — Figure 36). To evaluate the presence of
methanotrophs, genomic DNA from groundwater samples were qPCR assayed using the
pmoA 472, mmoX, 16S T1, and 16S T2 primer sets. Primer concentrations were 300
nM, 300 nM, 800 nM, and 200 nM, respectively, and produce standard curve PCR
efficiencies of 100 %, 99.4 %, 102 %, and 94.5 %, respectively. The 16S T2 PCR

3 DNA and RNA extractions for the NAS Oceana site were performed by Yang Oh Jin.
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Figure 36: The north VC plume at NAS Oceana containing monitoring wells 18, 19, and
25 [103]. The left hand side of the figure illustrates the extent of the VC
plume. The purple dots on the right hand side of the figure indicate the
oxygen injection points.

efficiency falls below the desired range (95% to 105%) and implies slightly decreased
amplification efficiency for that primer set. This decrease in efficiency will cause the
16S T2 quantifications to appear smaller than they would otherwise in a qPCR reaction
amplifying at 100%. For more standard curve characteristics, see APPENDIX A: Table
A 6 and Table A 7.

Results for this experiment showed that nearly all wells tested contained
detectable amounts of pmoA, mmoX, 16S T1, and 16S T2 genomic DNA, and imply that
methanotrophs are present at this site. Geochemical data from well 18, spanning 2008 to
2009, showed a decrease in CH4 and VC (2.8 mg/L — 1.0 mg/L and 22 pg/L — 0.83 pg/L,
respectively), and a steady presence of dissolved O, (1.28 mg/L — 1.89 mg/L). From
2008 to 2009, samples from well 18 saw a decrease in pmoA, mmoX, and 16S T1 gene
abundance by 99%, 98%, and 83%, respectively. These results would seem to contradict

the geochemical data trends of this well. If methanotrophs are the VC degrading
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microbes at this site, the aerobic treatment scheme, along with falling methane and VC
concentrations, would point towards a growing methanotroph population. Yet this is not
what the qPCR data shows. These results could indicate that methanotrophs are not the
microorganism responsible for VC and methane degradation in this well. However,
again, an alternative analysis could be that a decrease in methanotroph food source would
lead to a decreasing methanotroph population, which would coincide with the
geochemical data. As stated previously, it is extremely difficult to draw any definitive
conclusions, or links, between the specific geochemical data and the qPCR gene
abundance results, due to the limited scope of the sampling.

Differing from well 18, geochemical data for well 19, spanning 2008 to 2009,
showed an increase in CHy and VC (1.8 mg/L — 5.8 mg/L and 7.2 ng/L — 11.2 pg/L,
respectively) and steady presence of dissolved O, (1.3 mg/L — 1.26 mg/L). Samples from
well 19 also saw an increase in abundance for all targeted genes by 3 orders of
magnitude. Again, these results could have more than one explanation. A decreasing
methanotroph population, and the subsequent decrease in methane consumption, could
explain the increase in methane concentrations, but would contradict the qPCR results.
Alternatively, an increase in methane, the methanotroph food source, could initiate a
growth in methanotroph populations. Again, it should be noted that, because very few
groundwater and geochemical samples are being considered, it is extremely difficult to
draw any definitive conclusions, or links, between the specific geochemical data and the
gPCR gene abundance results.

Geochemical data for well 25, years 2008 to 2009, showed an increase in CH4 and
VC (2.5 mg/L — 7.6 mg/L and 19 ng/L — 46 pg/L, respectively) and steady presence of
dissolved O, (1.2 mg/L — 1.44 mg/L). Likewise, samples from well 25 saw an increase in
pmoA, mmoX, and 16S T1 gene abundance by 1 order of magnitude and steady presence
of the 16S T2 methanotroph gene, with abundances varying from 2.0x10° copies/L GW

to 4.2x10° copies/L GW. These results could have similar explanations as previously
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stated; however, it is difficult to draw any definitive conclusions between the specific
geochemical data and the qPCR gene abundance results, due to the limited scope of the
sampling. Full results for NAS Oceana are displayed in Table 19.

Regarding the mmoX dissociation curve, results mirrored those of Soldotna, with
the presence of the standard-curve double peak at 76°C and 86°C. Likewise,
environmental samples contained only a single peak melting temperature at 86°C. Since
the sample PCRs do not seem to contain the primer-dimer artifact, and since each sample
is being quantified using the same standard curve, the effect of the primer-dimer artifact
on sample results is uncertain. Dissociation curves for this experiment are located in

APPENDIX C: Figure C 18 and Figure C 19.

