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1. INTRODUCTION

The Strategic Environmental Research and Development Program (SERDP) and Environmental
Security Technology Certification Program (ESTCP) are Department of Defense (DoD)
programs designed to support research, development, demonstration, and transition of
environmental technologies required by DoD to perform its mission. Remediation of hazardous
waste in the environment is an area of emphasis for both programs.

1.1 Department of Defense Liabilities

For nearly a century, DoD manufactured, operated, maintained, and repaired thousands of
vehicles and hundreds of weapons systems at its 1,700 installations. Following standard
industrial practices, millions of pounds of powerful chemicals and solvents were used annually.
These weapons systems also consumed billions of gallons of gasoline, diesel, and jet fuel. In
addition, the need for realistic training resulted in the annual expenditure of millions of rounds of
ammunition, missiles, and pyrotechnics on training ranges. The result of many decades of
military operations was the inadvertent contamination of soil, sediments, and groundwater.

These contaminants can affect human and ecological health in complex ways, and the
technologies used for cleanup can impact the environment. Assessing the human and ecological
risks and monitoring remediation performance can be difficult and costly given the currently
available tools, particularly when mixtures of contaminants are present or when residual
contamination remains after treatment.

Much of the contamination at DoD sites is susceptible to multiple natural and enhanced
degradation processes. Biodegradation plays a prominent role in the fate and transport of these
contaminants and represents a promising remediation method. Although the potential for
biodegradation has been well documented in the scientific literature, there is a significant burden
of proof and lag time associated with achieving the acceptance of natural and/or enhanced
bioremediation by regulatory and public stakeholders — especially with respect to chlorinated
solvents. The burden of proof that bioremediation is occurring requires the proponent to provide
compelling evidence of ongoing treatment efficacy. Converging lines of evidence include
contaminant flux and concentrations, degradation activity (geochemical and microbial), and
hydrogeological complexities. Furthermore, the field practitioner must have the knowledge and
tools necessary to determine if natural or enhanced bioremediation will meet specified remedial
action objectives.

1.2 Molecular Biological Tools

Rapid advances in molecular biology impact practices in many fields, including bioremediation.
Molecular biology, by definition, is the study of the structure, function, and activity of
macromolecules (e.g., nucleic acids, protein, and lipids) essential to life. For the purposes of this
workshop, we have defined molecular biological tools (MBTSs) as tools that target biomarkers
(e.g., specific nucleic acid sequences, peptides, proteins, or lipids) to provide information about
organisms and processes relevant to the assessment and/or remediation of contaminants in the
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environment or other engineered systems. In the context of bioremediation, MBTs also include
any other modern technology that measures microbial activity in situ.

While advances in molecular biology have had a profound effect on the understanding of
biological remedial processes and are used extensively in the research community, their use in
the operational cleanup community is limited at present. There is, however, tremendous
potential for use of these technologies to improve the design, implementation, field performance,
and monitoring of remediation technologies.

The rapid progress in sequencing capabilities, database development, bioinformatics,
environmental genomics, transcriptomics, metabolomics, and proteomics promises that relevant
processes can be studied and manipulated even if the key organisms involved have not been
cultivated. Critical issues related to MBT utility include specificity, sensitivity, quantitation,
calibration, and consistent sampling methods. Further, practical knowledge and guidance are
lacking regarding how to alter the design, implementation, operation, and monitoring of
enhanced bioremediation systems based on the results of these analyses.

1.3 Workshop Objectives

SERDP and ESTCP must determine how their limited research, development, and demonstration
funds can best be invested to improve DoD’s ability to effectively address its requirements to
remediate contaminated sites. The objectives of this workshop were to (1) examine the current
state of the science and technology of molecular biological tools that are applicable to the
cleanup of hazardous waste in the field, (2) assess the current operational usage of such tools and
identify technical and other barriers to their use, (3) identify promising areas of research and
development that have the potential to lead to improved cost-effective tools to support remedial
design and decisions, and (4) identify the most promising areas that are ready for and could
benefit from rigorous field-scale demonstrations. This report, which documents the findings and
recommendations of workshop participants, will serve as a strategic plan to guide future
investments in molecular biological tools that can ultimately improve the design,
implementation, monitoring, and/or performance assessment of remedial technologies.

SERDP & ESTCP Expert Panel Workshop on Research & 2
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2. METHOD

The SERDP and ESTCP Expert Panel Workshop on Research and Development Needs for the
Environmental Remediation Application of Molecular Biological Tools was held August 9-10,
2005, in Charlottesville, Virginia.  Fifty experts, including researchers, engineers, and
practitioners, from within the DoD, other federal and state agencies, academia, and the private
sector accepted the invitation to participate in the workshop (Appendix B: Attendees). Further, a
steering committee composed of representatives from the various sectors aided SERDP and
ESTCP in defining the scope of the workshop and determining the format.

