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ABSTRACT

INTRODUCTION & OBJECTIVES

Vinyl chloride (VC) plumes are present at many Department of Defense (DoD) sites, and there are
significant costs associated with their cleanup. Microbial VVC oxidation could be occurring at many
of these contaminated sites and contribute significantly to VC natural attenuation. However, there
are few options available to site managers for documenting these aerobic processes. The overall
objective of this project was to demonstrate and validate quantitative, real-time PCR (gPCR) and
reverse transcription technologies for enumerating the abundance and functionality of two major
groups of VC-oxidizing bacteria (the etheneotrophs and methanotrophs) at several VC-
contaminated sites. A biological data set that describes how the abundance and functionality of
VC-oxidizing bacteria change both spatially and temporally within six different VC plumes was
developed, which included associated geochemical parameters and contaminant concentrations in
the groundwater. This demonstration is expected to show that application of environmental
molecular diagnostic tools such as gPCR during long-term monitoring of contaminated
groundwater will yield useful and cost-effective information for site managers who are interested
in better understanding and documenting aerobic VVC natural attenuation processes.

TECHNOLOGY DESCRIPTION

The gPCR technology, developed under SERDP project ER-1683, yields rapid information concerning
presence, abundance, and functionality of VC-oxidizing etheneotrophs. This method employs
protocols for DNA and RNA extraction, use of internal nucleic acid controls, and reverse transcription
of RNA to complementary DNA (cDNA) so that the gPCR technology can be applied to DNA and
RNA extraction from groundwater and aquifer sediment samples. Degenerate oligonucleotide primers
that target the functional genes etnC and etnE, both of which are known to be involved in the aerobic
VC and ethene biodegradation pathways of etheneotrophs are used during gPCR. To provide context
for interpreting the etheneotroph qPCR results, the technology also includes qPCR analysis for the
additional functional genes that may participate in VC biodegradation. This includes the genes mmoX
and pmoA, which target methanotrophic bacteria (potential cometabolic VVC-oxidizers) and the genes
bvcA and vcrA, which target VC reductive dehalogenase genes.

DEMONSTRATION RESULTS

During the demonstration we collected over 100 distinct groundwater samples from VC plumes
located at 6 different contaminated DoD sites. Both DNA and RNA were extracted from these
samples. The resulting DNA and cDNA was subjected to gPCR estimation of etnC, etnE, pmoA,
mmoX, bvcA, and vcrA gene and transcript abundance. We also measured an array of geochemical
parameters from the same groundwater samples during the groundwater sampling campaign A
statistical analysis of the gene and transcript data and the contaminant and geochemical parameters
was performed. Functional genes from the etheneotrophs, methanotrophs and anaerobic VC-
dechlorinators were present in 99% and expressed in 59% of the samples. Etheneotroph functional
genes (etnC and etnE) and VC reductive dehalogenase genes (bvcA and vcrA) were strongly related
to VC concentrations (p < 0.001). Methanotroph functional genes (mmoX and pmoA) were not
related to VC concentration (p > 0.05). Samples from sites with bulk VC attenuation rates >0.08
year~! contained higher levels of etheneotroph and anaerobic VVC-dechlorinator functional genes
and transcripts than those with bulk VC attenuation rates <0.004 year.
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We used cryogenic soil coring to collect 134 high-resolution samples from a chlorinated ethene
contaminated aquifer at Parris Island Site 45, characterized aquifer geochemical conditions, and
investigated the spatial relationships between functional genes aerobic and anaerobic VC-
degrading bacteria and chlorinated ethene concentrations. Functional genes for etheneotrophs
(etnC and/or etnE), methanotrophs (mmoX and/or pmoA), and anaerobic VVC dechlorinators (bvcA
and/or vcrA) coexisted in 48% of soil samples, most of which appeared to be experiencing
anaerobic conditions. Etheneotrophs and VVC-dechlorinators were correlated to VC concentrations
in the lower surficial aquifer (p<0.05), while methanotrophs were not related to VC concentrations.
Cryogenic soil coring was a powerful tool for capturing high-spatial resolution trends in
geochemical and nucleic acid data. Both the groundwater and aquifer sediment sampling
campaigns indicated that aerobic etheneotrophs could play a significant role in VC biodegradation
in aquifers that have little dissolved oxygen.

IMPLEMENTATION ISSUES

Implementation of gPCR technology for etheneotrophs at chlorinated ethene contaminated sites is
already feasible in real-world situations as many long-term groundwater monitoring programs
currently prescribe DNA extraction and qPCR analysis for anaerobic chlorinated ethene degrading
bacterial biomarkers. However, RNA is not typically used in gPCR practice, as DNA is more
readily obtained and easier to work with than RNA. While it may be possible to obtain meaningful
relationships between attenuation (or biodegradation rates) and qPCR data obtained with DNA.
But DNA is not necessarily a reliable indicator of active biomass, gPCR analysis of RNA may
yield stronger correlations with rates than DNA. When using RNA, technology performance is
dependent on the efficiency of RNA extraction. We recommend that when RNA is desired, that at
least 3L of each groundwater sample should be filtered, if possible, to maximize RNA vyields.
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EXECUTIVE SUMMARY
INTRODUCTION & OBJECTIVES

Vinyl Chloride (VC) plumes are present at many DoD sites, and there are significant costs
associated with their cleanup (e.g., VC plumes are often dilute, and a large volume of VC-
contaminated water must be treated). Microbial VC oxidation could be occurring at many of these
contaminated sites and contribute significantly to VC natural attenuation. However, there are few
options available to site managers for documenting these aerobic processes and the effects they
may be having at their site. The overall objective of this project is to demonstrate and validate
quantitative, real-time PCR (qPCR) and reverse transcription (RT)-qPCR technologies for
enumerating the abundance and expression of key functional genes from two important groups of
VC-oxidizing bacteria (the etheneotrophs and methanotrophs) at several VC-contaminated
Department of Defense (DoD) sites. Over the course of the project, we built a biological data set
that describes how the abundance and functionality of etheneotrophs and methanotrophs change
both spatially and temporally at several locations in one or more VC plumes. We analyzed this
data set with respect to the bulk rate of VC attenuation observed across plume transects over the
same time period. This demonstration has shown that application of environmental molecular
diagnostic tools such as gPCR during long-term monitoring of contaminated groundwater yields
useful and cost-effective information for site managers interested in better understanding the
potential for aerobic natural attenuation of VVC at their sites.

TECHNOLOGY DESCRIPTION

Under SERDP project ER-1683, the team developed a gPCR method that yields rapid information
concerning presence, abundance, and functionality of VC-oxidizing etheneotrophs. This method
employs degenerate oligonucleotide primers that target the functional genes etnC and etnE, both
of which are known to be involved in the aerobic VC and ethene biodegradation pathways of
etheneotrophs. The gene etnC encodes the alpha subunit of alkene monooxygenase (AKMO). The
gene etnE encodes the epoxyalkane:coenzyme M transferase (EaCoMT). AKMO converts VC and
ethene to epoxide intermediates, while EaCoMT detoxifies and/or transforms these epoxides into
compounds that can enter central metabolic pathways. For comparison to etheneotroph functional
genes, four additional functional genes are quantified. This includes genes encoding particular
and soluble methane monooxygenase alpha subunits in methanotrophs (pmoA and mmoX,
respectively), and genes encoding VC reductive dehalogenases vcrA and bvcA. Protocols for
groundwater sampling, DNA and mRNA extraction, use of internal nucleic acid controls, and
subsequent gPCR analysis were developed as part of the technology. This novel technology is
innovative because it can now be used to reveal the abundance and functionality of etheneotrophs
at VC-contaminated sites. By considering gPCR data alongside geochemical and contaminant data,
as well as the site-wide VC attenuation rate, this technology could provide important lines of
evidence that aerobic VC biodegradation is a significant contributor to overall VC natural
attenuation processes at contaminated sites.
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PERFORMANCE ASSESSMENT

For this demonstration we developed 3 qualitative and 11 quantitative performance objectives.
The qualitative performance objectives addressed ease of technology, implementation in the
field, usefulness of data collected, and regulatory acceptance. Of the 11 quantitative performance
objectives, 7 assessed specific q°PCR performance metrics. These were time-efficiency, cost-
effectiveness, accuracy, precision, reproducibility, comparability of different gPCR primer sets,
and sensitivity. The remaining 4 quantitative performance objectives aimed to determine
temporal and spatial relationships between gPCR data and geochemical and contaminant
parameters (e.g., VC concentrations), and correlations between gPCR data and VVC attenuation/
degradation rates.

During the demonstration we collected 95 distinct groundwater samples from VC plumes located
at 6 different contaminated DoD sites (including NAS Oceana SWMU 2C and Parris Island Site
45). Both DNA and RNA were extracted from these samples. RNA was concerted to
complementary DNA (cDNA) by RT. The resulting DNA and cDNA was subjected to gPCR
estimation of etnC, etnE, pmoA, mmoX, bvcA, and vcrA gene and transcript abundance. An array
of geochemical and contaminant parameters was also obtained from the same groundwater
samples. A statistical analysis was performed to investigate potential spatial and temporal
relationships among gene and transcript data and the contaminant and geochemical parameters.
The gPCR, geochemical and contaminant data, along with the results of the statistical analyses
were used to assess the remaining 4 quantitative performance objectives as follows.

Analysis of temporal relationships in groundwater samples

The first of these 4 performance objectives addressed temporal relationships between functional
gene and transcript abundances. The assessment was performed using data from a dilute VC
plume located at NAS Oceana. The abundance and expression of functional genes from VC-
oxidizing bacteria was low. It was also difficult to obtain enough data points for statistical
analysis due to the small size of our gene abundance database. Despite this we observed a
significant increase in mmoX abundance with time in all three wells. In the case of monitoring
well MW25, mmoX abundance was also negatively correlated with VVC concentration, as would
be expected if methanotrophs were controlling the rate of VC attenuation at this site. This
indicates that although difficult in dilute VC plumes, it is possible to use the qPCR technology
to observe statistically significant temporal relationships between geochemical and contaminant
parameters and functional genes, thus we deemed the success criteria met for this performance
objective.

Analysis of spatial relationships in groundwater samples

Application of gPCR technology to the 95 groundwater samples from several VVC plumes indicated
that etnC, etnE, pmoA, mmoX, bvcA, and vcrA were quantified (DNA) in 99% and expressed
(cDNA) in 59% of the samples. Statistical analysis (i.e., multi-level modeling) revealed a
statistically significant correlation between etheneotroph functional genes and transcripts and VC
concentrations (Figure E1). VC reductive dehalogenase genes bvcA and vcrA also displayed
statistically significant correlations with VC concentrations. Conversely, there was no relationship
between methanotroph functional gene and transcript abundance and VVC concentrations (Figure E1).
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The relationship etheneotroph functional genes and transcripts and VVC concentrations can be used
to roughly predict that the higher the VC concentration in groundwater, the higher the etheneotroph
abundance and activity will be. This was somewhat surprising as areas of higher VC centration
also tended to have little or no dissolved oxygen (DO). However, either there was no relationship
or negative correlations were observed between etheneotroph functional gene/transcript
abundance and DO and ORP measurements. These results are difficult to interpret but suggest that

DO and ORP values do not hold any predictive value with respect to etheneotroph abundance or
activity in the environment.
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Figure E1.  Relationships Among Functional Genes and VC Concentrations as Assessed
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Analysis of spatial relationships in cryo-cores

The simultaneous presence and expression of genes from etheneotrophs and anaerobic VC-
dechlorinators in groundwater samples is a novel and important observation that has implications
for bioremediation of VC. However, the co-occurrence of aerobic and anaerobic VVC-degrading
bacteria in the subsurface environment remained inconclusive following our initial assessment of
this performance objective. It could be that aquifer material within the influence of monitoring
wells contains aerobic and anaerobic microenvironments in close proximity to each other or that
mixing of aerobic and anaerobic groundwater zones occurred during sampling. Analysis of aquifer
sediment samples was therefore conducted to provide more precise spatial proximity and
distribution of aerobic and anaerobic VVC-degrading populations. Aquifer sediments were collected
from four borehole locations in the northern VC plume at Parris Island site 45 with a cryo-coring
procedure. The surficial aquifer at Parris Island site 45 has an upper unit composed of silt and a
lower unit composed of silty sand. These are termed the upper surficial aquifer and the lower
surficial aquifer (a diagram of the two hydrogeologic units is shown in Figure E2)

