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Abstract

Objectives. Halogenated, hydrophobic contaminants of aquatic sediments pose a serious
challenge. These toxic, bioaccumulating pollutants include legacy industrial chemicals, such as
polychlorinated biphenyls (PCBs), ubiquitous polychlorinated dibenzo-p-dioxins and
dibenzofurans (PCDD/Fs), as well as current commercial manufacturing chemicals including
brominated flame retardants. To date, remediation of contaminated sediments has mainly
involved sediment removal with destruction or sequestration of the compounds. New methods
are needed for in situ containment and degradation of halogenated contaminant mixtures.
Stimulation of natural communities of dehalogenating bacteria and bioaugmentation using
specialized dehalogenating bacterial strains holds promise for development of new approaches
for sediment remediation. The objectives of this project were to extend techniques and
amendments that enhance microbial dehalogenation for placement in sediments contaminated
with organohalide mixtures and to develop methods and tools to monitor the effectiveness of the
biostimulation process.

Technical Approach. The project focused on developing stimulatory amendment mixtures (e.g.,
bioaugmented dechlorinating bacteria, organic electron donors and halogenated co-amendments)
to sediments and their placement methods in conjunction with capping. Molecular tools to
monitor dehalogenating bacteria were developed and refined for use to assess the effectiveness
of remediation treatments.

Results. We optimized a suite of molecular methodologies for rapid high-throughput detection,
enumeration and diversity characterization of bacterial communities that reductively
dehalogenate organohalides. To monitor the activity of dehalogenating bacteria and their
response to different bioremediation treatments, we developed phylogenetic analysis targeting
dechlorinating Chloroflexi including Dehalococcoides species and functional analysis targeting
putative reductive dehalogenase (rdh) genes. Polymerase chain reaction (PCR) assays were
developed to quantify and monitor biostimulated and bioaugmented dehalogenation in
microcosms and mesocosms, and eventually in the field. We combined complementary
molecular approaches including denaturing high-performance liquid chromatography (DHPLC),
terminal restriction fragment length polymorphism (TRFLP), and nested PCR denaturing
gradient gel electrophoresis (DGGE).

The protocols for assaying dehalogenating potential and the effects of different treatments and
amendments were tested in different PCB and PCDD/F-contaminated sediments (Anacostia
River, Kearny Marsh, Kymijoki River). Active dehalogenating bacteria are indigenous to these
sediments and these communities have PCB and PCDD/F dechlorinating potential.
Biostimulation may enhance the activity of both native Dehalococcoides spp. and the
bioaugmented dehalogenating bacteria, such as D. ethenogenes strain 195. Microorganism(s)
harboring various rdh genes play a key role in dechlorination. Our findings on the identity of
species and genes involved in anaerobic PCB dechlorination may be used to evaluate
environmental PCB and PCDD/F dechlorination potential and to monitor the dechlorination
process under various treatments.



Benefits. Organohalide-contaminated sediments contain diverse communities of dehalogenating
microorganisms and addition of appropriate amendments can enhance microbial dehalogenation
of historic organohalide contaminant mixtures, including PCBs and PCDD/Fs. The enhanced
dechlorination correlates with increased numbers of dehalorespirer populations and reductive
dehalogenase genes, supporting our hypothesis that the halogenated co-substrates enhance
dechlorination of historic pollutants by supporting growth and activity of dehalogenating
bacteria. A combined bioaugmentation/biostimulation approach can be effective in
bioremediation of sediments contaminated with organohalide mixtures. Identification of the
specific microbial members associated with PCB- and PCDD/F-dechlorinating activity should
allow for better strategies to enhance dehalogenation in contaminated environments.



Objective

The overall objectives of this project were to extend techniques and amendments that enhance
microbial dehalogenation for placement in sediments contaminated with organohalide mixtures,
including polychlorinated biphenyls (PCBs), polychlorinated dibenzo-p-dioxins and
dibenzofurans (PCDD/Fs) and chlorinated pesticides (CPs) and to develop methods and tools to
monitor the effectiveness of the biostimulation process.