Carver, MA

Pyrosequencing Comparis0n4

Environmental samples from the Carver, Massachusetts were also tested (Site
map — Figure 17). To evaluate the presence of methanotrophs at this contaminated site,
genomic DNA from groundwater samples were qPCR assayed using the 16S universal,
16S T1, 16S T2, and Luciferase primers [108] . Primer concentrations were 300 nM, 800
nM, 200 nM, and 100 nM, respectively, and produce standard curve PCR efficiencies of
99.4 %, 99.3 %, 99.9 %, and 99.8 %, respectively. Percent recoveries for the Luciferase
control gene for each sample ranged from 1.6 % to 13.6 %. For more standard curve
characteristics and detailed Luciferase recovery ratios, see APPENDIX A: Table A 8,

Table A 9, and Table A 10. Dissociation curves for the 16S T1, 16S T2, 16S U, and

4 Pyrosequencing experiments, raw data analysis and construction of the phylogenetic tree in this
section were performed by Josh Livermore.



Table 19: Average methanotroph gene abundance at NAS Oceana contaminated site.

Monitoring pmoA mmoX 16S T1 16S T2
Well 2008 2009 2008 2009 2008 2009 2008 2009
copies/L groundwater copies/L groundwater copies/L groundwater copies/L groundwater
18 9.6x10° 1.2x10* 4.3x10° 1.3x10% %% 1.9x10* **  3.0x10°**  6.5x10° 5.3x10°
19 1.4x10* 1.9x107* 0 4.3x10* 1.0x10° **  1.6x10° 9.4x10° 5.2x10°
25 2.1x10° 1.1x10° 6.6x10* 4.8x10° 1.0x10* 4.8x10° 2.0x10° 4.2x10°

Note: Samples marked with “*”” were detected at quantities above the dynamic range of the standard curve (10° copies/reaction).
Samples marked with “**” were detected at quantities below the dynamic range of the standard curve (100 copies/reaction).

Note: Values are the average of replicate measurements.

SL
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Luciferase primer assays can be found in APPENDIX C: Figure C 20, Figure C 21,
Figure C 22, and Figure C 23.

All wells tested contained detectable amounts of 16S U, 16S T1, and 16S T2
genomic DNA. These results indicate methanotroph presence in all wells from the
Carver, MA site. The relative abundance of methanotrophs was calculated and then
compared to the relative abundances obtained through pyrosequencing of the same
samples. This comparison was yet another way to validate the methanotroph qPCR
method used in this study.

The relative abundance was calculated by adding the Type I methanotroph rRNA
quantifications with the Type II methanotroph rRNA quantifications and then dividing by
the universal bacterial quantifications (16S T1+16S T2/16S U). For each monitoring
well, the relative abundance was as follows: 46D — 0.95%, 521 — 0.18 %, 581 — 6.56%,
and 641 — 0.48% (well 631 was not analyzed due to lack of available sample). This data
suggests that methanotrophs make up a very small portion of the total microbial
community in these wells, with MW 58I having the highest presence of methanotrophs.
Full quantification results for methanotroph relative abundances are presented in Table
20 and Table 21.

The relative abundance of Type I versus Type Il methanotrophs was calculated by
dividing the Type I or Type II quantifications be the sum total of Type I and Type II
methanotrophs (16S T1 or 16S T2/ 16S T1+16S T2). For each monitoring well, the
relative abundance of Type I and Type II methanotrophs were as follows: 46D — 98% and
2%, respectively; 521 — 44% and 56%, respectively; 581 — 76% and 24 %, respectively;
and 641 — 35% and 65%, respectively. This data suggests the methanotroph populations
in MW 46D and 58I consisted of a majority of Type I methanotrophs, while the
populations in MW 521 and 641 were majority Type II methanotrophs. Full
quantification results for methanotroph relative abundances are presented in Table 20 and

Table 21.
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Table 20: Average methanotroph gene abundance at Carver contaminated site.

Monitoring Well 16S U 16ST1 16S T2
copies/L groundwater

46 D 6.1x10’ 5.3x10° 5.3x10° *

521 5.0x10° * 3.9x10° 3.9x10°

581 1.0x10® * 5.1x10 5.1x10’

64 1 9.2x10% * 1.4x10° 1.4x10°

Note: Samples marked with “*” were detected at quantities above the dynamic range of
the standard curve (10° copies/reaction).

Note: Values are the average of replicate measurements.