Initial geochemical results (cDCE, VC, ethene and methane concentrations) for core 1, located
near the PCE source zone, are shown in Figure E2. The data indicates that dissolved chlorinated
ethenes are migrating in both the upper and lower surficial aquifers, and that reductive
dechlorination of VC to ethene is also occurring in both regions of the aquifer.
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Figure E2. Spatial Resolution of A) cDCE, B) VC, C) Ethene, and D) Methane in Sediment
Core 1, Frozen in Place with Liquid Nitrogen, Obtained from Parris Island Site 45. The
Graphic on the Left Shows the Soil Characteristics of the Upper (Silt) and Lower (Silty

Sand) Surficial Aquifers.
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DNA was extracted from relatively small aquifer sediment samples (~0.25 g) (also within the same
1” cryo-core sections) and qPCR was performed for six functional genes (etnC, etnE, mmoX, pmoA,
bvcA, and vcrA), as well as total 16S rRNA genes. The results of this analysis for core 1, is shown
in Figure E3 below. The gPCR analysis shows that indeed, functional genes from etheneotrophs
and anaerobic VC-dechlorinators coexist within small (~0.25 g) sediment samples as deep as 18
feet below ground surface in this particular sediment core. This suggests that there is the potential
for essentially simultaneous aerobic and anaerobic VC biodegradation at this site, even at a
substantial depth. The source of DO at depth is currently unknown and poorly understood.
However, as expected, the abundance of etheneotroph and methanotroph functional genes are
highest closer to the ground surface, presumably because there is the strongest oxygen gradient
here near the shallow groundwater table (~2-3 feet bgs).
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Figure E3. Spatial Resolution of A) Total 16S rRNA Genes, B) etnC and etnE
(Etheneotroph Functional Genes), C) mmoX and pmoA (Methanotroph Functional Genes),
and D) bvcA and vcrA (VC Reductive Dehalogenase Genes) in an Aquifer Sediment Core,

Frozen in Place with Liquid Nitrogen, Obtained from Parris Island Site 45. The Graphic
on the Left Shows the Soil Characteristics of the Upper (Silt) and Lower (Silty Sand)
Surficial Aquifers.

Analysis of relationships between functional genes/transcripts and bulk VC attenuation rates

The positive relationship between VC concentration and etheneotrophs noted in the previous
performance objective assessment suggests that there will also be a relationship between
etheneotroph and activity and VC degradation rates, as estimated over a plume transect. This is
because as the VC plume moves further from the source it will be subject to attenuation processes,
such as biodegradation.
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Using site data (site maps and monitoring well data) we developed plume transects and plotted VC
concentration vs. distance according to the direction of groundwater flow. Using reported
hydrogeological data (hydraulic gradient, porosity, hydraulic conductivity) we estimated seepage
velocities for the transects so that VC concentration vs. distance plots were expressed as VC
concentration vs. travel time. Bulk VC attenuation rates were estimated from these plots by linear
regression. However, because of uncertainties in reported values of seepage velocity, hydraulic
gradient, porosity, and hydraulic conductivity, we were not confident in the absolute values of the
estimated bulk VC attenuations. Therefore, to determine the relationship between functional
genes/transcripts and bulk \VC attenuation rates, we used a categorical regression approach. Following
estimation of the bulk VVC attenuation rate over a transect at a site, each site was assigned to one of
two categorical rate groups: high attenuation or low attenuation. Sites in the low attenuation group
include NSB Kings Bay site 11 and NAS Oceana SWMU 2C, Altus AFB biowalls and Seal Beach
Site 70. Sites included in the high attenuation group included Parris Island site 45 (northern and
southern plumes) and Joint Base Pearl Harbor Hickam site LF0O5. For the categorical regression
analysis, a multilevel modeling approach was also used to take into account the effect of
intercorrelations between samples from the same sites and the same monitoring wells sampled on
different dates. Regression analysis was performed to test the hypothesis that functional gene or
transcript abundances are different among the different rate groupings (null hypothesis is that there is
no difference).

Analysis of relationships between functional genes/transcripts and bulk VC attenuation rates

We found that log transformed etheneotroph functional gene (etnC and etnE) abundances in high
rate group were significantly higher than those in the slow rate group, while no significant
difference was found for methanotroph functional genes among different groups Table E2. For
reference, log transformed vcrA abundances were also significantly higher in the high rate group
as compared to the low rate group (although bvcA was not). The significantly higher abundances
of etheneotroph functional genes and anaerobic VVC reductive dehalogenase genes in the high
rate group (as compared to the low rate group) suggests that VC degradation was categorically
faster when there were higher abundances of etheneotrophs and anaerobic VC-degraders
together in the same groundwater sample. It is possible that under field conditions, VC may
support the growth of etheneotrophs and anaerobic VC degraders, and etheneotrophs and
anaerobic VC dechlorinators both contributed significantly to VC degradation in the
contaminated groundwater.
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Table E2. Average Gene and Transcript Abundances within Slow and High Rate Group
Categories as Assessed by Categorical Multilevel Regression.

p values <0.05, which indicate a statistically significant difference between two groups, are in bold.

Rate gene transcript
category  logio(x+1) pvalue  logwo(x+1)  p value
low rate 4,58 4.39
etnC .

high rate 6.49 0.040 3.91 0.743

etnE low rate 3.49 1.35
high rate 5.73 0.036 3.80 0.026

MoX I(_)W rate 5.61 2.79
high rate 4.79 0.454 1.81 0.474

pMoA low rate 6.93 5.62
high rate 6.23 0.593 3.76 0.202

bveA I(_)W rate 241 1.21
high rate 3.28 0.389 2.62 0.349

low rate 0.45 0.00

VCrA .

high rate 3.54 0.030 3.96 0.035

MMOX-+pmoA |(-)W rate 6.96 5.66
high rate 6.32 0.605 3.91 0.206

low rate 2.60 1.12
bveA+verA high rate 4.36 0.024 4.66 0.002

For transcripts, significant differences were observed between etnE transcript abundances of the
high rate group and slow rate group, suggesting that etheneotrophs were more active at sites where
more rapid VC attenuation was observed. The vcrA transcript abundance in the high rate group
was also significantly higher than the low rate group (Table E2).

In summary, the results of correlation analysis between functional gene/transcript abundances and
bulk VC attenuation rates suggest that etheneotrophs and anaerobic VVC-degraders were more
abundant and active at sites with faster bulk VVC attenuation rate, and they could be both important
factors contributing to VC degradation in groundwater. Therefore, we believe that the results of
this performance assessment indicate a success.

Analysis of relationships between etnE abundance and VC biodegradation rates

Because of uncertainties in estimating bulk VVC attenuation rates in the field, we sought to look
at relationships between etnE abundance and actual VC biodegradation rates in aerobic VC-
degrading laboratory cultures. This required demonstrating that gPCR for the etnE gene can
be used as a specific surrogate for active etheneotroph biomass in the enrichment cultures, and
that the abundance of etnE is correlated to the rate of VC biodegradation. This was
demonstrated with pure cultures of VC-assimilating Nocardioides strain JS614, grown on VC
We also extracted DNA from the cultures after the end of the experiment and measured etnE
abundance with qPCR. The relationship between the VC biodegradation rate and etnkE
abundance is shown in Figure E4. We observed a strong linear relationship (R?=0.98) between
the biomass concentration (as etnE) and the maximum VC biodegradation rate by strain JS614.
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This data supports the idea that the rate of VC oxidation in these cultures is proportional to
etheneotroph functional gene concentration, and that VC oxidation rates can be adequately
described by Michaelis-Menton enzyme kinetics when functional gene concentrations are used as
the biomass concentration. Thus, the success criteria for performance objective “Determine
relationships between etheneotroph functional genes and the VC biodegradation rate in VC-
oxidizing laboratory enrichment cultures” appears to be met, at least on a preliminary basis.

We hypothesize that if etheneotrophs are contributing significantly to the rate of VC oxidation in
enrichment cultures that we will observe a similar linear relationship between the raw VC
biodegradation rate and etnE abundance.Subsequently we compared measured aerobic VC-
biodegradation rates in VVC-oxidizing enrichment cultures from PH and NI (in duplicate) under the
same pH and temperature conditions as the JS614 experiments. These data points are included in
Figure E4. The data indicate that relationships between etnE gene abundance and VC
biodegradation rate in enrichment cultures are different than that for a pure culture of JS614 even at
the same pH and temperature. A possible explanation for the observed differences is active
etheneotroph biomass. In other words, there may have been lower active etheneotroph biomass in
the PH culture and higher active biomass in the NI culture, as compared to the JS614 culture. Because
we only measured DNA in this experiment, we do not know the expression level of etnE or the
activity of the EtnE product in this case. We also know that the activity of EtnE is variable even
among different pure cultures of etheneotrophs (Coleman & Spain, 2003a, Mattes, et al., 2005).
Further study of the relationship between etnE expression (or transcript per gene ratio) as well as the
correlation of etnC gene and transcript abundance and VVC biodegradation rates is warranted.
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Figure E4. Raw VC Depletion Rate vs etnE Concentration in VC-grown Nocardioides sp.
Strain JS614 (Black Circles) as Compared to VC-oxidizing Enrichment Cultures from
Pearl Harbor (PH; Red Squares) and Naval Air Station North Island (NI; blue triangles).

For the JS614 experiments, six microcosms were prepared with varying amounts of active JS614
biomass. Substrate depletion curves were fit to the Michaelis-Menton kinetic model and the maximum VC
biodegradation rae was estimated. DNA was extracted from the microcosms at the end of the experiment,

and etnE was quantified by gPCR.
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COST ASSESSMENT.

There are two major elements of the cost model for implementing the gPCR technology into
existing monitoring plans — sampling cost and qPCR/RT-gPCR costs.The only cost drivers that
were considered was the number of samples and replicates required as this will impact the total
cost of implementing the technology as part of a long-term monitoring strategy. Typically, we take
duplicate samples for DNA and RNA to assess sampling variability.

Overall, our analysis indicates that labor and materials costs for qPCR/RT-qPCR were $530 per
monitoring well. This does not include the sampling costs in the field. We estimate that the time
required to set-up and take two 1 L filter samples for DNA and two 3L filter samples for RNA was
about 2 hours per monitoring well, on average. Although one person could sample wells alone, it
was often helpful to have another helping at times. So, to be conservative — 3 hours per well ($90).
This brings the total costs per monitoring well to $620.

We do not include the costs for flights, hotel, food, rental car, equipment rental in this analysis.
When we were sampling groundwater at Parris Island Site 45, there were additional costs for
disposal of investigation derived wastes (IDW) incurred that perhaps should be taken into account
as part of the overall cost per monitoring well. The groundwater IDW collection, storage, analysis,
and disposal costs for one sampling event in 2015 were $2,800 for 17 monitoring wells (or ~ $165
per monitoring well). However, we were not charged for IDW costs for obtaining samples for any
of the other sites when working alongside a contractor. This leads us to conclude that the extra
groundwater filtered for gPCR analysis would not likely contribute very much extra to the overall
IDW costs that we were forced to incur separately at Parris Island.

IMPLEMENTATION ISSUES

Implementation of gPCR technology for etheneotrophs at chlorinated ethene contaminated sites is
already feasible in real-world situations as many long-term groundwater monitoring programs
currently prescribe DNA extraction and qPCR analysis for anaerobic chlorinated ethene degrading
bacterial biomarkers. However, RNA is not typically used in gPCR practice, as DNA is more
readily obtained and easier to work with than RNA. While it may be possible to obtain meaningful
relationships between attenuation (or biodegradation rates) and qPCR data obtained with DNA.
But DNA is not necessarily a reliable indicator of active biomass, gPCR analysis of RNA may
yield stronger correlations with rates than DNA. When using RNA, technology performance is
dependent on the efficiency of RNA extraction. We recommend that when RNA is desired, that at
least 3L of each groundwater sample should be filtered, if possible, to maximize RNA vyields.
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1.0 INTRODUCTION
11 BACKGROUND

Contamination of groundwater by the widely used chlorinated solvents tetrachloroethene (PCE)
and trichloroethene (TCE) is a pervasive environmental problem at Department of Defense (DoD)
installations. In addition, certain DoD installations face groundwater contamination issues with
chlorinated ethanes such as 1,1,2,2 tetrachloroethane (TeCA), among other contaminants.