Background papers were prepared and distributed in advance of the workshop to communicate
the state of the science and engineering associated with current molecular biological tools and
techniques; the potential application of microarrays, proteomics, systems biology, next-
generation real-time polymerase chain reaction, nanoparticles, tools from other fields, and
bioinformatics; and the current use and limitations of molecular biological tools. Titles and
authors are provided below:

. MBTSs to Support Hazardous Waste Site Remediation
Dr. Frank Loffler, Georgia Institute of Technology

) Transforming Microarray Technology from a Research Tool to a Diagnostic
Environmental Test
Dr. Darrell Chandler, Argonne National Laboratory

J The Role of Proteomics in Applied Environmental Microbiology
Dr. Rolf Halden, Johns Hopkins University

. Systems Biology Approach to Bioremediation
Dr. Derek Lovley, University of Massachusetts

. Next Generation Real Time Polymerase Chain Reaction
Dr. Syed Hashsham, Michigan State University

. Nanoparticles and Their Biological and Environmental Applications
Dr. Wen-Tso Liu, National University of Singapore

. Molecular Methods for Microbial Detection and Characterization
Dr. Suresh Pillai, Texas A&M University

. Bioinformatics Resources for Bioremediation
Dr. James Cole, Michigan State University

. Field Perspective: Current Use of Molecular Biology Tools and Limitations
Mr. Patrick Haas, P. E. Haas & Associates, LLC
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Development Needs for the Environmental Remediation Application of Molecular Biological Tools



At the workshop, presentations on the content of the background papers as well as overviews of
investments in MBTs by SERDP, ESTCP, the Services, the Department of Energy, and the U.S.
Environmental Protection Agency (EPA) set the stage for follow-on breakout group discussions
by participants (Appendix C: Agenda). Leveraging the background paper topics, participants
identified key issues and prioritized gaps in knowledge and technology during breakout sessions.

The first breakout session focused on the following topics:

. Current field considerations for use of MBTSs;

. MBTs in use in the field or those MBTs nearing field implementation
(referred to as near-term MBTSs); and

. MBTs that have potential for practical field implementation in 5 to 10 (or

more) years (referred to as long-term MBTS).

Participants were assigned to groups that focused on one of the three topics. During the second
breakout session on research, development, test, and evaluation (RDT&E) needs to impact
environmental remediation, participants from the initial breakout groups were intermixed.
Breakout sessions were led by a chair, with discussions documented by a rapporteur, who was
tasked with compiling relevant sections of this summary document. Following each breakout
session, the entire group reconvened to review and discuss findings.

Breakout Session I: Key Issues
The first breakout session addressed key issues related to the level of MBT development and
field considerations. Topics addressed by group were as follows:

Field Considerations

. What questions are we trying to answer with MBTs for field remediation
system design, monitoring, and/or performance assessment?
. Where can the application of MBTs have the greatest impact on

understanding environmental processes?
. What are realistic endpoints and benefits in applying MBTs?

. What information do people in the field need? At what cost?

o What successes have we really had in applying MBTs, and what can be
learned?

o How can MBTs contribute to understanding issues of environmental
heterogeneity?

. How can MBTs be used to understand microbially catalyzed reactions
occurring at different scales in the environment?

. What are the regulatory perspectives on the use of MBT information?

. What sampling techniques and quality assurance/quality control (QA/QC)
measures are needed for molecular analyses?

SERDP & ESTCP Expert Panel Workshop on Research & 4
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Near-Term MBTs

. What is the state of the science for existing MBTs?

. What techniques are available for evaluating microbial communities in
environmental samples? What improvements are needed?

o What techniques are available for assessing and quantifying microbial
activity? How should the results be interpreted and modeled?

. How can contaminant degradation/transformation activity be measured

using MBTs in the field to provide substantiation of in situ
bioremediation?

. What techniques are available to link MBT detection of activity with
contaminant degradation/transformation in the environment?

. What other MBTs may be useful and how would you envision their
application?

Long-Term MBTSs

. What do we want MBTs to ultimately tell us about microbial
communities?

. What additional information is needed and/or can be obtained from
MBTs?

. Can genomics, proteomics, and metabolomics data enable new technology
development for the field?

o What is the role of eco- or metagenomics in developing new MBTs?

. What opportunities exist to adapt MBT-related technologies from other
fields?

. What means exist to apply MBTs in real time or near real time?

. What tools are needed from an academic point of view?

Breakout Session 1l: MBT RDT&E to Impact Environmental Remediation

The second breakout session integrated the key issues identified from Breakout Session | into
discussions of MBT RDT&E to impact environmental remediation. All groups addressed the
following topics:

. Identify and prioritize the major barriers preventing field implementation.

. Identify and prioritize critical research paths to achieve practical field
implementation.

. Identify and prioritize critical demonstrations that could be conducted in

the near term to achieve design, implementation, monitoring, or
performance assessment goals.

Research paths and demonstrations were prioritized as either critical or high, largely based on the
sequence of events required to impact environmental remediation (see Table 1).

SERDP & ESTCP Expert Panel Workshop on Research & 5
Development Needs for the Environmental Remediation Application of Molecular Biological Tools



Table 1. Definition of Research Need Prioritization

Critical

High

Research

Research that potentially could
have a significant impact on the
use and understanding of MBTs in
the design, implementation,
monitoring, and/or performance
assessment of remedial
technologies

Research that is of high priority but
may not be able to be initiated until
critical research needs are addressed
or may be more clearly defined
after critical research needs are
addressed

Demonstration

Field demonstrations or
assessments that can impact our
near-term ability to implement
MBTs in the field to improve the
design, implementation,
monitoring, and/or performance
assessment of remedial
technologies

Field demonstrations or
assessments that are of high priority
but may not be able to be
implemented until critical
demonstrations or assessments are
completed

SERDP & ESTCP Expert Panel Workshop on Research &
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3. FIELD CONSIDERATIONS

The field considerations session was convened to develop an understanding of current field
experience with MBTSs, to identify opportunities for MBTs to improve the understanding and
optimization of field processes, and to determine the barriers to more widespread use of MBTSs.
This section presents the output of the session in the context of the current state of MBT
application in the field with perceived potential advances, followed by a discussion of the key
issues identified with respect to applying MBTs in the field.