To corroborate these results, methanotroph relative abundances were determined
using pyrosequencing techniques. In order to do this, first the actual base pair sequences
from the pyrosequencing results were blasted to determine their likely taxonomical
identity. Next, the Gammaproteobacterium and the Alphaproteobacterium
methanotrophs were separated as Type I and Type II, respectively. Finally, relative
abundance was calculated by taking the number of Type I and Type II sequences and
dividing by the total number of sequences obtained.

Pyrosequencing relative abundance results showed that the methanotroph
population in MW 46D was 1.13%, in MW 521 was 1.71%, in MW 581 — 54.73%, in MW
631 was 24.10%, and in MW 641 was 2.70%. This data suggests that methanotrophs
make up a significant portion of the total microbial community in MW 58I and 631.
Although the JPCR and pyrosequencing data did not match exactly, they did follow the
same trend, which showed the largest relative abundance of methanotrophs occurring in
well 581. Table 21 and Table 22 contain the relative abundance data for each technique.

The relative abundance of Type I versus Type II methanotrophs was calculated by

dividing the number of Type I or Type II sequences by the sum total of these sequences



Table 21: Methanotroph relative abundances as determined by qPCR.

Methanotroph Population as  Type I Methanotrophs as a Type II Methanotrophs as a

Monitoring Well a % of Total Organisms % of Total Methanotrophs % of Total Methanotrophs
46 D 0.95 97.7 2.31
521 0.18 43.7 56.3
581 6.56 76.0 24.0
641 0.48 34.8 65.2

Note: Each sample was quantified in duplicate and quantifications were averaged before calculating relative abundances.
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Table 22: Methanotroph relative abundance as determined by pyrosequencing.

Methanotroph Population as

Type I Methanotrophs as a

Type II Methanotrophs as a

Monitoring Well a % of Total Organisms % of Total Methanotrophs % of Total Methanotrophs
46 D 1.13 60.6 39.4
521 1.71 0.00 100
581 54.7 47.4 52.6
631 24.1 0.75 99.3
641 2.70 0.80 99.2

Note: Each sample was quantified in duplicate and quantifications were averaged before calculating relative abundances.

6L
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(16S T1 or 16S T2/ 16S T1+16S T2). Pyrosequencing results for the relative abundance
of Type I and Type II methanotrophs were as follows: 46D — 61% and 39%, respectively;
521 - 0% and 100%, respectively; 581 — 47% and 53%, respectively; 631 — 1% and 99%;
and 641 — 1% and 99%, respectively. This data suggested that the methanotroph
populations in MW 46D consisted of a majority of Type I methanotrophs, while the
populations in MW 521, 581, 631, and 641 were majority Type Il methanotrophs.
Although this data does not match the qPCR data exactly, wells 46D, 521, and 641
exhibited the same trend in both techniques. Overall, these results suggest that
pyrosequencing may be biased towards the more abundant microbial species in an
environmental sample, and that gPCR may be a more sensitive at detecting genes present
in small quantities. Table 21 and Table 22 contain the relative abundance data for each
technique. A phylogenetic tree was constructed using pyrosequencing data (Figure 37).
This tree demonstrates an additional method for evaluating relative abundance of Type |

versus Type II methanotrophs. Geochemical data for these wells is listed in Table 23.

Transcripts per Gene Ratios®

Samples well 641, 631, and 46D were subject to simultaneous RNA and DNA
extractions. For these samples, the quantity of functional gene transcripts per gene copy
was compared for pmoA and mmoX. Primer concentrations were 300 nM for both
functional genes (pmoA 472 and mmoX) and 100 nM for the Luciferase control gene.
Standard curve PCR efficiencies for each primer set were of 98.6 %, 96.7 %, and 100 %,
respectively. Percent recoveries for the Luciferase control gene ranged from 9.3 % to
60.1 %. For more standard curve characteristics and detailed Luciferase recovery ratios,

see APPENDIX A: Table A 11, Table A 12, and Table A 13. Results from this

5 DNA and RNA extractions for the Carver site were performed by Yang Oh Jin.
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Figure 37: Phylogenetic Tree constructed from methanotroph pyrosequencing data. Sixty nine percent (78 of 114) of sequences
gathered by this technique were closely related to Methylocystis rosea, a Type 1l methanotroph. Twenty five percent (29 of
114) of sequences gathered by this technique were closely related to Methylosphaera hansoni, a Type 1 methanotroph.
These results could indicate limited diversity of methanotroph species in these samples; however, biases suggested by the
gPCR/pyrosequencing comparison could indicate that Methylocystis rosea and Methylosphaera hansoni are more abundant
than other methanotroph species, but not nearly as abundant as would be suggested by this phylogenetic tree.
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Table 23: Geochemical data for Carver, MA pyrosequencing experiment.