A very popular groundwater clean-up strategy for chlorinated ethenes and ethanes is anaerobic
reductive dechlorination. In many cases, injection of electron donor amendments to the
contaminated aquifer is sufficient to develop anaerobic conditions conducive to reductive
dechlorination of PCE and TCE and TeCA. When the appropriate microorganisms are present,
electron donor injection leads to the production of lesser chlorinated daughter products (i.e., cis-
dichloroethene (cDCE) and vinyl chloride (VC)) and in some cases non-chlorinated products (i.e.,
ethene and ethane). In some cases, bioaugmentation with cultures containing specialized anaerobic
strains can speed up the process of generating the desired end-products of ethene and ethene.

VC is a common daughter product found in contaminated groundwater undergoing reductive
dechlorination of chlorinated solvents. VC is most commonly generated in groundwater by
reductive dechlorination of cDCE. VC can also be formed by dihaloelimination of 1,1,2-
trichloroethane (a daughter product of TeCA dechlorination).

Although in situ bioremediation via anaerobic reductive dechlorination is a robust approach for
clean-up of chlorinated solvents, VC often accumulates in groundwater at sites where this strategy
is employed, under even appropriate field conditions. Therefore, VC plumes are present at many
DoD sites. This is problematic from a regulatory standpoint in that VC is a known human
carcinogen with a low Environmental Protection Agency (EPA) maximum contaminant level
(MCL) of 2 ppb. There are significant costs associated clean-up of VC plumes, primarily because
they can resist further reduction to ethene and often evolve into large, dilute plumes. As a result,
monitored natural attenuation (MNA) represents an attractive, cost-effective treatment option for
VC plumes.

In the context of MNA, VC plumes formed under anaerobic conditions have often migrated (or have
the potential to migrate) into zones where sufficient oxygen is present for oxidative degradation
processes to become significant. Under this scenario, intrinsic aerobic biodegradation processes
could account for the majority of VC mass removal. For instance, the co-migration of methane along
with VC into aerobic groundwater could promote the activity of methanotrophic bacteria, which are
known to cometabolize VC. Ethene, the by-product of VC reduction, also commonly co-migrates
with VC from anaerobic zones. Ethene can stimulate the activity of ethene-assimilating bacteria (i.e.
etheneotrophs), which are also known to cometabolize VC while utilizing ethene as a primary
substrate. Several etheneotrophic strains are known to switch from a cometabolic VC oxidation mode
to a growth-coupled VC oxidation mode. Growth-coupled VC oxidation is especially attractive
approach to VC bioremediation because it represents a sustainable process not subject to the toxicity
issues and requirements for a primary substrate associated with cometabolic VVC processes.



Although methanotrophs have long been known to cometabolize VVC, there is a paucity of studies
demonstrating the contributions of methanotrophs to cometabolism of VC in the field. Several
studies of the potential contribution of etheneotrophs to natural attenuation of VC in the field have
recently been published (Begley, et al., 2012, Atashgahi, et al., 2013, Patterson, et al., 2013,
Mattes, et al., 2015). These recent small-scale field studies suggest that etheneotrophs could
contribute significantly to aerobic natural attenuation of VC plumes.

Despite these scientific advances, the potential contribution of these bacteria to natural attenuation
of VC has largely been overlooked by practitioners. The lack of rapid and cost-effective methods
for providing lines of evidence for VC oxidation in aquifers could partially explain this. Our
SERDP-supported research (Project ER-1683) addressed several of these knowledge and
technology gaps. We have developed guantitative PCR (gPCR)(Jin & Mattes, 2010, Jin & Mattes,
2011) and reverse transcription quantitative PCR (RT-gPCR) methods (Mattes, et al., 2015) that
could provide rapid, useful and cost-effective information about the abundance and activity of VC-
oxidizing etheneotrophs in the context of a long-term MNA strategy. We also adapted existing
gPCR methods for methanotrophs for use in RT-gPCR experiments (Mattes, et al., 2015).

Oxidative processes may also be generally perceived as insignificant under the typical geochemical
conditions encountered in aquifers contaminated with chlorinated ethenes. However, other recent
publications suggest that aerobic VVC-oxidizers could be active in regions of the aquifer that are
considered anoxic or anaerobic (Gossett, 2010, Fullerton, et al., 2014). Therefore, we are poised to
apply our qPCR-based molecular diagnostic tools for VC-oxidizing bacteria to groundwater and
aquifer sediment samples to demonstrate that VC oxidation processes are present and active at VC-
contaminated sites where geochemical conditions appear favorable for VC oxidation and possibly in
areas that may appear favorable for VC oxidation (i.e., in anoxic groundwater zones). This
information will assist site managers in documenting the performance of chlorinated ethene
bioremediation strategies and obtaining regulatory acceptance for a monitored natural attenuation
remedy (enhanced or otherwise) to address VC plumes that often form as a result of anaerobic
reductive dechlorination of chlorinated ethenes.

1.2 OBJECTIVE OF THE DEMONSTRATION

A primary objective of the demonstration is to use quantitative, real-time PCR (gPCR) and reverse
transcription gPCR (RT-gPCR) technologies to reveal evidence for VVC oxidation processes (both
potential and active), particularly those involving etheneotrophs, at DoD installations. We are
particularly interested in showing that these tools can provide evidence for VVC oxidation processes
at sites that might be considered “anoxic” or even anaerobic. The data that we gather should
ultimately lead to a guidance document for addressing oxidative VVC processes at contaminated
sites. This protocol would stress that evidence for VC oxidation processes should be considered
and gathered at sites where VVC plumes are present, and point out the most cost-effective methods
for doing so.

Another potential product of this effort is an improved understanding of the contribution of VC
oxidation processes to the overall rate of VC degradation at contaminated sites. The subsurface
environment is complex and should really not be considered to be either completely aerobic or
completely anaerobic. Our initial analyses suggest that functional genes associated with both VC
oxidation and VC reduction can be located closely enough so that they are detected in the sample



groundwater sample. Therefore, in order to develop relationships between the rate of VC
degradation and the abundance/activity of functional genes involved in VVC degradation, we should
consider that both aerobic and anaerobic processes contribute to some extent. To what extent will
vary according to site specific conditions. In the demonstration plan, we will outline an approach
to investigate the contribution of aerobic VC oxidation processes to the rate of overall VC
degradation in one or more wells at the Parris Island site. This information will also be included
in the guidance document that we will deliver at the conclusion of this project. Finally, we expect
that this demonstration will show that application of environmental molecular diagnostic tools
such as gPCR during long term monitoring of VC-contaminated groundwater will yield useful and
cost-effective information for site managers who are interested in better understanding the
potential for natural attenuation of VC.

13 REGULATORY DRIVERS

The USEPA MCL for VC in drinking water is 2 pg/L. Although the goal of enhanced
bioremediation of chlorinated ethenes is complete conversion into ethene, this is rarely achieved
in practice. Generation of VC plumes resulting from incomplete anaerobic reductive
dechlorination of the more highly chlorinated ethenes can significantly increase the costs and time
of clean-up, particularly if the VC plume is dilute. Therefore, this demonstration seeks to improve
the current understanding of the contribution of VVC oxidation processes to attenuation of VC
plumes, particularly when implementation of MNA is desirable to achieve cleanup goals and site
closures. These findings will be detailed in a proposed Guidance Protocol, which is aimed at
assisting site managers and regulators to better interpret gPCR/RT-qPCR data for VC-oxidizers as
representing a significant component of bioremediation strategies involving VVC.
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20 TECHNOLOGY
21  TECHNOLOGY DESCRIPTION

We have developed a SYBR green-based gPCR method that yields rapid information concerning
presence, abundance, and expression of functional genes from aerobic VC-oxidizing
microorganisms. This method employs degenerate oligonucleotide primers that target functional
genes which are involved in the aerobic VC biodegradation pathway employed by etheneotrophs.
The etheneotroph gPCR technology was developed, demonstrated, and validated in our laboratory
(Jin & Mattes, 2010, Jin & Mattes, 2011, Mattes, et al., 2015). This technology is innovative because
it provides opportunities to explore relationships between the abundance and functionality of aerobic
VC-oxidizers at contaminated sites and the concentration of VVC, as well VVC biodegradation rates.

Etheneotrophs and methanotrophs are two major bacterial groups that could contribute
significantly to aerobic VC biodegradation in contaminated groundwater systems. The genes etnC
and etnE and their transcripts are targeted as indicators of the abundance and activity of
etheneotrophs. The gene etnC encodes the alpha subunit of alkene monooxygenase (AKMO). The
gene etnE encodes the epoxyalkane:coenzyme M transferase (EaCoMT). AKMO attacks VC and
ethene and incorporates oxygen atoms into these compounds to form epoxide intermediates.
EaCoMT detoxifies and/or transforms these epoxides into compounds that can enter central
metabolic pathways (Mattes, et al., 2010). Methanotrophs, which can cometabolize VC in the
presence of methane, are present and likely to be active at most VVC-contaminated sites because
methane is commonly generated under the same conditions favorable for reductive dechlorination
of chlorinated ethenes. Methanotroph functional genes pmoA (encodes the particulate methane
monooxygenase alpha subunit) and mmoX (encodes the soluble methane monooxygenase subunit)
and their transcripts are targeted to reveal the abundance and activity of methanotrophs
(McDonald, et al., 2008). For comparison purposes, we also include gPCR assays for anaerobic
VC reductive dehalogenase genes (bvcA and vcrA) as these genes could be participating in
simultaneous VC removal in groundwater systems alongside those from etheneotrophs and
methanotrophs.

211 DESIGN AND LAYOUT OF TECHNOLOGY COMPONENTS

The gqPCR technology for estimating the abundance of functional genes from VC-oxidizing
etheneotrophs was developed under SERDP (Project ER-1683). The gPCR technology, subsequent
improvements, and applications have been described elsewhere (Jin & Mattes, 2010, Jin & Mattes,
2011, Mattes, et al., 2015). We use published primer sets to amplify methanotroph functional genes
and their transcripts (Holmes, et al., 1995, McDonald, et al., 1995, Fuse, et al., 1998, Kolb, et al.,
2003). We have recently published an article describing the RT-gPCR method extension with a
small field-scale application (Mattes, et al., 2015).

2.1.1.1  Groundwater sampling, filtering, and preservation

Because groundwater sampling from pre-existing monitoring wells is routinely performed by
field technicians, bacteria (including VC-oxidizers) are therefore collected by sampling
groundwater from wells along with other geochemical parameters of interest (e.g. chlorinated
ethenes and dissolved gases (ethene and methane)). The sampling equipment include Geopump
Peristaltic Pump Series | with easy-load | pump head or low flowrate groundwater sampling.



A YSI Professional Plus handheld multiparameter meter (or similar piece of equipment) was used
to measure DO, pH, ORP, and conductivity of the groundwater prior to sampling for other
chemical analyses or passed through Sterivex filters to collect groundwater biomass. The probes
are inserted into a flow-through cell to facilitate these parameter measurements. The sampling
equipment set-up is shown in Figure 1. A close-up of the fittings used to connect the Sterivex
filter is shown in Figure 2.

Peristaltic pump

Sterivex filter
¥

Figure 1. Set-up of Our Groundwater Sampling Equipment

Groundwater sampling follows USEPA 540/S-95/504 low-flow procedures (Puls & Barcelona,
1996). Prior to sampling, monitoring wells are purged at a flow rate <500 mL/min. Groundwater
geochemical parameters are recorded in the field as described above. When readings stabilize (i.e.
vary <10% within a minute), the flow-through cell is disconnected and groundwater is collected
in 40 mL glass vials with Teflon-lined screw caps (VOA vials) and preserved with concentrated
hydrochloric acid. VOA vials are placed on ice and shipped to a commercial laboratory for
chlorinated ethenes (PCE, TCE, DCEs, VC) analysis using EPA method 8260B and dissolved
gases (ethene and methane) using EPA method RSK 175.
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Figure 2. Close-up of the Fitting Used to Connect the Hose to the Sterivex Filter.

After sample collection in VOA vials, microbial biomass samples for replicate DNA and RNA
extractions are collected by passing groundwater through Sterivex-GP filters (pore size 0.22 pm,
diameter 1.7 cm, Millipore, Germany) (Figure 2). Up to 3 liters groundwater is collected for RNA
extraction and up to 1-liter groundwater is collected for DNA extraction. To preserve RNA for
laboratory extraction, 3 mL of RNAlater (Ambion, Grand Island, NY) per filter is injected into
Sterivex filters with a sterile syringe immediately after sampling. Filters are then placed into sterile
50 mL screw-capped Falcon tubes and shipped on ice by overnight courier to the laboratory. Filters
with RNAlater preservation are subjected to RNA extraction immediately upon arrival. Filters for
DNA extraction are stored at -80°C prior to extraction.