3.1 Current State of Field Application of MBTs

In order to discuss the state of current field applications and the potential for creating new
applications, it is important to identify the questions that could be answered using MBTs. These
tools potentially can contribute to site characterization and to performance assessment for
remediation technologies. For site characterization, three primary questions were identified:

. What is the potential for degradation based on the presence/ absence of
genes or microorganisms of interest?

. What is the link between the presence of target genes or microorganisms
and the activity of interest?

. Is the spatial and temporal distribution of organisms appropriate to meet
goals?

For performance assessment, seven questions were identified, some of which overlap the site
characterization questions, but they are included here for completeness:

. Is the desired microbial process active?

) Are we achieving appropriate spatial and temporal distribution of
organisms to meet goals?

. Is the desired process adequate (in terms of rates, degradation products,
etc.)?

. Is the process limited by an environmental constraint?

. What can be done operationally to improve/maintain the environment?

. Can MBTSs be used for continuous monitoring to improve process control
and management?

. Can we predict how to achieve optimal performance under possibly

variable site conditions?

These questions are useful for summarizing the current field experience with MBTs and for
discussing potential future developments and their impact on the field. Table 2 lists MBTs used
in the field to varying degrees to date and provides a qualitative assessment of the relative
frequency of use, the perceived advantages and disadvantages, and current and possible future
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Table 2. Summary of the State of Current Applications for Various MBTs

Tools Current Relative Perceived Advantages Perceived Current Applications Comments
Frequency of Use Disadvantages
Direct PCR Moderate Easy to perform False negatives Screening tool for Replaced by gPCR
presence/absence
Nested PCR Moderate Unsurpassed sensitivity Requires two PCR steps Screening tool for Replaced by gPCR
presence/absence
Provides information on .
presence/absence/abundance of . Screening tool for
organisms of interest; nearly Does not prowde L pre§ence/ apse_nce of Expansion to wider range
NN confirmation of activity; | desired or indicator . .
gPCR (16S rRNA . reaches the sensitivity of nested . . - . of organisms; standardized
High ) X . sampling, handling, and |organisms; monitoring AT
gene) PCR; commercially available for a - procedures; availability of
: analysis not of growth and
few key organisms (e.g., standardized distribution of standards
Dehalococcoides spp.); estimates of individual oraanisms
total bacterial numbers possible g
Relative instability of
aRnNdA rp;rsis:/r;sios:mplmg Needs wider range of
Provides information on gene challpen es' not A few experimental genes of interest;
PCR MRNA Low expression (i.e., activity); comme?cieill available applications for standardization of
a quantitative approaches under lerclatly . |confirming expression |approach; clarification of
to a significant extent; .
development : - of functional genes how mRNA abundance
sampling, handling, and o
- relates to activity
analysis not
standardized
Provides information on Screening tool for .
resence/absence/abundance of For I_DNA, dqes not presence/ab_sence of Need§ wider range of
PCR (functional ?unctional enes of interest: provide confirmation of |target functional genes; |functional genes;
g Low g ' activity; sampling, monitoring of extension to MRNA;

gene)

commercially available for a few
key genes (e.g., reductase
dehalogenase genes)

handling, and analysis
not standardized

distribution and
proliferation of specific
genes

standardized procedures;
availability of standards
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Tools

Current Relative
Frequency of Use

Perceived Advantages

Perceived
Disadvantages

Current Applications

Comments

DGGE

Low

Provides information regarding
presence/absence of 16S rRNA
and/or functional genes of interest;
can provide an indication of target
gene diversity; increased resolution
with specific primers

inconclusive results
with unspecific primers;
short amplicon length
with insufficient
information; not
quantitative; no
standardized
procedures;
cumbersome

Screening tool for
presence/absence of
indicator genes;
sequencing of
amplicons for positive
identification

Use is quite specialized;
will likely be replaced by
gPCR methods;
standardized procedures
lacking

T-RFLP

Low

Provides relatively inexpensive
basic information on community
diversity and changes in community
structure over time; can provide
means to track individual organisms
over time or space within a
community when combined with
other methods

Limited resolution; does
not provide sequence
information; not
quantitative; biased
towards dominant
community members

Screening tool for
community diversity;
analysis of community
structure; tracking of
microbial groups within
a community over time
during and after active
remediation

Standardized sample
preparation procedures;
guidance document for
data interpretation

Clone Libraries
(16S rRNA genes
and functional
genes)