Wells Methane (ig/L) Vinyl Chloride (ig/L) Ethene (ig/L)
46D 640 1.6 0.4
521 na na na
581 99 0.8 0.1
641 0.8 <1 <0.1

Note: Samples marked “na” were not analyzed for that specific geochemical maker.

experiment showed that for both pmoA and mmoX, the transcripts/gene ratio was less than
one for all wells (Table 24). Based on previous, non-published, experiments conducted
by Yang Oh Jin in the Mattes Lab, a transcript per gene ratio of less than one indicates
low levels of functional gene activity. Thus, the VC oxidation occurring in these wells is
not likely attributed to methanotrophic bacteria, since their functional gene expression is
very low. Geochemical data for these wells is listed in Table 25.

With regard to the mmoX dissociation curve, results mirrored those of Soldotna,
with the presence of the standard-curve double peak at 76°C and 86°C. Environmental
samples contained two peak temperatures as well. It is suspected that the primer-dimer
artifact in environmental samples is due to low target gene abundance. Dissociation
curves for the pmoA 472, mmoX, and Luciferase primer assays can be found in

APPENDIX C: Figure C 24, Figure C 25, Figure C 26, and Figure C 27
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Table 24: pmoA and mmoX transcript per gene ratios.

Transcripts per Gene Ratio

Monitoring Well pmoA 472 mmoX

641 0.18 0.10 0.27 0.26
631 0.02 0.01 0.00 0.00
46D 0.02 0.01 0.28 0.20

Note: Each sample was quantified in duplicate and quantifications were averaged before
calculating relative abundances.

Table 25: Geochemical data for Carver, MA cDNA experiment.

Wells Methane (ig/L) Vinyl Chloride (ig/L) Ethene (ig/L)
46D 363 0.6 0.1
631 217 1.5 0.5

641 117 1.1 0.2
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CHAPTER 5
SUMMARY AND CONCLUSIONS

In this work, we evaluated several PCR primer sets from the literature for use in
methanotroph qPCR assays of groundwater samples. PCR primers targeting two
functional genes involved in VC cometabolism, pmoA (sub-unit of pMMO) and mmoX
(sub-unit of SMMO), as well as 16S rRNA gene primers that targeted Bacteria, and Type
I and Type II methanotrophs were tested. These assays were made quantitative by
constructing standard curves with DNA from Methylococcus capsulatus (Type 1) and
Methylocystis sp. strain Rockwell (Type II). Primer sets were evaluated by comparing
gene abundance estimated against known amounts of Type I and Type II methanotroph
DNA. Results of the validation experiments showed that two of the pmoA primer sets
(pmoA 178 and pmoA 330) could not robustly amplify methanotroph DNA in such a way
that would make them adequate for use in environmental sample qPCR assays. However,
one pmoA (pmoA 472) and mmoX primer set, as well as three 16S primer sets (16S T1,
16S T2, 16S U) were tested and found to be suitable for gPCR environmental
applications.

After primer validation, an effort to substantiate this methanotroph qPCR method
was made by attempting to investigate methanotroph populations in groundwater samples
from VC-contaminated sites. Some samples studied were also subjected to 16S rRNA
gene pyrosequencing, allowing for relative abundance comparisons with qPCR analyses,
and further substantiation of the method. Results from all environmental sites showed
that each primer set was able to amplify from genomic DNA extracted from
contaminated groundwater samples. This was an important confirmation because
groundwater samples typically yield low concentrations of genomic DNA which in turn
could present an obstacle in the gPCR amplification of such samples. Comparison of

gPCR and pyrosequencing analyses of relative methanotroph abundance revealed that,
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although the actual quantifications produced were not the same, the data trends were
similar. On the other hand, comparison of qPCR and pyrosequencing analyses of relative
abundances of Type I and Type Il methanotrophs revealed that the data produced by
these techniques did not always follow the same trend. This suggests there are biases in
either one or both of these evaluation techniques. In groundwater samples where both
DNA and RNA was extracted, the quantities of functional gene transcripts per gene copy
was compared, revealing that the transcripts/gene ratio for both pmoA and mmoX was less
than one, implying relatively low methanotroph activity.