2.1.1.2 DNA and RNA extraction

Nucleic acid extraction is performed using commercially available DNA and RNA extraction Kits.
The MoBio PowerWater Sterivex DNA isolation kit and PowerWater RNA isolation kits (now
provided by Qiagen) were used in this project, primarily because these kits are commonly used in
practice. These kits utilize a mechanical cell lysis procedure (i.e., beadbeating) for releasing
nucleic acids. DNA is extracted from filters without opening the filter housing according to the kit
instructions. Prior to RNA extraction, the residual RNAIlater left in the Sterivex filter is washed
out by the buffer “PBS” (8 g/L NaCl, 0.2 g/L KCI, 1.44g/L Na;HPQg4, 0.24 g/L KH2POg4, pH 7.4).
After opening the filter cartridge with a PVVC pipe cutter, the filter membrane is carefully excised
with an autoclaved razorblade, removed with sterile tweezers, inserted into kit-supplied bead tubes,
and subjected to RNA extraction according to kit instructions. After extraction, RNase Inhibitor is
added to RNA samples to prevent them from degrading. Extracted DNA and RNA is stored at -
80°C prior to further analysis.



2.1.1.3  Addition of reference nucleic acids (RNA)

Before the cell lysis step in RNA extraction, known amounts of a reference nucleic acid (1 ng)
(luciferase mMRNA (1 ng) (GenBank accession No. X65316, Promega, Madison, WI) are added to
the RNA samples after the lysis step to serve as internal controls for the efficiency of reverse
transcription and other RNA losses throughout the remaining steps in the process (such as DNAse
I treatment and RNA purification). To achieve this we used mRNA transcribed from the luciferase
gene (ref MRNA), as described in a previous study (Johnson, et al., 2005). Using reference mMRNA
allows us to more accurately estimate transcript abundance following qPCR.

The RNA recovery efficiency (%) is calculated as follows:

luciferase cDNA copies after qPCR y total cDNA vol after R.T.
total luciferase mRNA added cDNA vol used for qPCR

% recovery =

total RNA vol after RNA clean up
RNA vol used for R.T.

X 100%

RNA recovery efficiencies are highly variable, ranging from 0.015-17.8% during this project.
Possible reasons for the variability of RNA recovery include:

e Contaminants (e.g. iron oxides) from the original groundwater sample are co-extracted and
affect the stability of RNA after cell lysis

e variable reverse-transcription efficiencies from sample to sample.

e The RNA extraction protocol used was highly stringent in terms of removing
contaminating DNA. Normally, an on-column DNA digestion step is performed, but in our
experience, we have found that the on-column step does not eliminate all contaminating
DNA from the RNA sample. To address this, we performed separate in-solution DNA
digestion, which required extra time and heat (to the possible detriment of RNA yield).
Thus, we have balanced our desire to obtain high quality RNA with the potentially lower
yields from a more stringent DNA digestion protocol.

2.1.1.4 Reverse transcription of RNA into cDNA

After extraction, RNA is subjected to DNA removal, RNA clean up, and converted to
complementary DNA (cDNA) using the enzyme reverse transcriptase with random hexamer
primers. Some RNA extract is kept as a control to test for any remaining DNA contamination in
the RNA during qPCR. RNA samples are reversed transcribed into single stranded complementary
DNA (cDNA) by SuperScript 1l Reverse Transcriptase (Invitrogen, Carlsbad, CA) after
contaminating DNA removal by DNase | (Biolab, Ipswich, MA) and purification by the RNeasy
Mini Kit (Qiagen, Germantown, MD) according to manufacturer’s protocol. For example, a 60 uL.
first strand cDNA synthesis reaction contains 30 pL purified RNA, 10 mM dNTP mix, and 2.25
ug random primers.



2.1.1.5 gPCR standard construction

We use an absolute quantification gPCR approach to estimate the gene copy numbers in the DNA
or cDNA sample, which means that each gPCR experiment needs to include a standard curve. A
gPCR standard curve establishes a linear relationship between the Ct values and log of input
nucleic acid concentration. For our g°PCR experiments, we use PCR products amplified from pure
cultures as standards. We chose to use PCR products larger than the target amplicon rather than
the amplicon cloned into a plasmid because we found in earlier experiments this resulted in
improved PCR efficiencies (Jin & Mattes, 2010). Specifically, PCR product amplified from
luciferase DNA with primer set ref-STF/R is used as standard for luciferase mRNA gPCR. For
etnC and etnE qPCR, PCR products amplified from JS614 (ATCC AF498452) genomic DNA with
RTC-f/r and RTE-f/r are used as standards. For mmoX and pmoA ¢gPCR, standards are PCR
products amplified from Methylococcus capsulatus (ATCC 33009) genomic DNA with mmoX-
std2f/r and from Methylocystis sp. strain Rockwell (ATCC 49242) genomic DNA with pmoA-
std1f/r, respectively. For bvcA and vcrA gPCR, standards were linearized pCR2.1 TOPO-TA
vectors containing bvcA and vcrA gene insertions (Ritalahti, et al., 2006). Primer sets that are used
to amplify PCR products for use in standards are shown in Table 1. The primers that we use for
gPCR are shown in Table 2.

2.1.1.6 gPCR analysis of VC biodegradation functional genes and the luciferase reference
gene, using both DNA and cDNA templates

Once DNA and RNA have been extracted, ref mMRNA added, and RNA reversed transcribed (for
RNA samples), and standards prepared, then the samples are subjected to qPCR. Here we aim to
estimate the gene and transcript abundances of etnC, etnE, mmoX, pmoA, bvcA, and vcrA. For cDNA
samples, the luciferase reference gene abundance is also quantified to measure the RNA loss during the
experiment. DNA and cDNA samples (and DNA standards) are mixed with gPCR reagents (PCR
Buffer containing Mg*, Taq polymerase, DNA building blocks (dNTPs), oligonucleotide primers
and SYBR Green dye), samples and calibration standards are loaded onto a plate (either 96 well
or 384 well), and placed into an Applied Biosystems real-time PCR instrument. The overall
workflow is depicted in Figure 3.

Each 20 pL qPCR contains 10 uL. Power SYBR Green PCR Master Mix (Invitrogen, Carlsbad,
CA) and variable primer and template (DNA and single-stranded cDNA) concentrations (Table
3). Bovine serum albumin (100 ng/uL) is added to each reaction to relieve possible PCR inhibition.
PCR thermocycler conditions are as follows: 10 min at 95°C, followed by 40 cycles at 95°C (15
s) and 60°C (1 min).
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Figure 3. Overall Schematic Diagram of the Nucleic Acid Extraction and Analysis
Workflow.

During real-time PCR, the target genes are amplified and detected by increase in fluorescence as
SYBR Green is a non-specific double-stranded DNA (dsDNA) binding dye. For each gene of interest,
a range of standard DNA template concentrations must be included to develop a linear relationship
between gene copy numbers and the Ct value (threshold cycle, the cycle number required for the
generated fluorescence to reach the threshold detection line).

Following the real-time PCR thermocycling program, the temperature is raised incrementally,
which will eventually lead to denaturation of the dsDNA PCR products. This is indicated by
observing changes in the fluorescence intensity as SYBR Green dissociates from the melting PCR
product. The software program produces a “melt curve” where peaks in the curve correspond to
the sequence-dependent melting of PCR products as different temperatures. Non-specific
amplification products and primer-dimers will impact quantitation since they cannot be
distinguished from specific products. Thus, the melt-curve is an important QA/QC step in this
process as it is helpful in determining the specificity of amplification. Additional details are
provided in Section 2.1.1.8.

Following gPCR and QA/QC steps, Applied Biosystems Sequence Detection System software is
used to determine standard calibration curve relationships and estimate gene and transcript
abundance in the samples. After carefully accounting for dilutions made throughout the process,
the amount of luciferase genes and transcripts quantified is compared to the amount added, and the
percent loss is applied as a correction factor when quantifying etnC, etnE, mmoX, pmoA, bvcA, and
vcrA gene and transcript abundance. Finally, gene expression is shown in terms of the transcript
per gene ratio.
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Additional gPCR information, including primer concentrations, template concentrations, qPCR
linear range, qPCR efficiency range of the standard curves, and Y-intercepts are recorded in
accordance with Minimum Information for Publication of Quantitative Real-Time PCR

Experiments (MIQE) guidelines for the purpose of quality control (Bustin, et al., 2009).

Table 1.

Primer Sets Used for the Amplification of Standards.

Note: plasmids were used as standards for bvcA and vcrA.

. Expected
Jlelces FUllUels Sequences Product | Source
Gene Name .
Size
luciferase | ref-STF 5’-CCAGGGATTTCAGTCGATGT-3’ 1014 bp (Liang, et
mMRNA ref-STR 5-TTTTCCGTCATCGTCTTTCC-3’ al., 2014)
etnC JS614-etnCF | 5-GCGATGGAGAATGAGAAGGA-3 1138 bp (Jin &
JS614-etnCR | 5-TCCAGTCACAACCCTCACTG-3' Mattes, 2010)
otnE CoM-F1L 5-AACTACCCSAAYCCSCGCTGGTACGAC-3 891 bp (Mattes, et
CoM-R2E 5-GTCGGCAGTTTCGGTGATCGTGCTCTTGAC-3 al., 2005)
mmMoX mmoX-std2f | 5'- AGGCAGTCAAGGACGAAAGG-3' 1123 bp this study
mmoX-std2r | 5-ATCTGGCCGTTGTACTCGTG-3'
DmoA pmoA-stdlf | 5-TCGGTCCGTTCAACTCCG-3' 703 bp this study
pmoA-stdlr | 5-GAATACCAACGGCCCATGAA-3'
2.1.1.7  Platforms used for g°PCR

The platforms (96 well and 384 well plate) used for qPCR and their capabilities are described
below and illustrated in Figure 4. The choice of platform depends on the number of target genes
and the number of samples to be processed. Both 96-well plate and 384-well plate gPCR are

performed with an ABI 7900 HT Fast Real-Time PCR System.

11

Figure 4. A) 96-well and B) 384-well qPCR Plates



96-well plate

The 96-well plate (8 rows x 12 columns) is the smallest platform available for gPCR/RT-qPCR.
We often use this platform when a small number of samples is being tested. Our 96 well plate
gPCR workflow usually includes one set of standards, which comprises 6 dilutions of a known
amount of one target gene (with each dilution in triplicate). For each sample, gPCR is usually
performed in replicate. For each monitoring well, DNA and RNA samples are usually taken in
triplicate. The 96-well plate to accommodate 5 monitoring wells at most for the test of one gene
of interest. A No Template Control (NTC) is required for each plate for QA/QC.

384-well plate.

The 384-well plate is similar to the 96-well plate, but is an array of wells 16 rows x 24 columns.
A 384-well plate can accommodate DNA, cDNA, and RNA samples from 24 monitoring wells
(assuming triplicate filters are taken for DNA and RNA extraction for each monitoring well,
respectively) at the same time for the test of one gene of interest. If two genes of interest are
analyzed on one plate, nucleic acids from 11 monitoring wells can be included on one 384-well
plate.

2.1.1.8  Calculating genes and/or transcripts per liter of groundwater
The following equation is used for calculating the gene abundance per liter of groundwater (GW):

genes genes per qPCR ng DNA after extraction

= X
LGW ng DNAused for gPCR volume of groundwater sampled
Equation used for transcript abundance calculation per liter of GW:

transcripts _ transcripts per qPCR cDNA volume after R.T.

= X
LGWwW fraction RNA recovery c¢DNA volume used for qPCR
RNAvol after RNA cleanup 2 (factor corrected for single strand)

RNA volume used for R.T. volume of groundwater sampled

2.1.1.9  Quality assurance/quality control of nucleic acid extraction and qPCR

A successful DNA extract is one that contains amplifiable DNA, with concentrations above the
Qubit™ dsDNA HS assay kit detection limit (0.05 ng/ul). An RNA extract is deemed successful
if, after reverse transcription and qPCR with the ref-f/r primer set, it yields a luciferase gene PCR
product. The integrity of DNA and RNA extracts should always be confirmed prior to conducting
gPCR analysis.