Low

Indication of gene diversity;
individual clones can be sequenced

Labor intensive and
expensive; not widely
available commercially

Community structure
analysis; identification
of new genes

Will remain a research
tool; limited applications
for bioremediation
monitoring
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Tools Current Relative Perceived Advantages Perceived Current Applications Comments
Frequency of Use Disadvantages
Biomass measurements;
Community screening tool; . spemallzeq application May be useful for
Lo T Other methods provide |[for screening of g o
monitoring individual groups of o identifying specific
. N . more specific exposure to vegetable Y
PLFA High organisms; total biomass . . __ o ) . organisms; may have
- ) . information for similar |oil; screening of high- ; .
determination, etc.; commercially - potential for measuring
; i o cost and effort level community . L
available; can be quantitative 2 . respiratory activity
structure and microbial
ecosystem health
Provides most direct measurement |Very few enzyme . .
- . . Direct measurement of | Needs wider range of
of the activity of interest (i.e., probes have been ) .
Enzyme Probes Low ) . soluble methane enzymes; experimental
measures presence/absence of the | developed; not widely . -
) monooxygenase and practical validation
actual enzyme) available
Not widely available;
Provides measurement of activity of prol_aes not available for Needs wider range of
- - } a wide range of . P
organisms of interest; can be S A few experimental target organisms; more
FISH Low P ' . organisms; method . . o
quantitative; visual information on applications commercial availability;
L development for each X
spatial distribution . standardized protocols
target organism
required
. Needs fractionation factors
. . Used to delineate or !
Fractionation factors . for key contaminants and
. . confirm presence of -
This method distinguishes not always - ; relevant degrading
X . . AN multiple contaminant . . -
transformation from dispersion, characterized; need sources. to confirm organisms with variability
CSIA Moderate dilution or volatilization; estimates | more labs with ’ of those factors; field

of in situ activity are theoretically
possible

capability to analyze
samples; cost perceived
as high

transformation or
biodegradation and
estimate degradation
rates

demonstrations; more
commercial availability;
integration of data with
other MBTSs such as gPCR
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applications. These assessments were recast as information needs that may be addressed by
MBTs in Table 3, which also presents the perceived ability for MBTSs to address these needs.

As indicated in Table 2, quantitative real-time polymerase chain reaction (QPCR) for nucleic acid
analysis has been recognized as a useful tool in the field, perhaps more than any other MBT to
date. Along with phospholipid fatty acid analysis (PLFA), gPCR for the 16S rRNA gene used
for bacterial identification is currently the most widely used MBT in the field. This is because
gPCR is offered as a commercial service by multiple laboratories that have the ability to detect
and roughly quantify key genes, and thus bacterial cells, of interest, especially Dehalococcoides
spp., for which this tool is currently predominantly used. It also has been shown that the
technique can be applied to functional genes, such as reductive dehalogenase (RDase) genes, an
application that is increasing at field sites. Of particular interest have been RDase genes
associated with enzymes involved in dechlorination of the various chloroethenes. While this
work has been limited mostly to deoxyribonucleic acid (DNA) thus far, the potential exists for
detecting mMRNA and expressed proteins from environmental samples, which would bridge the
gap from detecting a potential capability to detecting an actual activity. The primary research
needs identified in Table 2 for qPCR are extensions of the technique to a wider range of
organisms and functional genes, increased development of RNA-based and protein-based
applications, and validation by testing its relationship to other measurements and analyses.

As shown in Table 3, gPCR is used to address four of the seven information needs listed. It is
noted that MBTs currently in use assess an organism’s activity only indirectly. This is
accomplished by qualitatively evaluating trends of target genes over time. A statistically
significant increasing trend in target gene numbers, for example, would be indicative of an
increase in the number of target organisms. It should also be noted that the extent to which
current DNA-based techniques address the need for operational improvements is limited
primarily to delineating the adequacy of distribution of an organism or functional gene of
interest. On the other hand, mRNA-based gPCR may have the potential to address the remaining
information needs. With regard to process adequacy, the extent of gene expression may be
useful for inferring general metabolic activity and contaminant degradation rates. Transcription
of certain functional genes also could be a strong indicator of specific and active degradation
pathways. Trends in gene expression may be quite useful for identifying opportunities for
process optimization, potentially even in a near-continuous monitoring mode.

Denaturing gradient gel electrophoresis (DGGE) has been applied at field sites for identification
of specific organisms, but with the development and commercialization of gPCR, the rate of
application has been on the decline. DGGE also has been applied to evaluate microbial diversity
because it can distinguish closely related species, or even strains within a species, and it could
potentially be applied to RNA to detect metabolic activity.

Terminal restriction fragment length polymorphism (T-RFLP) is useful for screening microbial
diversity, as it facilitates differentiation of a large number of community members. Some
indication of the relative abundance of the species can be inferred, although the technique should
be considered qualitative at best for this purpose because of complicating factors such as
potentially large differences in the number of target gene copies in different organisms. While
T-RFLP has been used in conjunction with in silico (computer model) predictions of fragment
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Table 3. Applications of MBTs for Providing Critical Information for Remediation in the Field

Tools Degradation Specific Organism | Organism Activity | Process Adequacy | Environmental Operational Continuous
Potential Detection (rates, Limitations Improvements Monitoring/
completeness) Process Control
aPCR ;fnserRNA Current Current Current (indirect) No! No Current Future potential
RT-gPCR (rRNA) Future potential Future potential Current Future potential Future potential Future potential Future potential
RT-gPCR (MRNA) Current Current Current Future potential Future potential Current Future potential
DGGE Current Current Future potential No Future potential No Future potential
T-RFLP Current® Current? Future potential® No No No No
Clone Libraries Current Current Future potential No No No No
PLFA Future potential Future potential No No Future potential Future potential Future potential
Enzyme Probes Future potential No Current Future potential No No Future potential
FISH Future potential Current Current Future potential Future potential Future potential Future potential
Proteomics Future potential Future potential Future potential Future potential Future potential Future potential Future potential
CSIA Current No Current Current Current Future potential Future potential
Notes:

Predictive design will require an understanding of the information provided by a suite of MBTSs as well as conventional site characterization information.
The fact that something has a current use does not imply that it’s particularly well-suited for that use.

L In this column, “No” indicates the technique is not currently used for a given purpose, and the panel considered it unlikely that the technique has significant
potential to be useful for such a purpose in the foreseeable future.