Ultimately our data suggests that the gPCR method used in this study can
adequately detect the abundance and functionality of methanotrophs in a rapid,
convincing and more cost effective manner than the current enrichment culture technique.
Our data also suggests that, at least at the Carver site, methanotrophs are not actively
expressing their VC-oxidizing functional genes, casting uncertainty on their role in the

VC biodegradation occurring at that site.
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CHAPTER 6
ENGINEERING SIGNIFICANCE AND
RECOMMENDATIONS FOR FUTURE RESEARCH

The research presented in this thesis supports the premise that real-time
quantitative PCR can be used to assess the abundance and functionality of VC-degrading
methanotrophs in a rapid, convincing, and more cost effective manner. Identification of
genes associated with enzymatic pathways directly related to the degradation of specific
groundwater contaminants via real-time PCR is as persuasive at demonstrating the
presence of VC oxidizing microbes as the current enrichment-culture technique.
Furthermore, obtaining environmental results with real-time PCR can take a matter of
days as compared to the several weeks or months needed for enrichment cultures. This
technique, when coupled with rate studies, has the potential to improve the ability to
evaluate, demonstrate and measure natural and enhanced attenuation of dilute VC
plumes. The resulting improved VC bioremediation approach would thereby improve
decision making, save time, and ultimately, reduce the life cycle costs for remediation of
dilute VC plumes.

Despite the insight this research provides, there is still much work that needs to be
done before real-time qPCR can be utilized to its full potential at a contaminated site.
The most immediate use of this technique would in a controlled lab setting where the
interactions between methanotrophs and other microorganisms that co-exist at many of
these contaminated sites can be elucidated. Armed with the knowledge of microbial-
substrate interactions, this qPCR technique could be used in conjunction with
geochemical data to rapidly and accurately evaluate the in-situ remediation capacity of
indigenous bacteria at contaminated sites, and could also provide insight as to which

bacteria will play major roles in the bioremediation process. This knowledge will help
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remediation officials determine how to stimulate those specific bacteria to accelerate the

biodegradation process.
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Kolb Primer Results

When used to amplify Methylocystis sp. and Methylococcus sp. pure cultures
genomic DNA, the Kolb primer set produced either two PCR products of no PCR
product, respectively (Figure A 1). This was cause for concern. To begin to resolve the
issue, the PCR products were excised from the agarose gel and then sequenced.
Sequence data revealed the Kolb were amplifying non-specific PCR products. Due to the
difficulties of amplifying from pure culture methanotrophs, coupled with the fact that,
when able to amplify, these primers were amplifying non-specifically, the Kolb primers
were not used in the remainder of this qPCR method development. These results suggest

that we should abandon the Kolb primer set.

Figure A 1: End point PCR products of Kolb primers and Methylococcus (lane 7) and
Methylocystis (lane 8) template DNA.

pmoA 178 and pmoA 330 PCR Efficiency Variations
Reproducibility of the methanotrophs standard curve on each plate was an issue of

concern. The PCR efficiencies of the standard curves varied between plates
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considerably, from 70% to 125%. One possible cause for this variation may be related to
the freshness of the standard curve. Experiments show that when the standards are made
with in 48 hrs of use, the PCR efficiencies are closer to 100% (115% for Methylocystis
and Methyloccocus when amplifying with pmoA 178, 102% for Methylocystis and 107%
for Methyloccocus when amplifying with pmoA 330 M, 98.8% for Methylocystis and
97.0% for Methyloccocus when amplifying with the pmoA 330 primer set). When an
older standard curve was used (stored at -20 for 3 weeks) the PCR efficiencies were less
than desirable (125% for Methylocystis and Methyloccocus when amplifying with pmoA
178, 70% for Methylocystis and Methyloccocus when amplifying with pmoA 330). In
order to increase their reproducibility, the standards must be made fresh for every

experiment.

Standard Curve Characteristics

Validation Experiments

Table A 1: Average standard curve characteristics for pmoA 178 and pmoA 330 primer
validation experiments.

D{{‘;?l‘;‘ic Slope R®*  PCR Efficiency (%) Y(‘c‘;tf; c%’t
T1 100-107 343 0.999 95.54 36.52
™ 100-10°  -3.67 0.991 87.33 3821
pmoA 178 100-107  -343  0.998 95.83 37.16
pmoA 330 100-10"  -346 0.996 94.47 36.03

Note: Each standard curve was run in duplicate.
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Table A 2: Average standard curve characteristics for pmoA 472 and mmoX primer

validation experiment.

Dynamic

Ronze  Slope  R®  PCR Efficiency (%) Y'(ic“ytfl‘:;?t
T1 1000- 10°  -325 0.997 102.93 34.75
™ 100-10°  -3.30  0.999 100.94 35.43
pmoA 472 100-10°  -337 0.998 98.05 36.36
mmoX 100-10°  -347  0.999 94.18 35.80

Note: Each standard curve was run in duplicate.