The specificity of gPCR primers (RTC-f/r, RTE-f/r, mmoX-536f/898r, pmoA472-A189f/mb661r)
should be routinely checked by observing the gPCR product melting curves of each sample. For
example, the melting curves of RTE-f/r, mmoX-536f/898r and pmoA472-A189f/mb661r showed
similar pattern in groundwater samples as in the standards (Figure 5), which indicates that those
primer sets are amplifying their specific targets.
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For the RTC-f/r primer set, different groundwater DNA/cDNA samples were found to generate
different melting curves, some of which are different from the ones generated by standard DNA.
For example, in samples from NAS Oceana and NSB Kings Bay, multiple peaks were observed in
PCR product melting curves, indicating possible primer dimer formation or non-specific
amplification (Figure 5). A clone library was then constructed to investigate the sequences from
NAS Oceana and NSB Kings Bay DNA samples amplified with the RTC primer set. In most cases,
the peaks seen at low melting temperatures were attributed to primer dimers formation at low
template concentrations. Otherwise, the only PCR products identified in RTC primer clone
libraries returned BLAST results as being related to soluble di-iron monooxygenase alpha subunit
(SDIMO) genes related to the etnC gene. SDIMOs are key enzymes in the bacterial oxidation of
hydrocarbons. The AKMO and sSMMO enzymes targeted here are SDIMOs (Coleman, et al., 2006).
Because many SDIMOs can oxidize VC by co-metabolism, the presence of SDIMO also represent
the oxidation potential for VC. In contrast, for Parris Island samples, RTC primers generated
similar melting curves for both groundwater samples and standards, indicating their good
specificity for Parris Island samples at the higher etnC concentrations observed there.

If the RTC primer set does not perform well, the MRTC primer set provides another option to
amplify etnC. MRTC is a mixture of unique, non-degenerate gene-specific primers that based on
the database of 38 etnC sequences targeting the same priming sites as the RTC primers (Jin &
Mattes, 2011)(Table 2). The MRTC primer set possibly minimizes the mismatches with template
sequences and thus introduces less primer bias than the RTC primer set. Despite this, we chose to
utilize the RTC primer set for the samples analyzed in the demonstration for consistency.

Strict quality control procedures are employed to ensure the accuracy of gPCR technology. For
each qPCR experiment, one standard curve is included with a dynamic linear range usually
between 30 - 3x108 or 3x107 gene copies per reaction. A linear regression analysis is used to
evaluate the linearity of the standard curve and the amplification efficiency.

PCR efficiency (E, %) is calculated based on the slope of standard curve as follows:
E = (10¢slope) -1)*100%

A standard curve is considered to be acceptable when the R? of the linear regression is larger than
0.99, and the PCR amplification efficiency is between 90% and 110%.

NTCs should be used with each gPCR primer set on each qPCR plate. This control ensures that
cross contamination of samples has been not occurred (at least within the water and reagents used
for PCR). In NTCs, the target gene should either be not detected or detected only as primer dimers
(as assessed by dissociation curve analysis). RNA sample aliquots (corresponding to each
reversed-transcribed sample) should also be included on the same qPCR plate to test for DNA
contamination if cDNA samples are to be analyzed. If amplification levels observed in any RNA
sample are similar to its corresponding cDNA sample, the cDNA sample should be removed from
subsequent analysis.
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For DNA and cDNA samples, replicate or triplicate qPCR is performed for the same sample, the
Ct difference or standard deviation should be less than 0.3. Samples with target gene abundances
that are less than the lower quantification limit (usually 30 gene copies per gPCR reaction) are
labeled accordingly. The gene abundance estimation of those samples is considered not as accurate
since it is outside the linear range of the standard curve.

For each qPCR, dissociation curves are used to assess amplification specificity. This facilities
identification of potential false-positive SYBR green gPCR results. Dissociation curves of samples
are compared with standards to rule out non-specific amplification or dimer formation. Agarose
gel electrophoresis can be used to confirm the size of PCR product. When necessary, cloning and
sequencing should be performed to verify the specificity of PCR products. We recommend that
the specificity of qPCR products be verified with clone library analysis prior to embarking on
extensive gPCR analysis of samples from each site. According to this analysis, the RTC primers
have a tendency to form primer dimers, particularly when the target gene is at low abundance.
Primer dimer formation by both the methanotroph functional gene primer sets could occur when
target gene abundance is low. Occasional primer dimer formation was noted with Bvc925f/1017r.

2.1.2 Chronological summary of the development of the technology to date

In general, the application of gPCR to track the progress of in situ bioremediation strategies has
been growing in popularity over the last decade. It is considered a robust technology for estimating
gene abundance and expression in environmental samples as indication of microbial
bioremediation (Smith & Osborn, 2009). The technique of gPCR has been widely used to quantify
the abundance of Dehalococcoides sp. and associated functional genes to assess the reductive
dehalogenation potential at sites contaminated with chlorinated compounds (Cupples, 2008,
Sowers & May, 2013). It has also been applied to monitor the microbial metal reduction (Hwang,
et al., 2008, Wang, et al., 2015) and hydrocarbon degradation (Powell, et al., 2006, Biggerstaff, et
al., 2007).

The gqPCR technology for estimating the abundance of functional genes from VC-oxidizing
etheneotrophs was developed by the PI under contract with SERDP (Project ER-1683). There are
currently two journal articles that describe the technology and subsequent improvements (Jin &
Mattes, 2010, Jin & Mattes, 2011). We use previously published primer sets to amplify
methanotroph functional genes and transcripts (Holmes, et al., 1995, McDonald, et al., 1995, Fuse,
et al., 1998, Kolb, et al., 2003). The optimization of gPCR conditions and selection of primer sets
were performed under SERDP project ER-1683 (Dobson, 2011). We have recently published an
article that describes the RT-qPCR method extension with a small field-scale application (Mattes,
et al., 2015). Currently, we are performing qPCR analyses on 384 well plates. Overall, we believe
that previous efforts with qPCR, along with the publication and funding history of the
etheneotrophs gPCR technique indicate that they are sufficiently mature to be used in this
demonstration.
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Figure 5. Melting Curves of Primer Sets A) RTC-f/r Amplifying DNA Samples from
MCRD Parris Island, B) RTC-f/r Amplifying DNA Samples from NAS Oceana, C) RTC-f/r
Amplifying DNA Samples from NSB Kings Bay, D) RTE-f/r Amplifying DNA Samples
from MCRD Parris Island, E) mmoX-536f/898r Amplifying DNA Samples from MCRD
Parris Island, and F) pmoA472-A189f/mb661r Amplifying DNA Samples from MCRD
Parris Island.
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Table 2. Primer Sets Used for gPCR Experiments
Expected
Lt Primer Name Sequences Product Source
Gene .
Size
luciferase ref-f 5-TACAACACCCCAACATCTTCGA-3' 150 (Johnson, et al.,
MRNA ref-r 5-GGAAGTTCACCGGCGTCAT-3' P 2005)
RTC-f 5'- ACCCTGGTCGGTGTKSTYTC-3' (Jin & Mattes
etnC 106 bp '
RTC-r 5- TCATGTAMGAGCCGACGAAGTC-3' 2010)
5-ACACTCGTCGGCGTTGTTTC-3'
5-ACCCTGGTCGGTGTGCTCTC-3'
5-ACGCTGGTCGGTGTTCTTTC-3'
5-GCTCTGGTCGGCGTTCTTTC-3'
MRTC-f
5-ACTCTGGTCGGCGTTCTTTC-3'
5-ACCTTGGTTGGTGTGCTTTC-3'
5-ACCCTGGTCGGTGTGGTCTC-3' (Jin & Mattes
etnC 106 bp '
5-ACCCTGGTCGGCGTGGTCTC-3' 2011)
5-TCATGTACGAGCCGACGAAGTC-3'
5-TCATGTAAGAGCCGACGAAGCC-3'
RTC 5-TCATGTAAGAGCCGACGAAGTC-3'
-I
5-TCATGTAGGAGCCGACGAAGTC-3'
5-TCATGTAAGAACCGACGAAGTC-3'
5-TCATGTACGAACCGACGAAGTC-3'
. RTE-f 5-CAGAAYGGCTGYGACATYATCCA-3' 51 (Jin & Mattes
etn !
RTE-r 5-CSGGYGTRCCCGAGTAGTTWCC-3' P 2010)
mmoX536f 5-CGCTGTGGAAGGGCATGAAGC G-3' (McDonald, et
mmoX 542 bp al., 1995, Fuse,
MMoX898r 5-GCTCGACCTTGAACTTGGAGC C-3' etal., 1998)
pmoA472-A189f 5-GGNGACTGGGACTTCTGG-3' (Holmes, et al.,
pMOA 283 bp 1995, Kolb, et
PMOAA472-mb661r 5-CCGGMGCAACGTCYTTAC C-3' al., 2003)
oA BVC925F 5-AAAAGCACTTGGCTATCAAGGAC-3' 02 (Ritalahti, et al
VC ) o
Bvc1017R 5-CCAAAAGCACCACCAGGTC-3' P 2006)
A \Vcr1022F 5-CGGGCGGATGCACTATTTT-3' b (Ritalahti, et al
VCr ) o
\Vcr1093R 5-GAATAGTCCGTGCCCTTCCTC-3' P 2006)
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Table 3. Primer Concentration and Template Mass for gPCR Set Up.

Target Gene Concelflzr:t?(:n, uM Template
luciferase mMRNA 0.1 2 ul cDNA
etnC 0.8 10 ng DNA or 2 ul cDNA
etnE 0.8 10 ng DNA or 2 ul cDNA
mmoX 0.3 10 ng DNA or 2 ul cDNA
pmoA 0.3 10 ng DNA or 2ul cDNA
bvcA 0.3 10 ng DNA or 2ul cDNA
VCrA 0.3 10 ng DNA or 2ul cDNA

2.2 PRACTICAL IMPLICATIONS OF THE TECHNOLOGY

Now that gPCR (Jin & Mattes, 2010, Jin & Mattes, 2011) and RT-gPCR methods (Mattes, et al.,
2015) for VC-oxidizing bacteria are available, we are poised to further demonstrate the extent and
activity of VC oxidation pathways at contaminated sites. These powerful new tools for assessing
VC oxidation pathways are now available to be added to the molecular diagnostics toolbox for
site managers and remediation practitioners. Field demonstration of these tools in a variety of
different situations (e.g., different VC concentrations, different hydrogeological conditions,
natural attenuation vs. biostimulation scenarios) is necessary to establish the relationships between
VC-oxidizer functional gene abundance and activity with changes in VC concentration. Although
decreases in VC concentrations are observed on the fringes of VC plumes at several sites, there
are no published accounts that provide any link between VC concentrations and VC-oxidizing
populations measured with molecular tools or otherwise. The data collected and guidance provided
as a result of this project is expected to provide site managers the ability to document VVC oxidation
as a viable pathway responsible for reducing VC concentrations at their site. These crucial lines of
evidence could speed up regulatory acceptance of MNA and ultimately reduce lifecycle costs for
clean-up.

Remediation activities at Parris Island Site 45 could benefit from application of gPCR/RT-gPCR
tools for VC-oxidizers, which is a primary reason why have made it the focus of this
demonstration. Remedial investigations have been ongoing at the site, but there is still no formal
record of decision (ROD) of the remediation approach. Nevertheless, full-scale bioremediation
remedies (including eventually MNA) are expected to be implemented at the site. Direct oxidation
of VC is already suspected at the site based on decreasing VC concentrations in downgradient
portions of the northern and southern plumes. The timing of this demonstration with remedial
activities at site 45 has the strong potential to provide important lines of evidence for VC oxidation
processes. This information could also impact remedial outcomes and support regulatory decisions
by accelerating approval of a MNA strategy (and maintaining that strategy in good standing during
the monitoring phase) for addressing VC contamination. If this information is successfully
collected and communicated, this could ultimately lead to lifecycle cost savings for site 45.
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Implementing this technology at other locations subsequently holds promise for reduced lifecycle
costs for a significant number of remediation projects.

2.3 ADVANTAGES AND LIMITATIONS OF THE TECHNOLOGY

The RT-gPCR/qPCR technology for etheneotrophs and methanotrophs is an innovative and rapid
means of revealing the abundance and functionality of the microbial community and provides
unique information about the potential for in situ microbial aerobic VC oxidation at contaminated
sites. This information is useful in evaluating and monitoring the natural attenuation processes and
help inform remediation decisions and strategy development. Conventional microcosm studies are
laborious, time-consuming and relatively expensive, and in some cases might not represent in situ
conditions. Contaminant analyses are useful in understanding the contaminant concentration and
distribution at the site but could not provide information about the microbial degradation potential
at present and in the future.