2 Coupled with clone libraries
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length for identification of specific organisms, this is a tenuous practice in general. Only when
coupled with 16S rRNA gene clone libraries, can organisms producing a certain terminal
restriction fragment be identified by 16S rRNA gene sequencing. Another useful application is
to evaluate T-RFLP profiles for a given location in a time series to assess community changes
and dynamics. Like DGGE, T-RFLP can potentially be applied to 16S rRNA to detect activity
of various species, but again, the application of interest would most likely be community-level
analysis. Ultimately, research on community dynamics may lead to significant improvements in
the application of remediation strategies. Thus, while these tools are useful for understanding
microbial communities and interactions among different populations, it appears that T-RFLP and
clone libraries are unlikely MBTs for widespread field use although further advances may
decrease current cost constraints.

PLFA has been widely applied at field sites, in large part because it was probably the first MBT
to be commercialized for environmental applications. Applications to date have provided high-
level, qualitative information about overall community structure and “health,” and quantitative
information about biomass (see Table 2). With the increasing availability of gqPCR, T-RFLP,
and clone libraries, the utility of the tool for community structure and biomass assessment is
probably minimal. PLFA may still have applications for identifying environmental limitations
such as nutrient deficiency or other stresses (see Table 3), though additional development would
probably be required to achieve specificity in this application. Given this potential, PLFA also
might be useful for identifying operational improvements and could perhaps be applied in a near-
continuous monitoring mode. It also should be noted that specialized PLFA analysis shows
some promise for identifying a specific organism, although it remains to be seen whether the tool
will be superior to qPCR for this application. There is a need to develop and integrate extraction
methods that allow PLFA analyses in parallel with other MBT analyses on single samples.

Enzyme probes potentially can provide the most direct measure of the activity of a degradation
pathway of interest, but to date they have only been applied for various oxygenase enzymes (see
Table 2). The greatest research need for this MBT if it is to be widely used in the field is to
develop and validate probes for a wider range of enzymes. Given that the enzyme is directly
detected, this is one of the few MBTs with the potential to provide information regarding
degradation rates and the activity of specific degradation pathways of interest (see Table 3).

Fluorescence in situ hybridization (FISH) is an MBT that has not been applied in many field
settings (see Table 2). It is of interest, however, because of its ability to detect and quantify an
organism of interest. To be useful for widespread field use, FISH probes for a wider range of
organisms or functional genes would be needed. The quantitative potential of FISH makes it
attractive for assessing general metabolic activity as well (see Table 3). It may be possible to use
FISH to identify environmental limitations on activity, depending on the genes targeted, thereby
making this tool useful for making operational improvements and supporting process control.
Further development would be required to achieve this objective. Although FISH probes for key
organisms relevant in bioremediation are desirable for addressing ecological questions, the
application is cumbersome and may not be practical for bioremediation monitoring, particularly
for very small organisms (less than 0.4 um) that can be common in nutrient-poor environments.
The panel also noted the desirability of integrating FISH with other analyses, such as gPCR and
enzyme probes, to produce multiple lines of evidence.
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Compound-specific isotope analysis (CSIA) is not strictly a “molecular biology” tool. However,
it has proven to be a very promising approach to measure in-situ transformation processes of
pollutants in contaminated aquifers as well as to help determine the sources of groundwater
contaminants. Several academic laboratory studies have demonstrated the potential of this tool
(Ahad et al., 2000). To date, the use of CSIA in field studies is, however, confined to locations
near source zones of groundwater contamination with high pollutant concentrations because the
detection limits are relatively high (Hunkeler and Aravena, 2000).

Methods based on proteomics (i.e., the study or analysis of all the proteins in a cell or system)
were not included in Table 2 because of the limited number of environmental field studies to
which they have been applied. However, they were included in Table 3 for their potential to
address a number of the information needs. Due to the many different types of proteins
expressed by cells, protein analysis has the potential to provide information regarding organism
distribution and activity, degradation pathways, degradation rates, environmental stresses,
operational improvements, and through all of those, process control. However, research into
protein expression and detection will have to advance significantly to realize this potential.

3.2 Key Issues

3.2.1 Areas of Potential Greatest Impact

One of the key issues regarding field application of MBTSs is determining at what point within
the remedial process, or for which specific remedial approaches, these tools can have the greatest
impact. Several field scenarios and the manner in which MBTs could influence decisions at a
site are presented below with a brief description of the significance of each.

3.2.1.1 Field Rate Constants for Monitored Natural Attenuation (MNA) Sites

One of the more significant challenges in evaluating the applicability of natural attenuation as a
remediation strategy and in predicting its long-term effects is the estimation of field degradation
rates. This challenge arises from the fact that it is typically quite difficult to distinguish
degradation from dispersion within contaminated groundwater. If MBTs can be developed that
contribute significantly either to estimating degradation rates directly or to documenting the
extent of microbial degradation processes, they would substantially decrease the uncertainty
involved in selecting MNA as a remedy.

3.2.1.2 Rate Information for Active Bioremediation
As suggested above, direct measurement of contaminant degradation rates at a field site might
not be possible using MBTSs; however, the tools have the potential to provide important data
related to the activities of microorganisms (i.e., rate information). These data could significantly
reduce uncertainty in biodegradation rate estimates. Further, MBTs have the potential to provide
information regarding factors such as nutritional status and stress responses that may limit
degradation rates and that could be modified to improve degradation performance.