Table A 3: Average standard curve characteristics for 16S T1 and 16S T2 primer

validation experiment.

Dynamic

Range Slope R*>  PCR Efficiency (%) Y-intercept (cycle #)
T1 100-10°  -3.30 0.997 100.80 35.53
T2 100-10°  -3.34  0.999 99.17 35.58
16SU 10*-10°  -327  0.999 102.22 34.79

Note: Each standard curve was run in duplicate.

Soldotna, AK Environmental Samples

Table A 4: Average standard curve characteristics for pmoA 472 and mmoX in Soldotna,
AK environmental sample qPCR assay.

Dynamic

2 . . Y-intercept
Range Slope R PCR Efficiency (%) (cycle #)
pmoA 472 100-10°  -3.31  0.998 100.62 36.28
mmoX 100-10°  -3.38  0.999 97.64 35.80

Note: Each standard curve was run in duplicate.



Table A 5: No Template Control (NTC) results for Soldotna, AK standard curves.
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No Template Control
Duplicate 1 (cycle #) Duplicate 2 (cycle #)
pmoA 472 35.3 35.02
mmoX 35.69 33.61

Note: Each NTC was run in duplicate.

Naval Air Station Oceana, Virginia Environmental Samples

Table A 6: Average standard curve characteristics for pmoA 472, mmoX, 16 T1, and 16S

T2 in NAS Oceana, VA environmental sample qPCR assay.

Dynamic 2 . . Y-intercept
Range Slope R PCR Efficiency (%) (cycle #)
pmoA 472 100 - 10° -3.29  0.997 101.17 36.90
mmoX 100 - 10° -3.34  0.979 99.44 35.72
16ST1 1000-10°  -3.28  0.998 101.88 35.31
16S T2 100 - 10° -3.46  0.999 94.53 38.66

Note: Each standard curve was run in duplicate.

Table A 7: No Template Control (NTC) results for NAS Oceana, VA standard curves.

No Template Control

Duplicate 1 (cycle #) Duplicate 2 (cycle #)
pmoA 472 36.37 undetectable
mmoX undetectable undetectable
16ST1 33.17 33.6
16S T2 36.93 36.76

Note: Each NTC was run in duplicate.
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Carver, MA - Pyrosequencing Experiment

Table A 8: Luciferase gene recovery ratios for Carver, MA qPCR experiments.

Monitoring Well Inje(c}ie;leléej;;':snce CE;::;%‘:;}?:;Z Recovery Ratio
46 D 75,000,000 10,114,966 0.134866
521 75,000,000 2,782,178 0.037096
581 75,000,000 3,750,655 0.050009
641 75,000,000 1,171,753 0.015623

Note: Each sample was run in duplicate and average quantifications were used to
calculate recovery ratios.

Table A 9: Average standard curve characteristics for 16S U, 16 T1, 16S T2 and
Luciferase in Carver, MA environmental sample qPCR assay.

Dg:z‘g“:c Slope R®  PCR Efficiency (%) Ygi‘;tcelzcg)pt
165 U 100-10° 334 0.990 99.40 36.04
16S T1 100-10°  -334 0998 99.26 36.03
16S T2 100-10° 332 0.998 99.88 36.20
Luciferase  100-10°  -3.33 0998 99.80 3591

Note: Each standard curve was run in duplicate
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Table A 10: No Template Control (NTC) results for Carver, MA standard curves shown

in Table A 9.
No Template Controls
Duplicate 1 (cycle #) Duplicate 2 (cycle #)
16SU 33.85
16ST1 33.79
16S T2 35.33
Luciferase undetectable undetectable

Note: Each NTC was run in duplicate.

Carver, MA — cDNA Experiment

Table A 11: Luciferase gene recovery ratios for Carver, MA qPCR experiments.

Injected Reference

Reference Gene

Monitoring Well Gene Copies Copies Recovered Recovery Ratio
641 225,000,000 25,392,468 0.112855
631 225,000,000 20,950,970 0.093115
46D 225,000,000 21,836,357 0.09705
641 cDNA 225,000,000 61,151,264 0.271783
631 cDNA 225,000,000 31,010,226 0.137823
46D cDNA 225,000,000 135,332,755 0.601479

Note: Each sample was run in duplicate and average quantifications were used to
calculate recovery ratios.
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Table A 12: Average standard curve characteristics for 16S U, 16 T1, 16S T2 and
Luciferase in Carver, MA environmental sample qPCR assay.