RT-gPCR technology estimates the gene and transcript abundances in the environment and provides
more accurate and valuable information than traditional PCR (and RT-PCR), which is not
quantitative. It also goes a step further than typical qPCR approaches as RNA is analyzed, and thus
provides a measure of activity as well as abundance. RT-gPCR is more sensitive and precise in
detecting the microbial \VC-oxidizers in the groundwater than hybridization-based techniques such as
fluorescence in situ hybridization (FISH). We have strict QA/QC procedures to ensure the sensitivity
and precision of this technology. In our case, the lower limit of quantification (LOQ) is approximately
500 genes per liter of groundwater and 1000 transcripts per liter of groundwater. This level of
sensitivity is especially advantageous in investigating the VC oxidizers at low concentrations.

RT-gPCR/gPCR technology is more time efficient compared to conventional microcosm methods.
Depending on the sample amount, RT-gPCR/gPCR analysis from a sampling event containing 18
Sterivex filter samples takes 1-2 weeks. This is in contrast to a typical microcosm study, which
can take several months to complete.

A potential disadvantage of RT-gPCR is that it only targets the known functional genes and
transcripts associated with aerobic VVC oxidation. Any as yet undiscovered VC oxidation pathways
that are not targeted by the current primer sets are inherently overlooked, which will result in
underestimation of VC oxidation potential and activity. For this reason, expanding current primer
sets to include novel VVC oxidation biomarkers should be considered a possibility in the future. As
we cannot predict when new VC oxidation biomarkers will be discovered, we expect that expanded
primer sets will be developed by either work funded elsewhere or in additional proposals to
SERDP and/or ESTCP.

It is also prudent to constantly evaluate existing primer sets for performance with environmental
samples. It is possible that variability in target gene composition and abundance from site to site
could lead to variation in RT-qgPCR performance. As biomarker gene sequences from the
environment are added to the database, revisions to the primer sets could help improve
performance. However, it is important to note that the primer sets we employ that target functional
genes in etheneotrophs (i.e. etnC and etnE) utilize the most current complement of genes in the
database.
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Another limitation of our current approach is that we so far have only analyzed the abundance and
activity of VC-oxidizers in groundwater samples. We are assuming that groundwater extracted
from a monitoring well provides a representative sample of the microbial population in the aquifer.
Monitoring well samples are advantageous in that they are easily collected, and provide a
composite sample of the microbial community within the radius of influence of the well. It is likely
that the distribution of VVC-oxidizers is heterogeneous and that they will be found in regions where
VC is present (diffusing from deeper anaerobic regions of the groundwater) and oxygen is also
present (diffusing in from the unsaturated zone and rainwater recharge of the aquifer).
Groundwater sampling alone could be biased towards microbes that are planktonic or easily
detached from surfaces. Neglecting microbial VVC-oxidizers attached to the sediment may lead to
bias in evaluating the in-situ VC oxidation potential. In addition, the spatial variability of VC-
oxidizers in the subsurface would provide an improved understanding of VVC oxidation potential
and could inform site management decisions concerning MNA. Aquifer sediment sampling is grab
sampling — it provides a single point snapshot of the microbial community. Sediment sampling is
more difficult, more variable, and it requires a large quantity of sediment samples to ensure
representative data than groundwater sampling (thus more expensive). To gain an enhanced
understanding of the in situ microbial VC oxidation potential with respect to attached and
planktonic cells, we will obtain sediment samples for gJ°PCR and RT-gPCR analysis as part of this
demonstration.

Because we are planning to perform biomolecular analysis on the sediment samples, including
extraction and analysis of RNA, a promising method for taking the samples is via cryogenic coring
(Johnson, et al., 2013). Cryo-coring is essentially push coring technology adapted so that liquid
nitrogen can be injected and freeze the sediment sample in place. Once the core is removed, it can
be packed on dry ice and shipped to the laboratory. Flash freezing the sample at about -80C
preserves labile RNA in the sample and facilitates RNA extraction and analysis in the laboratory.
Additional information regarding the scope of the proposed cryo-coring is provided in Section
5.53.

The primary goal of the cryo-coring campaign will be to reveal the spatial distribution of VC-
oxidizing bacteria abundance and activity with depth in the sediment. This will also help explain
why VC-oxidizers and VVC dechlorinators can be found in the same groundwater sample. The cores
could reveal that VC dechlorinators are distributed in very different locations than the VC-
oxidizers. Gene and transcript concentrations in the core sediments are expected to vary widely by
location. In some locations, the concentrations will likely be much higher than estimated in
groundwater, and in some locations the concentrations could be much lower. This will indicate
that groundwater samples provide a composite view of the aquifer under the radius of influence of
the well. The cryo-cores will only reveal a snapshot of the microbial community distribution over
depth in that location. Obtaining several cyro-cores along a VC plume transect will provide an
improved understanding of how gene and transcript abundances vary with depth along the plume.

Alternative technologies

In Section 2.1.1.7, we described the different platforms on which we can perform qPCR/RT-gPCR
analyses for VC-oxidizers. These included 96 well plates and 384 well plates.
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The QuantArray is a recently available gPCR platform used by Microbial Insights, Inc. It is
specifically designed to target multiple functional genes and taxa associated with anaerobic
reductive dechlorination and aerobic cometabolism of chlorinated solvents. The detection and
quantification limits (LOD/LOQ) for functional genes on the QuantArray is ~ 5 “cells/mL”. This
unit essentially indicates 5 “genes/ml groundwater” or 5,000 genes/L groundwater. This is about
an order of magnitude less sensitive than standard q°PCR methods.

The QuantArray assay is not focused solely on VC oxidation, although the functional genes
associated with VC oxidation by etheneotrophs (etnC and etnE) are included on the array. There
are important differences between our gPCR/RT-gPCR technology and the QuantArray. Most
importantly, our gPCR primers have been published in the literature and are freely available for
use by the bioremediation community (Jin & Mattes, 2010, Jin & Mattes, 2011). The design of our
etnC and etnE gPCR primers is clearly stated in these journal articles. We use degenerate gPCR
primers and SYBR Green qPCR chemistry that incorporates QA/QC procedures that will alert us
in the event that a false positive result occurs. The primer sets have been rigorously tested in the
laboratory and have been validated in an expanding set of field samples. This has greatly
minimized the potential for false positive results.

The etnC and etnE primers and probes used on the QuantArray are proprietary and utilize TagMan
gPCR chemistry. While using TagMan gPCR chemistry is considered to optimally minimize false
positive results (because of the increased specificity of TagMan primers and probes), this approach
is better suited to quantifying the abundance of single genes in environmental samples. If the
diversity of functional genes is not considered, this could potentially lad to false negative results.
The performance of these primers with environmental samples in comparison to the primers we
have developed is currently unknown.

Our gPCR/RT-gPCR technology, which focuses on functional genes associated with VVC oxidation,
has lower quantification limits than the QuantArray and has been adapted to quantify mRNA
transcript abundance. When performed in microliter volumes (96 and 384 well plates), has a LOQ
of 500 genes per liter of groundwater and 1000 transcripts per liter of groundwater. Thus, our
technology is well-suited to applications where long-term and/or intensive monitoring of VC-
oxidizer abundance and activity is desired (e.g. MNA scenarios involving dilute VC plumes). Thus,
we believe our technology represents a robust and cost-effective approach to generating lines of
evidence for VC biodegradation during the long-term groundwater monitoring phase of a remedial
design.

20



3.0 PERFORMANCE OBJECTIVES

Table 4. Proposed Performance Objectives

Performance
Objective

Data requirements

Success criteria

Objective met?

Qualitative Performance Objectives

On-site sampling,
handling and
preservation
protocols for RT-
gqPCR methods are
easy to implement

Collect information on how
well sampling and
preservation requirements
fit with procedures
currently in place.

The procedure is streamlined and
straightforward so that a single field
technician to collect samples, preserve
them and ship them to a laboratory for
analysis.

Yes

Regulatory Obtain feedback from the The regulatory community accepts RT- No, the technology

acceptance regulatory community gPCR data as a means of demonstrating was only recently
regarding acceptance of biological evidence for natural attenuation | transferred to
molecular biology tools in or enhanced remediation of VC. SiReM and has yet
making regulatory not been used in a
decisions. regulatory context

as a means of
demonstrating
natural attenuation
of VC.

Usefulness Communicate gPCR and Demonstrate successful technology Yes, qPCR
RT-qPCR to RPMs, site transfer. technology for
managers, scientists and etheneotrophs
other DoD personnel and (etnE) was
obtain feedback whenever transferred to
possible and via several SiReM

approaches. This includes
presentations at key
conferences, publication of
data in the peer-reviewed
literature, and a guidance
document

Publish peer-reviewed journal articles and
present results at conferences that
demonstrates the usefulness of the
technology.

Make RPMs and other DoD personnel
aware of the technology by preparing a
guidance document.

Yes, so far 3 peer-
reviewed journal
articles have been
published and there
have been
numerous
conference
presentations
concerning the data
generated during
this project

Yes, a guidance
document has been
written an dis
posted on the
ESTCP website
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Table 4. Proposed Performance Objectives (Continued)

Performance
Objective

Data requirements

Success criteria

Objective met?

Quantitative Performance Objectives

Time-efficiency

Determine the average
amount of time required
from sample collection
through data analysis.

Time required should be less than
the time to obtain similar data
using microcosms.

Yes, the requirements for
RT-qPCR (about 3-4 weeks
for processing 60 samples)
is less than that of
conventional microcosm
testing.

Cost-effectiveness

Determine the unit cost per
monitoring well and per gene
of interest for RT-qgPCR/
gPCR analyses of VC-
oxidizer functional genes

The cost should be equal to or
less than the cost of analogous
microcosm tests.

Yes, the unit cost of RT-
gPCR/gPCR technology is
less than analogous
microcosm tests

Accuracy Collect DNA and RNA no target gene detected in the -Yes, target genes were not
samples in duplicate (or NTC; detected in the NTC
triplicate); evaluate RNA
recovery with an internal -Yes, amplification
nucleic acid control; assess amplification efficiency ranges efficiency ranges from 90-
no template controls, from 90-110%; 110% were noted in 91% of
evaluate amplification the gPCR standard curve
efficiency of qPCR standard experiment.
curves.

-No, Luciferase mRNA
Luciferase mRNA recovery is recovery >5% was not
>5%; achieved. It was unclear
why mRNA recovery was
less than expected, but we
hypothesize that the
stringent DNA removal
conditions led to increased
loss of MRNA during the
extraction process.
Precision Calculate the Ct (the cycle Ct standard deviation of triplicate | -Yes, the Ct standard

number required to reach the
fluorescence threshold)
variance from
triplicate/replicate gPCRs for
one sample; assess the
linearity of standard curves.

gPCRsis < 0.3;

R? value of standard curve is >
0.99.

deviation of triplicate
gPCRs < 0.5 was met for
more than 90% of the
standards and more than
80% of the samples.

-Yes, standard curves
displayed R? value>99%,
was met for all gPCR
experiments. suggesting
great linearity of standard
curves.

Reproducibility

Determine the range in
functional gene/transcript
abundance of duplicate
samples and/or the standard
deviation in functional
gene/transcript abundance in
triplicate samples

The range/standard deviation of
Ct values from
duplicate/triplicate samples
should not exceed 0.5 more than
25% of the time.

Yes, for all functional genes,
> 90% of standards showed
Ct standard deviation less
than 0.5, while >80% of
samples showed Ct
difference less than 0.5 in
duplicate qPCRs
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Table 4. Proposed Performance Objectives (Continued)

Performance
Objective

Data requirements

Success criteria

Objective met?