3.2.1.3 Process Optimization
MBTs have the potential to provide the causal link between operational parameters or
environmental conditions and degradation performance. If high frequency monitoring could be
performed cost-effectively, such a tool may be used to maintain optimal degradation

SERDP & ESTCP Expert Panel Workshop on Research & 14
Development Needs for the Environmental Remediation Application of Molecular Biological Tools



performance near continuously. MBTs used in this application could monitor degradation
activity, microbial response to environmental stresses, or other related parameters.

3.2.1.4 Characterization of Poorly Understood Pathways

The use of MBTs in environmental remediation applications is still in its infancy. As such,
important functions of many relevant microorganisms are not well documented. In particular,
only a few contaminant degradation pathways are characterized at all with respect to the
enzymes involved and the genes that code for them. Once more pathways are better
characterized, MBTs should be able to document the potential for and activity of pathways of
interest. This can be a significant benefit for monitoring and/or optimizing natural attenuation
and engineered bioremediation techniques.

3.2.2 Regulatory Perspective

A second key issue is the regulatory perspective regarding the use of MBTs for field
applications. One significant limiting factor is that the regulatory community is largely
uninformed about the potential advantages and limitations of MBTs. MBT development should
incorporate the regulatory community into the process to maximize appropriate use of the tools.
One approach to this issue would be to work with the Interstate Technology & Regulatory
Council (ITRC) either to form a new team to develop guidance in this area or to incorporate
MBTs into the scope of an existing ITRC team. Such a team may develop a “technology
overview” document outlining the “state of the science” for these methods, what they could be
useful for now, what is on the horizon, and of which QA/QC concerns regulators and
practitioners should be aware. In many cases, ITRC develops nationwide, web-based training
programs for all interested parties on such topics.

3.2.3 Standardized Analytical Methods and QA/QC Protocols

A third key issue in the use of MBTs for field applications is the lack of standardized analytical
methods and QA/QC protocols among MBT service providers and laboratories. For example,
information is often limited regarding false positive and false negative results for many of the
methods in current use. In some cases this is an analytical issue, in other cases it is a sampling
issue. For the former, standardization of methods may be useful, similar to American Society for
Testing and Materials (ASTM) or EPA standard methods. Analytical methods are constantly
being optimized, but it is likely that significant elements of the procedures could be generalized
to help mitigate concern that analyses between laboratories are not comparable and might in fact
be completely different, even though MBT service providers call the analyses by the same name.

In the case of sampling methods, it is well known that the method or the medium (i.e., soil versus
groundwater) can have a dramatic impact on the results obtained from MBTs. Nevertheless, the
most representative sampling method and medium for various MBTSs is not known. Further
research in this area is required to reduce the uncertainty in data interpretation for MBTSs.
Ideally, this research would lead to generalized sampling protocols for specific MBTs. Overall,
improved understanding of the effectiveness of the analytical and sampling methods and
improved QA/QC protocols will increase confidence in MBTs for practitioners and for
regulators, helping MBTSs achieve their maximum benefit in the field.
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3.3 Summary

MBTSs have the potential to answer important questions pertaining to remediation processes in
the field. While some MBTSs are already being used at several sites, this technology is in its
infancy for environmental applications, especially in the field. It appears that the areas of
remediation practice where MBTSs could have the greatest impact are:

Field rate constants for MNA sites;

Rate information for active bioremediation;
Process optimization; and

Characterization of poorly understood pathways.

The method that appears most likely to contribute to field applications in these areas in the near
term is qPCR, especially as the range of genes analyzed broadens and the technique extends to
RNA. Other MBTs that show promise for field applications but may require more development
to impact the above areas significantly include PLFA, enzyme probes, and FISH. Proteomics
also appears to have great potential but probably will require the most development prior to
widespread use in the field. The other MBTs discussed—-DGGE, T-RFLP, and clone libraries—
appear to be useful primarily as research tools that may provide important advances in the
understanding of biodegradation processes that will ultimately improve remediation applications,
but they seem unlikely to be used as routine monitoring tools in the field.

Two significant issues that need to be addressed for MBTs to reach their full potential to
beneficially impact the remediation practice are engaging the regulatory community and
improving and/or standardizing QA/QC protocols. The first issue can be addressed largely
through dissemination of current and developing information through existing organizations such
as the ITRC. The second issue will require significant further research as alluded to above and
discussed in more detail later in this document. It also will require significant cooperation
among method developers, practitioners, and stakeholders to establish appropriate guidelines for
protocols development.
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4. NEAR-TERM APPLICATIONS OF MOLECULAR BIOLOGICAL
TOOLS TO SUPPORT ENVIRONMENTAL REMEDIATION

The Near-Term session was convened to discuss the current state of the science for existing
MBTs and to review various techniques available for evaluating microbial communities and for
assessing and quantifying microbial activity. Specifically, the group was to examine how data or
results from MBTs should be interpreted and modeled so that they can provide substantiation of
in situ bioremediation.

Discussions focused mainly on limitations to the current use of MBTs in the field. It became
clear that field practitioners and scientists valued these techniques very differently; therefore,
there was considerable discussion about what these tools actually can or cannot tell us, what they
may in the near future be able to tell us, and how we can improve communication between these
two groups (academic and industry).

Overall, the breakout group felt that it was important not to focus on a particular MBT and ask
what it can tell you but rather to start from an important question or common problem a field
practitioner may encounter during site assessment and remediation, and ask how MBTSs can help
address and solve this real problem.