Dl{‘;fl‘g‘gc Slope R®  PCR Efficiency (%) Ygi‘;tc‘;zc;)pt
pmoA 472 100-10° 336 0.992 98.62 37.38
mmoX 100-10° 340  0.999 96.69 36.04
Luciferase  300-3x10° 329  0.999 101.38 35.27

Note: Each standard curve was run in duplicate.

Table A 13: No Template Control (NTC) results for Carver, MA standard curves shown
in Table A 12.

No Template Controls

Duplicate 1 (cycle #) Duplicate 2 (cycle #)
pmoA 472 34.02 35.49
mmoX 31.19 31.56
Luciferase undetectable undetectable

Note: Each NTC was run in duplicate.
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Additional Site Information for Soldotna, AK

ONITORING WELL/WELL POINT LOGATION
SCREENED Il UNCONFINED AQUIFER,

ONTERNG WELL/WELL POINT LDEATICH
SCREENED ] SEMI=CONFINCD WiaPER SEARING
'OHE. WITHIN

MDNTORING, WELT SROBAELY SCREENED M
PERCHEL} WAIER Z0HE

FINED ADUIFER VELL (LAUNDRY,/2RTESIEN

BN WHTER

FRG UGN PONTS {PHASE 11)

HEC IMJECTION POINTS {PHASE 1)
[=]=] DRY INJECTION WELL
OEEP HRE INJECTION PONT {INSTALLED 10,08
0B/4.00,1.65=—HE = METHAMNE {mg,’L)

W, Te———FE = R2MN §mg/L)

GO — DISSOLVED DXCVGEN (mp/L)
D056 HIGHLIGHTED. TEAT INDIGATES RESULTS METHANE <1,

FGURE
9

5",5}5

ﬂRFA DOMDUCIVE TO RDUC‘HVE DECHLORINATION {L.E. DO
RS A
W@ anHOLE
———  RIBHT—OF—WAYS [SURVEYED JUNE 2001}
— —  APPROXIMATE PARCEL BOUMDARIES

s00ReE;
AERIAL PMITOCRAPH SDL_AR_10-3-01_3-27F DATED 0y'1q/amn: PROMDED v
AERIAP TN

RIVER TERRACE Rv PARK
Scldetna, Alosks

SEPTEMBER 2007 GEOCHEMISTRY

DATE: MAACH 2008

()ahlf* RO

Figure B 1: Geochemical data from 2007 for Soldotna, AK contaminated site. Yellow areas indicate where methane is detected in
groundwater at concentrations above 1 mg/L [99].
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Additional Site Information for Naval Air Station

Oceana, Virginia
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Figure B 5: Changes VC concentrations for NAS Oceana site from 2004 to 2005 [103].
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Optimization Experiments:

pmoA 178/330 Dissociation Curves
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Figure C 1: Dissociation curve for primer set pmoA 178 amplifying template DNA from
Methylocystis sp. strain Rockwell at a primer concentratlon of 300 nM.
Double peaks are seen in samples containing little (10%) to no (no- -template
control) template DNA, indicating probable primer-dimer artifacts.

0.25 -
0.2
0.15 -
0.1 A

0.05 -

63.8 69.9 75.7 81.3 86.9
Melting Temperature (degrees Celsius)

Figure C 2: Dissociation curve for primer set pmoA 178 amplifying template DNA from
Methylococcus capsulatus at a primer concentratlon of 300 nM. Double peaks
are seen in samples containing little (10%) to no (no- -template control) template
DNA, indicating probable primer-dimer artifacts.
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Figure C 3: Dissociation curve for primer set pmoA 330 amplifying template DNA from
Methylocystis sp. strain Rockwell at a primer concentration of 300 nM.
Double peaks are seen in no-template control samples indicating probable
primer-dimer artifacts.
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Figure C 4: Dissociation curve for primer set pmoA 330 amplifying template DNA from
Methylococcus capsulatus at a primer concentration of 300 nM. Double peaks
are seen in all samples. PCR products were purified and sequence results
indicated that both peaks represented the pmoA gene.
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Optimization Experiments:

16S T1 and 16S T2 Dissociation Curves
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Figure C 5: Dissociation curve for primer set 16S T1 amplifying template DNA from
Methylococcus capsulatus at a primer concentration of 800 nM.
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Figure C 6: Dissociation curve for primer set 16S T2 amplifying template DNA from
Methylocystis sp. strain Rockwell at a primer concentration of 200 nM.
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Validation Experiments:

pmoA 178/pmoA 330 Dissociation Curves
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Figure C 7: Dissociation curve for primer set pmoA 178. The ~89°C peak represents
standard curve melting temperatures, while the ~84°C peak represents melting
temperature of the Type I/Type II sample mixtures.
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Figure C 8: Dissociation curve for primer set pmoA 330 amplifying standard curve
template DNA and Type I/Type II sample mixtures at a primer concentration
of 300 nM.
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Figure C 9: Dissociation curve for primer set pmoA 16S T1 amplifying standard curve
template DNA and Type I/Type II sample mixtures at a primer concentration
of 800 nM.
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Figure C 10: Dissociation curve for primer set pmoA 16S T2 amplifying standard curve
template DNA and Type I/Type II sample mixtures at a primer concentration
of 200 nM.
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Validation Experiments:

pmoA 472 and mmoX Dissociation Curves
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Figure C 11: Dissociation curve for primer set pmoA 472 amplifying standard curve
template DNA and Type I/Type Il sample mixtures at a primer concentration
of 300 nM.
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Figure C 12: Dissociation curve for primer set pmoA 16S T1 amplifying standard curve
template DNA and Type I/Type II sample mixtures at a primer concentration
of 800 nM.
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Figure C 13: Dissociation curve for primer set pmoA 16S T2 amplifying standard curve
template DNA and Type I/Type II sample mixtures at a primer concentration
of 200 nM.

Validation Experiments:

16S T1 and 16S T2 Dissociation Curves
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Figure C 14: Dissociation curve for primer set pmoA 16S T1 amplifying standard curve
template DNA and Type I/Type Il sample mixtures at a primer concentration
of 800 nM.
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Figure C 15: Dissociation curve for primer set pmoA 16S T2 amplifying standard curve
template DNA and Type I/Type II sample mixtures at a primer concentration
of 200 nM.
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Figure C 16: Dissociation curve for primer set 16S U amplifying template DNA from
Methylocystis sp. strain Rockwell at a primer concentration of 300 nM.
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Environmental Site Evaluation:

Soldotna, AK Dissociation Curves
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Figure C 17: Dissociation curve for primer set pmoA 472 amplifying standard curve
template DNA and environmental samples from VC contaminated
groundwater in Soldotna, AK.
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Environmental Site Evaluation:

NAS Oceana, VA Dissociation Curves
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Figure C 18: Dissociation curve for primer set pmoA 472 amplifying standard curve
template DNA and environmental samples from VC contaminated
groundwater in NAS Oceana, VA.
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Figure C 19: Dissociation curve for primer set mmoX amplifying standard curve template
DNA and environmental samples from VC contaminated groundwater in NAS
Oceana, VA.
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Environmental Site Evaluation:

Carver, MA Dissociation Curves

Pyrosequencing Experiment
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Figure C 20: Dissociation curve for primer set 16S U amplifying standard curve template
DNA and environmental samples from VC contaminated groundwater in
Carver, MA.
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Figure C 21: Dissociation curve for primer set 16S T1 amplifying standard curve
template DNA and environmental samples from VC contaminated
groundwater in Carver, MA.
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Figure C 22: Dissociation curve for primer set 16S T2 amplifying standard curve
template DNA and environmental samples from VC contaminated
groundwater in Carver, MA.

0.16
0.14 -
0.12 A
0.1
0.08 -

0.06 -

0.04 {

0.02 -

N

64.6 711 77.5 83.7 89.9
Melting Temperature (degrees Celsius)

Figure C 23: Dissociation curve for Luciferase primer set amplifying standard curve
template DNA and environmental samples from VC contaminated
groundwater in Carver, MA.
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cDNA Experiment
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Figure C 24: Dissociation curve for pmoA 472 primer set amplifying standard curve
template DNA and environmental samples from VC contaminated
groundwater in Carver, MA.
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Figure C 25: Dissociation curve for mmoX primer set standard curve Carver, MA cDNA
experiment. Multiple peaks were observed and appear to be primer-dimer
artifacts since the no-template control contains only one peak.
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Figure C 26: Dissociation curve for mmoX primer set amplifying environmental samples
from Carver, MA cDNA experiment. Multiple peaks were observed and
appear to be primer-dimer artifacts caused by low target gene abundances.
Sample 631 showed high quantities of the target gene, which could explain
why it did not have a melting temperature associated with the primer-dimer
peak.
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Figure C 27: Dissociation curve for Luciferase primer set amplifying standard curve
template DNA and environmental samples from VC contaminated
groundwater in Carver, MA.
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