Comparability of
different g°PCR

Using the same DNA
extracts, measure duplicate

gPCR estimates of etnC and etnkE
abundance performed by two

Yes, for etnC qPCR results
were within the same order

primer sets samples using the gPCR independent laboratories on the of magnitude. However, >
primers of two different same DNA samples should yield | 10-fold variability between
laboratories and compare results within the same order of the two labs occurred for
results of mean values for magnitude etnE qPCR. This could be
gene abundance from each improved by continued
lab (e.g. student’s t-test). standardization of gPCR
laboratory practices between
the two groups.
Sensitivity Evaluate the linear dynamic | The lower limit of the No, the lower limit of

range of the standard curve,
particularly the lower end of
the curve that dictates the
detection and quantification
limits of the assay; Assess
melting curves to ensure
specificity and sensitivity.

quantification of 500 genes per
liter of groundwater and 1000
transcripts per liter of
groundwater; melt-curves should
indicate the presence of the
specific PCR products only.

quantification for DNA
samples was 900 genes per
liter of groundwater and for
RNA samples was 10,000
transcripts per liter of
groundwater. Although
these values do not meet the
original success criteria, in
both cases we feel that
perhaps these success
criteria were ambitious, as
these quantification limits
are very reasonable for
gPCR.

Determine temporal
trends in the
abundance of etnC,
etnE, and other VC
biodegradation
functional genes,
alongside VC
cDCE, and methane
concentrations, and
field parameters
(e.g., DO, ORP, pH,
temp).

Temporal gPCR and RT-
gPCR data for six functional
genes (etnC, etnE, mmoX,
pmoA, bvcA, and vcrA) from
groundwater samples;
Groundwater geochemical
parameters measured by YSI
Professional Plus handheld
multiparameter meter during
field sampling (i.e, DO,
ORP, pH, temperature);
Methane, VC and cDCE
concentration data from
groundwater samples.

Temporal trends of gene and
transcript abundances were
analyzed by the Mann-Kendall
test. An increasing or decreasing
trend was considered statistically
significant if the p < 0.05.

Yes, using data from NAS
Oceana showed that
establishing temporal
relationships between VC
degradation and functional
gene abundance and activity
is possible, but was difficult
in the dilute VC plume
scenario we encountered
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Table 4. Proposed Performance Objectives (Continued)

Performance
Objective

Data requirements

Success criteria

Objective met?

Determine spatial
correlation of VVC-
biodegradation
functional
gene/transcript
abundance with the

e Spatial gPCR and RT-
gPCR data (i.e., etnC,
etnE, mmoX, pmoA,
bvcA, and vcrA) from
groundwater and cryo-
core sediment samples

In 95 groundwater samples,
relationships between VC-
biodegradation functional
gene/transcript abundance and
contaminant and geochemical
parameters were determined with:

Yes, multi-level regression
analysis revealed
statistically significant
correlations between
etheneotroph functional
genes/transcripts and VVC

following e Geochemical parameter | ¢ Spearman’s rank correlation | concentrations in
contaminant and data from groundwater test groundwater samples.
geochemical and cryo-core sediment e simple linear regression
parameters: samples (i.e., DO, ORP, e multilevel regression. For
e VC pH, temperature). multilevel regression, each
concentration e Ethene and methane site was considered as level 1,
e Ethene concentrations from and each monitoring well was
concentration groundwater samples and considered as level 2.
e Methane cryo-core sediment
concentration samples In 124 cryo-core samples, Yes, censored regression
e DO, ORP e Chlorinated ethenes relationships between VC- analysis revealed
e Other (PCE, TCE, cDCE, and | biodegradation functional gene/ statistically significant
chlorinated VC) in groundwater transcript abundance and correlations between
ethenes (PCE, samples and cryo-core contaminant and geochemical etheneotroph functional
TCE, cDCE) sediment samples parameters were determined with: | genes and Ve
e Spearman’s rank correlation concentrations in cryo-core
test sediment samples.
o simple linear regression
e censored regression
e Correlations were considered
statistically significant if the p
value of a test is < 0.05.
Determine e VC concentrations in The relationship between spatial | Yes, categorical regression
relationships groundwater bulk VC atenuation rates and analysis indicated a
between VC e Estimates of groundwater | functional gene and transcript statistically significant
biodegradation seepage velocity and abundances was investigated with | categorical relationship
functional retardation coefficients a multilevel categorical between etheneotroph

genes/transcripts
from and bulk VC
attenuation rates
determined at field
sites

from previous site
investigations

e Estimates of VC
attenuation rates over a
transect of at least 4
monitoring wells

e Spatial gPCR and RT-
gPCR data for
etheneotroph and
methanotroph functional
genes (etnC, etnE,
mmoX, pmoA) from
groundwater samples

e Spatial gPCR and RT-
gPCR data for anaerobic
VC dehalogenase genes
bvcA and vcrA

regression model.

Each site was assigned to a
categorical rate group (high rate
attenuation or low rate
attenuation group) based on
estimated bulk VC attenuation
rate and other geochemical
parameters.

The relationship was considered
significant if the p value of
categorical regression is less than
0.05.

functional genes and bulk
VC attenuation rates.

A statistically significant
categorical relationship
between etnE transcripts and
bulk VC attenuation rates
was also noted.
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Table 4. Proposed Performance Objectives (Continued)

Performance Data requirements Success criteria Objective met?
Objective
Determine e VC substrate depletion | VC substrate depletion data was | Yes (preliminary), we

relationships
between functional
gene etnE and the
V/C biodegradation
rate in VC-
oxidizing
enrichment cultures
in the laboratory

data from laboratory
microcosms and pure
VC-oxidizing bacterial
cultures

e (PCR data for
etheneotroph
functional gene (etnE)

fitted to Michaelis-Menton
enzyme kinetics to determine
maximum substrate depletion
rates and half-saturation
coefficients.

etnE abundances were correlated
to raw VC depletion rates.

observed a strong linear
relationship (R?=0.98)
between the biomass
concentration (as etnE) and
the gmax for VC
biodegradation by strain
JS614

etnE abundances were considered
predictive of rates if r>>0.9.

3.1 QUALITATIVE PERFORMANCE OBJECTIVES

3.1.1 On-site sampling, handling and preservation protocols for RT-qPCR/qPCR
methods are time-effective and easy to implement

Sample collection is an important component of the process of estimating gene and transcript

abundance in environmental samples.

3.1.1.1 Data requirements

Collect information on how well sampling and preservation requirements fit with procedures

currently in place. Determine how much time is required to collect the desired number of samples.

3.1.1.2  Success criteria

The procedure should be streamlined and straightforward enough for a single field technician to

collect samples, preserve them and ship them to a laboratory for analysis.

3.1.2 RT-gPCR/gPCR technology is accepted by regulators

3.1.2.1 Data requirements

Obtain feedback from the regulatory community regarding acceptance of molecular biology tools
in making regulatory decisions

3.1.2.2  Success criteria

The regulatory community accepts RT-gPCR data as a means of demonstrating biological
evidence for natural attenuation or enhanced remediation of VC.

3.1.3 RT-gPCR/gPCR technology is useful.

The main goal of this project was to demonstrate that etheneotroph gPCR technology is useful to
site managers. This objective is significantly related to technology transfer activities. Site
managers and DoD personnel should be made aware of the technology and its potential usefulness
in a variety of ways.
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3.1.3.1 Data requirements

Communicate gPCR and RT-gPCR to RPMs, site managers, scientists and other DoD personnel
and obtain feedback whenever possible and via several approaches. This includes presentations at
key conferences, publication of data in the peer-reviewed literature, and a guidance document.

3.1.3.2 Success criteria

Demonstrate successful technology transfer. Publish peer-reviewed journal articles and present
results at conferences that demonstrates the usefulness of the technology. Make RPMs aware of
the technology by preparing a guidance document.

3.2 QUANTITATIVE PERFORMANCE OBJECTIVES
3.2.1 RT-gPCR/gPCR technology is time efficient

An important advantage of our RT-qPCR technique is that results can be obtained within a
relatively short period of time (weeks) and can provide biological data efficiently to the site
manager for further decision-making.

3.2.1.1 Data requirements

The time cost for RT-qPCR technology was assessed. Time spent on each step of the process,
including groundwater sample collection and shipping, DNA and RNA extraction, reverse
transcription and gPCR was assessed after each sampling event and experiment.

3.2.1.2  Success criteria

The objective is considered met if the time requirements for RT-qPCR is less than that of
conventional microcosm technique.

3.2.2 RT-gPCR/gPCR technology is cost effective

The cost effectiveness of RT-gPCR depends on not only the cost of the technology but also the
amount of information it can provide.
3.2.2.1 Data requirements

We determined the unit cost per monitoring well and per gene of interest for analyses via
“Standard” RT-qPCR/gQPCR of VC-oxidizer functional genes. This analysis included the
groundwater sample collecting cost, the sample shipping cost, the reagent cost, the consumable
cost, and instrument running fees.

3.2.2.2  Success criteria

The objective will be considered to be met if the unit cost per analysis is less than analogous
microcosm tests.
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3.2.3 RT-gPCR/gPCR technology is accurate

The accuracy of RT-gPCR technology refers to the difference between the actual quantities and
experimentally measured results. Although it is not possible to know the exact absolute quantity
of genes and transcripts in an environmental sample, we aimed to maximize accuracy with strict
quality assurance and controls that ensure the data generated is representative of the actual
gene/transcript quantity in the sample.

3.2.3.1 Data requirements

First, for each monitoring well, duplicate/triplicate DNA and RNA extractions were performed,
and the results were reported as the average of the triplicate (or duplicate) extractions. Secondly,
RNA samples need special care because RNA degrades quickly in the environment. We used
RNAlIater to preserve Sterivex filters before the RNA extraction. Also, RNA loss during extraction
and subsequent DNase treatment, reverse transcription, and qPCR was determined using an
internal nucleic acid control (luciferase mMRNA). Finally, for each gPCR experiment, strict quality
control was employed. Bovine Serum Albumin (BSA) was used in gPCR to relieve possible PCR
inhibition in the samples. Each gPCR plate include a “no template control” (NTC) to control for
cross-contamination. Amplification efficiency was evaluated by preparing standard curves of
known amounts of target gene.

The gPCR technology being demonstrated in this project uses a SYBR green chemistry. Because
SYBR Green is a non-specific DNA binding dye, there is the potential for non-specific
amplification and thus the generation of false positives during analysis. An additional QA/QC
approach — melt-curve analysis — was also performed following qPCR analysis. Melt-curve
analysis allows us to assess whether non-specific amplification has occurred during gPCR.

3.2.3.2  Success criteria

Luciferase mRNA recovery is >5%; no target gene detected in the NTC; amplification efficiency
ranges from 90-110%.

3.24 RT-gPCR/gPCR technology is precise

The precision of RT-qPCR technology refers its robustness. Proper laboratory procedures are
critical to ensure high precision of RT-gPCR results. Ideally, samples that are intended to be
compared with each other should be analyzed in the same gPCR assay (i.e., on the same gPCR
plate) and in accordance with Minimum Information for the publication of Quantitative PCR
Experiments (MIQE) guidelines {Bustin, 2009 #2}.

3.24.1 Data requirements

RT-gPCR and gPCR precision were evaluated by calculating the variance of the cycle number
required to reach the fluorescence threshold (Ct) from triplicate/replicate gPCRs for one sample.
The standard curve will also be assessed for linearity to ensure the precision.

3.2.4.2  Success criteria

The objective was considered met if the Ct standard deviation of triplicate gqPCR reactions is less
than 0.3 and the R? value of standard curve is higher than 0.99.
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3.25 RT-gPCR/gPCR technology is reproducible

The reproducibility of gPCR is important to ensure that there is sufficient quantitative confidence
with the results. There must not be too much variability from sampling and analysis.

3.25.1 Data requirements

Following gPCR analysis of samples, the range of functional gene abundance (duplicate samples)
and the standard deviation of functional gene abundance (triplicate samples) will be calculated.
The value of the range and/or the standard deviation was reported.

3.2.5.2  Success criteria

The deviation of the cycle threshold (Ct) of duplicate/triplicate samples does not exceed 0.5 more
than 25% of the time.

3.2.6 RT-gPCR/gPCR conducted in different labs provides comparable results

Comparability means that the qPCR results are reproducible and similar in quantity in different
laboratories when the same DNA samples are analyzed. Comparability is important for successful
technology transfer.

3.2.6.1 Data requirements

Using the same DNA extracts, measure duplicate samples using the gPCR primers of two different
laboratories and compare results of mean values for gene abundance from each lab (e.g. student’s t-test).
DNA samples, originally extracted at the SiReM laboratory, were subjected to qPCR analysis
targeting etnC and etnE. This analysis was performed with DNA samples three different sites to
account for potential site-to-site variability in primer performance. The DNA samples were
subsequently sent to the Mattes laboratory at the University of lowa, subjected to the same qPCR
analysis, and the results were compared.