A summary of key issues and research needs that emerged from this breakout session is provided
in Table 4. The discussions leading to the development of this table are summarized in the
following sections.

4.1 State of the Science for Existing MBTs

There are two distinct uses of MBTSs in the context of bioremediation. The primary use is in
scientific research, where these constantly evolving tools are used to gain new knowledge. The
second use is as a commercially available measurement or diagnostic tool used by remediation
practitioners to obtain information about in situ biological processes. These need to be
considered separately.

Many molecular techniques and combinations of these techniques are used in scientific research,
but most are not used in the field. To date, PLFA analysis, PCR, gPCR, and CSIA are the only
MBTs practitioners use on a somewhat regular basis (see Table 2). Certainly there have been
field applications of other techniques (clone libraries, DGGE, stable isotope probing [SIP],
enzyme assays, and others), but mostly in the context of field research, not as a routinely adopted
monitoring or assessment tool. While use of these tools is quite limited, it is anticipated that
their use will grow, especially as compelling evidence for the value added becomes more
available and as protocols and methodology become more standardized and automated.

4.1.1 Field-User Perspective

Concerning the current use of MBTSs in the field, practitioners see two types of needs for new
tools: (1) validating the reliability of MNA (perhaps the most pressing need) and (2) monitoring
the performance of engineered bioremediation systems. These two needs were considered
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different, because in the former, biomass concentrations are usually very low and relatively
constant over time, while in the latter, biomass levels are higher and should increase during a
successful operation. The perception from practitioners was that MBTs could be very useful for
making a case for MNA, with some additional understanding of the data and how they can be
used for this purpose, e.g., demonstrating that the appropriate biodegrading organisms are
present and active. For now, the value added is not always clear, especially to those who have
limited time to invest in understanding the technology. The bottom line is always cost and
compliance. Regulators and stakeholders need to understand the MBTSs, and they must be easy
to implement and easy to explain. The consensus is that there is currently too little
understanding of how these tools work and how they can be used. Better technology transfer is
needed, and in particular, examples of successful uses of MBTs should be highlighted.

4.1.2 Activity Measurement

The current state of the practice of bioremediation is quite empirical, and degradation rates are
inferred from chemical data and the experience gained during prior projects. Thus, projections
and predictions can be highly unreliable. Can MBTSs help reduce this uncertainty and provide
insight regarding how to sustain the desired microbial activities? There was considerable
discussion and some skepticism about what MBTs can tell us about rates of degradation,
indicating a clear need to demonstrate to practitioners how this kind of science and technology
can help them in this regard. The most pressing question from practitioners is: Can MBT data
tell us if current rates will be sustained? The answer is most likely yes, but two types of efforts
are required: 1) an improved understanding of subsurface processes (basic research) and 2)
development of tools and methodologies to monitor the subsurface processes affecting
contaminant fate. Without a fundamental understanding of subsurface microbiology, it is
difficult or impossible to predict the sustainability of microbially mediated processes.

4.1.3 Key Organism Identification

The general relevance of and need for identifying specific microorganisms involved in
contaminant degradation or transformation was discussed. Certainly there is value in working
with isolates and defined cultures but many isolates do not accurately represent dominant
organisms within the subsurface. It was noted that Dehalococcoides is somewhat of an
exception in bioremediation, where there is a strong link between the organism type
(identification) and the activity (i.e., reductive dechlorination). This is not the case for most
other contaminants. For example, knowledge of the specific organisms present is not necessary
for successful operation of an activated sludge plant; only the activity must be monitored.
Because of the diversity of microbial types, it actually is desirable to have tools that can measure
or predict activity where knowledge of the organisms involved is not needed. However, having
the ability to define the functional groups of microbes that are present could indicate the
sustainability of desired processes and important nutrient requirements, as well as any competing
terminal electron accepting processes that may cause stalls or lead to the formation of
undesirable products.

4.1.4 Sampling

It was unanimously agreed that a major barrier to further implementation of those MBT tools
currently in use (mostly gPCR) is the lack of uniformity and standardization in the protocols for
obtaining this kind of data. There is a need to better understand the effects of sample matrix,
sample collection, preservation, extraction, and analysis, and to provide quality assurance and
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standardization of the results. This was seen as a critical need to improve the utility of these
methods, to provide a basis for comparison of data, and to increase regulatory acceptance.

4.2  Techniques for Evaluating Microbial Communities in Environmental
Samples

A discussion of which techniques are being used, and which are not, led to the consensus that
each technique has its application in specific instances and that we should not be ruling one out
over another. Some tools that appear to be outdated are still evolving and may actually be very
useful for answering a particular question. New tools or novel combinations of tools are
constantly being proposed so it is important to consider suggestions for a particular application.

4.2.1 Database of Existing Information

There is clearly a need to summarize what has already been done at contaminated sites and how
MBT data were employed (perhaps in the form of a web site). This repository of information
should include sampling protocols and data interpretation methods that were used to develop
and/or defend a particular remedy. For example, a relatively wide range of MBTs have been
used at chlorinated solvent contaminated sites. A synthesis of this existing data, including site-
specific hydrogeologic, physical, and chemical information, may indicate which organisms are
frequently found in a given environment or may reveal insights into environmental factors that
affect biological activity. A compilation of clone libraries or data from phylochips (or other
analyses) from sites where dechlorination was stimulated relative to sites where no activity was
stimulated, could provide some insight into reasons for failure such as the absence of appropriate
organisms and/or genetic potential.