3.2.6.2  Success criteria

gPCR estimates of etnC and etnE abundance performed by two independent laboratories on the
same DNA samples should yield results within the same order of magnitude.

3.2.7 RT-gPCR/gPCR technology is sensitive

This gPCR technology should be sensitive enough to detect relatively low copy numbers of
gene/transcripts from DNA/cDNA samples. Sensitivity is important in dilute VC plumes, for
example, where gene and transcript abundance could be much lower than in more concentrated
plumes

3.2.7.1  Data requirements

The sensitivity of RT-qPCR/gPCR technology will be assessed by evaluating the linear dynamic
range of the standard curve, and in particular the lower end of the curve that dictates the detection
and quantification limits of the assay. Melting curve analysis will also be performed. This is a
function that a real-time PCR instrument provides when running a SYBR Green qPCR assay.
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When using SYBR green, a non-specific double-stranded DNA binding dye, PCR products are
detected by an increase in fluorescence. After PCR, the instrument gradually raises the temperature
of the reaction. Eventually, the PCR product will denature and release the SYBR green dye. These
melt curves are useful for assessing the specificity and sensitivity. Melt-curve peaks, which indicate
the melting temperature of the PCR product, are also a more sensitive means of detecting PCR
products than agarose gel electrophoresis and staining with SYBR green or Ethidium bromide. This
is important in environmental samples where the target gene concentration could be low.

3.2.7.2  Success criteria

The objective will be considered to be met if the lower limit of the quantification of 500 genes per
liter of groundwater (0.5 genes per mL) and 1000 transcripts per liter of groundwater (1 transcript
per ml). Melt-curves will indicate the presence of PCR products at these concentrations, and also
the presence of genes or transcripts even if they are below the quantification limit.

3.2.8 Determine how qPCR/RT-gPCR data correlates with temporal variation in VC
concentration and other geochemical parameters

The temporal pattern of aerobic VC-oxidizers in contaminated groundwater, as estimated by
gPCR, will help predict the future natural attenuation potential and evaluate the long-term effect
of remedial methods. The variation of the abundance and activity of etheneotroph and
methanotroph functional genes/transcripts over time was also investigated with respect to the
temporal changes in VC concentrations and other geochemical parameters. We hope to identify
the geochemical parameter that could affect the etheneotroph and methanotroph at site, which
information would be useful in optimizing the conditions for natural attenuation.

We will also analyze the temporal functional gene and transcript data for correlations with other
chloroethenes (PCE, TCE, and cDCE) methane, ethene, and DO concentrations as well as ORP
values.

3.2.8.1 Data requirements

Currently, the NAS Oceana data set is the most extensive temporal data set of functional gene and
transcript abundance from VC-oxidizing bacteria. Additional details concerning the experimental
plan are described in Section 5.1 Conceptual Experimental Design.

Samples from three selected NAS Oceana, VA SWMU 2C monitoring wells (MWO05, MW19 and
MW?25) over a six years’ time-course from 2008 to 2014, were analyzed for the abundance of
functional genes associated with etheneotrophs (etnC, etnE), methanotrophs (mmoX, pmoA), and
anaerobic VC reductive dehalogenase genes (bvcA and vcrA). RNA samples from the three
monitoring wells were analyzed for the abundances of etnC, etnE, mmoX, pmoA, vcrA and bvcA
transcripts in 2012, 2013 and 2014. VC and other chlorinated ethene concentration data as well as
annual geochemical data (including DO) was obtained from NAS Oceana site investigation reports
and provided by a consultant (CH2M).

Groundwater geochemical parameters were measured by YSI Professional Plus handheld
multiparameter meter during field sampling (i.e., DO, ORP, pH, temperature). Groundwater
methane, VC and cDCE concentration data were also obtained for the analysis. The temporal trend
of gene and transcript abundances was analyzed by the Mann-Kendall test.
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3.2.8.2  Success criteria

A statistically significant increasing or decreasing temporal trend if the p value of the Mann-
Kendall test is less than 0.05. The temporal correlation between VVC concentrations and functional
gene abundances was investigated by the Kendall rank correlation test. The correlation is
considered statistically significant if the p value of the test is less than 0.05.

3.2.9 Determine how qPCR/RT-gPCR data correlates with spatial variations in VC
concentration and other geochemical parameters

Determining spatial relationships between VC degrading microorganisms (as estimated by the
suite of 6 functional genes) with respect to biogeochemical conditions at contaminated sites can
provide important information about the relative roles of different types of VC-degrading bacteria
in different portions of the VC plume.

One such relationship that could be revealed is the relative contribution of cometabolic and
growth-supporting VC oxidation at a site. For instance, if VC oxidation process is primarily
cometabolic then we would not expect there to be a statistical relationship between VC-oxidizer
functional gene abundance (a surrogate for cell densities identified by gPCR) and VC
concentrations. There could instead be a relationship between VC-oxidizer abundance and the
concentration of the primary growth substrate (i.e. methane and/or ethene, assuming electron
acceptor and nutrients are not limiting growth). However, if the VC (or VC breakdown product
resulting from cometabolism) is toxic to certain VC-oxidizing microbes (such as methanotrophs)
then an inverse relationship between VC concentration and VC-oxidizer abundance would be
expected.

On the other hand, if the VC oxidation process is growth supporting, then we would expect to
observe a positive relationship between VC-oxidizer abundance (etheneotrophs) and VC
concentrations. A positive relationship could also exist between VC concentrations and VC-
oxidizer abundance if the VC is being reduced to ethene by VVC dechlorinators nearby. This would
provide a source of ethene as a primary growth substrate for etheneotrophs (again this assumes
that nothing else is limiting in the aquifer).

Spatial correlations between VC-degrader functional gene and transcript abundance were tested
with additional biogeochemical parameters such as the concentration of the other chloroethenes
(PCE, TCE, and DCEs), methane, and ethene, and field-measured parameters (DO, ORP, temp,
and pH). For instance, we do not expect that methanotroph functional gene and transcript
abundance will positively correlate with VC, but rather with methane and DO levels.

3.2.9.1 Data requirements

Spatial gPCR and RT-gPCR data (i.e., etnC, etnE, mmoX, pmoA, bvcA, and vcrA) were collected from
groundwater and cryo-core sediment samples (QPCR data only) at different locations within a VC
plume to provide an overall distribution map of the abundance and activity of aerobic VC-oxidizers.

Geochemical data including DO, ORP, pH and temperature were measured the same time when
groundwater samples are taken for microbial analyses with YSI Professional Plus handheld
multiparameter meter in groundwater. We also attempted to measure DO, ORP, and pH in the
cryo-core sediment samples.
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Chlorinated ethenes (PCE, TCE, cDCE, and VC), ethene and methane concentrations were
measured in groundwater samples and cryo-core sediment samples

3.2.9.2  Success criteria

In 95 groundwater samples, relationships between VVC-biodegradation functional gene/transcript
abundance and contaminant and geochemical parameters were determined with:

e Spearman’s rank correlation test
e simple linear regression

e multilevel regression. For multilevel regression, each site was considered as level 1, and
each monitoring well was considered as level 2.

In 124 cryo-core samples, relationships between VC-biodegradation functional gene/transcript
abundance and contaminant and geochemical parameters were determined with:

e Spearman’s rank correlation test
e simple linear regression
e censored regression

e Correlations were considered statistically significant if the p value of a test is < 0.05.

3.2.10  Determine relationships between gPCR/RT-gPCR data and estimated bulk VC
attenuation

Gene/transcript abundance data generated by qPCR/RT-gPCR indicates the microbial VC
oxidation potential and activity in the groundwater. It is important to relate the microbial data with
the VVC degradation rate to provide lines of evidence that microbes are playing a role in removing
VC from the groundwater (e.g. during MNA). Developing relationships between functional gene
abundance and/or transcript abundance and the VC degradation rate would help site managers
make bioremediation strategy decisions based on molecular data.

Several processes could contribute to the overall VC degradation rate in groundwater (both real
and apparent). Simple dilution of the VC plume could lead to drops in VC concentration in
monitoring wells over time that could be perceived as degradation. Dispersion and sorption
processes could also play a role, although VC is not considered to be very sorptive. VC is subject
to both anaerobic dechlorination and aerobic oxidation in groundwater. A combination of
processes likely contributes to the overall VC degradation rate, the ratios of which vary from site
to site depending on aquifer composition, groundwater flow rates, and the abundance and activity
of VC-degrading bacteria. Our working hypothesis is that at many sites anaerobic dechlorination
and aerobic oxidation of VC are the dominant VVC degradation processes. We further propose that
by estimating the abundance and activity of functional genes associated with both aerobic and
anaerobic VC that we will see improved correlations with the VVC degradation rate estimating from
monitoring well data.
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3.2.10.1 Data requirements

Bulk VC attenuation rate estimation. There are two approaches to estimating the bulk VC
attenuation rate. It can be estimated in separate monitoring wells over a time period. It can also be
estimated along a specific transect that corresponds to the flow of groundwater and movement of
the VC plume. We collected data for this objective by estimating rates across plume transects.

The bulk VC attenuation rate along a plume transect was estimated with a first order kinetic model.
VC concentration data from at least three (but preferable 4 or more) monitoring wells along the
groundwater flow path was used in the analysis. When possible, the VVC concentration data was
normalized to account for dilution by using the total chloride concentration. Total chloride is the
sum of ionic chloride and organic chlorine (expressed as Cl) found in VOC contaminants such as
the chloroethenes. We assumed the total chloride concentration remained constant in the
groundwater and acts as the conservative tracer to normalize measured VC concentrations
(equation 1). Total chloride is the sum of ionic chloride and organic chloride found in VOC
contaminants such as the chloroethenes. We also accounted for the the minor effects of VC
sorption.

Ty
Cg correctea = Cp <T_ ) (1)
B

Where:

Ta: total chloride concentration at point A

Tg: total chloride concentration at point B (downgradient of point A)
Cs corrected: COrrected VC concentration at point B

Cgs: measured VC concentration at point B

The VC biodegradation rate constant was then estimated by regression analysis of normalized VC
concentrations against travel time along the groundwater flow (equation 2) (Wiedemeier, 1998).
This required the use of previously reported seepage velocities and retardation coefficients, when
available, to estimate the plume travel time.

— —At
CB corrected — CA e

Where:

Cg corrected: Ccorrected VC concentration at point B
Ca: measured VC concentration at point A

\: first-order biodegrading rate

t: travel time of VC between point A and point B
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This approach was also used to determine ethene and methane degradation rates in the VC plume
as important relationships between these rates and trends in VVC degradation functional gene and
transcript abundance could be revealed, though the primary goal was to assess bulk VVC attenuation
rates.

gPCR/RT-gPCR data. Gene and transcript abundance of functional genes associated with VC
degradation were calculated and reported as genes/transcripts per L groundwater. These included
aerobic VVC degradation genes from methanotrophs and etheneotrophs that have been previously
described (i.e. etnC, etnE, pmoA and mmoX). We also quantified the presence and functionality of
anaerobic VVC dechlorinators in samples by analyzing their functional genes and transcripts (vcrA
and bvcA) with published primer sets (Krajmalnik-Brown, et al., 2004, Mdiller, et al., 2004). The
costs for these analyses were tracked.

The bulk VC attenuation rate along the groundwater flow path was calculated with data obtained
from each distinct sampling event. It is important to monitor the change of VVC attenuation rate and
the change of functional gene and transcript abundances at the same time, which will help reveal
the contributions of aerobic VC degrading microbes during VC degradation.

3.2.10.2 Success criteria

The relationship between spatial bulk VVC attenuation rates and functional gene and transcript
abundances was investigated with a multilevel categorical regression model.

Because of uncertainties in the quantitative value of bulk VC attenuation rates, each site was
assigned to a categorical rate group (high rate attenuation or low rate attenuation group) based on
estimated bulk VC attenuation rate and other geochemical parameters.

The relationship was considered significant if the p value of categorical regression is less than
0.05.

3.2.11 Determine relationships between etheneotroph functional genes and the VC
biodegradation rate in VC-oxidizing laboratory enrichment cultures

3.2.11.1 Data requirements

VC oxidizing enrichment cultures must be established from one or more groundwater samples
collected from sites evaluated during this project. VC depletion curves must be generated in batch
experiments and fit to Michaelis-Menton enzyme Kkinetics to determine maximum substrate
depletion rates and half-velocity constants. DNA samples m