The group also felt that improvements were needed in the use of these tools to reduce uncertainty
in the rates of contaminant degradation. One example cited was that bioremediation processes
sometimes fail due to a lack of information about the site. For example, co-contaminants such as
chloroform will inhibit at least some Dehalococcoides organisms. The use of MBTs could
possibly prevent such failures. It was noted that such field-scale experiments could be very
useful in identifying new biomarkers for tracking bioremediation processes. An experiment
suggested was to compare several sites where dechlorination progressed to ethene with other
sites where this did not occur in order to identify differences in gene content and expression.
Such an experiment would require a sufficiently detailed site assessment to clearly define
whether a particular site is exhibiting complete dechlorination or not. Because geographic
separation can lead to different microbial communities, the testing would need to establish the
range of changes that occur at different sites.

4.2.2 Improvements Needed

A better understanding of key microbes, community structure, co-contaminant effects, inhibitors,
genetic systems, and regulation in situ is required. To date, this research has had comparatively
little funding. Given the importance of Dehalococcoides, it was considered surprising that there
has not been more investment in genomics and systems biology of this organism. Scientifically,
the community is on the verge of an explosion in information and technology. For example, the
genome sequence determination of the “average” microbe can now be conducted in a few hours;
however, the closing and annotation of that sequence may take weeks or months. In the next
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months to years, numerous potential new targets will be sequenced and demonstrated, but the
availability of appropriate biomarkers is currently limiting.

4.3 Techniques for Assessing and Quantifying Microbial Activity

A discussion of techniques that could be used in the near term to provide information for
quantifying microbial activity revealed shortages of available tools for measuring activity in the
field. SIP in combination with PLFA/nucleic acid/protein analysis can identify which
populations are active in a complex environment. SIP/PLFA has been used with *C carbon
substrates in the field. These kinds of techniques will lead to new biomarker identification.
However, once biomarkers are identified via such labor-intensive and costly screens, the
detection method must be adapted for a tool such as gPCR, which is more applicable for routine,
cost-effective use. Information on which populations are being stimulated can also be used to
understand the physiology and nutritional requirements of the key players involved in
contaminant degradation.

Microbial growth can be demonstrated by an increase in cell numbers (or other biomass
indicators) starting from a low concentration state. Similarly, a system can be initially starved
such that any increases in specific DNA, RNA, or other biomarker may represent an indicator of
activity. PLFA has been used for such community and/or activity measurements and is also an
excellent technique for quantifying biomass. With the development of electrospray mass
spectrometry (ES/MS), it is now possible to analyze larger lipids, which should yield more
specific functional information. The recent addition of respiratory quinone analysis should also
greatly improve our use of signature biomarkers. Until 2005, commercial PLFA analyses
exceeded commercial PCR analyses, but PCR analyses are now more frequently requested®.

There was some discussion about the potential for mRNA analysis to yield useful information on
degradation rates. In other words, is there a correlation between the abundance of a certain gene
transcripts as measured by reverse transcriptase gJPCR (mRNA analysis) with degradation rates?
This is still at the conceptual level now, but by using a better combination of target genes,
improving RNA recovery from environmental samples, and developing appropriate standards,
this may be possible.

Protein and enzyme assays also could be useful; there have been several documented uses of
enzyme probes to assess activity. Metaproteome analysis, i.e., direct analysis of all the proteins
in a sample, is probably not a near-term tool. However, a recent report in Science demonstrated
metaproteome analysis at an acid mine drainage site, building on previous genomic analyses
(albeit the site had low diversity) (Ram et al., 2005). It is also possible to analyze a groundwater
sample using matrix-assisted laser desorption/ionization-time of flight (MALDI-TOF) mass
spectroscopy (MS) for specific proteins; however, the need to identify a specific target protein
and the lack of protein fragment databases is currently limiting this approach.

Current databases (GenBank, etc.) have gaps relevant to bioremediation and are difficult to
search from a remediation perspective. For example, it is impossible to find a single source that
identifies all genes that have been isolated from chlorinated solvent contaminated sites. A

® Information provided by A. Peacock of Microbial Insights, Inc.
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SERDP database of sequences found at contaminated sites could be a valuable resource. There
is also a need for consistent naming of genes and proteins and where they came from. A
database of information about remediation MBTSs, genes, and proteins could be very useful to
practitioners, stakeholders, and regulators. SERDP/ESTCP will need to identify data that should
be in a database, determine how this would be entered in a consistent and validated way, and
consider mechanisms for long-term maintenance and updating of information.

Key questions and needs identified by the group included:

. Identify more of the key organisms and/or genes responsible for degradation and

additional targets (biomarkers) that can be monitored or measured using an MBT.

What genes are associated with a successful process?

How do we model pathways?

What controls the metabolic state of the key organisms in a given environment?

Use genome/transcriptome/proteome/lipome-based studies of the physiology of

important model organisms to reveal key physiologic needs.

. Need to integrate all data on donors, acceptors, rates, and MBTs with fate and
transport models to assess the big picture.

A team approach should be used to develop this integrated model. Rates depend on many
parameters in the field such as donor and acceptor concentrations, biomass, redox, and the
presence of potential inhibitors. We need to link all pertinent models with all relevant data. This
kind of integration will provide guidance to the practitioner to identify all the possible
mechanisms that could be operative at a particular site. We need tools to support or refute
hypotheses for the site conceptual model.

4.4 Linking MBTs to Contaminant Degradation/Transformation