The specific project tasks were to:

1) Develop sensitive complementary molecular methods to quantify and monitor the progress
of site-specific indigenous or bioaugmented dehalogenating activity;

2) Characterize the effect of sedimentary conditions on the (bio)transformation rates of
organohalide mixtures and their transformation products under various bioremediation
scenarios;

3) Apply combined techniques to accelerate dehalogenation including chemical co-
amendments, bioaugmentation and capping (active and inactive) to optimize
remediation/detoxification and minimize environmental impacts; and

4) Evaluate the fate and transport of organohalide contaminants, co-amendments and
(bio)transformation products under various bioremediation scenarios.

The goal was to obtain an understanding of the microbial in-sediment processes involved in
biodegradation of organohalide mixtures with the development of rapid screening methods and
design of solutions for bioremediation of contaminated sediments. Remediation of organohalide-
contaminated sediments in situ could avoid the problematic redistribution of contaminants that is
associated with dredging and will decrease the overall cost of sediment management. One of the
outcomes of this project is toolbox of site assessment and monitoring methods and an initial
assessment of the potential for in situ stimulation of dehalogenation of organohalide mixtures in
sediments. The complement other ongoing activities related to remediation of sediments (e.qg.,
capping) by developing techniques for stimulating in situ bioremediation, site characterization
methods to measure the activity of dehalogenating bacteria in situ, and assessing the partitioning
and transport of organohalide contaminants and biotransformation products.

The project focused on developing stimulatory amendment mixtures (e.g., bioaugmented
dechlorinating bacteria, organic electron donors and halogenated co-amendments) to sediments
and their placement method in conjunction with capping. Molecular tools to monitor
dehalogenating bacteria were developed and refined for use to assess the effectiveness of the
remediation treatments. The technology development was coupled with model frameworks to
provide an understanding of the impacts of stimulated in situ bioremediation on contaminant
redistribution and transformation product fate.

Our approach was to use historically contaminated site sediments tested at the microcosm scale
to identify successful amendment combinations for enhancing dehalogenation of organohalide



mixtures. The approach focused on microcosm studies to refine and confirm the molecular level
monitoring tools and to screen potential field sites for the most effective amendment mixtures.
Mesocosm tests were conducted to determine how best to accomplish amendment placement in
combination or as an integral part of the capping material.

Selected molecular tools/methodologies were developed and refined to provide rapid monitoring
of specific microbial populations responsible for respiratory dehalogenation of organohalide
contaminants. These tools were designed to detect, enumerate and estimate the activity of
specific bacterial populations for extensive bioremediation monitoring in a timely and cost
effective manner. Enrichments developed from microcosm studies were used to characterize
diverse dehalogenating bacteria found in aquatic sediments and their dehalogenase
genes/enzymes. The goal was to link dehalogenase genes to specific strains or rRNA genes
within our consortia/microcosms and eventually assess how gene expression related to
transformation rates. Identification of diverse dehalogenating bacteria was used for development
and optimization of molecular assays for detection and enumeration of dechlorinating bacteria.



Background

Aquatic sediments are ultimate receptors of contaminants from various DoD activities.
Contaminated estuarine and marine sediments typically contain complex mixtures of pollutants,
including polychlorinated biphenyls (PCBs), polychlorinated dibenzo-p-dioxins and
dibenzofurans (PCDD/Fs), chlorinated pesticides (CPs) such as DDT, polynuclear aromatic
hydrocarbons (PAHSs) and heavy metals. Organohalide contaminants are problematic due to their
recalcitrance and toxicity, and furthermore, are often present as complex mixtures. Although
microbially mediated reductive dehalogenation of organohalides is well established and
bioremediation of contaminated soil and groundwater is already implemented in the field,
methods for treating aquatic sediments contaminated with organohalide mixtures are not yet
readily available. Developing amendment technologies for enhanced microbial dehalogenation
and understanding how amendment placement and mixing stimulates dehalogenation and
impacts the fate and transport of organohalide mixtures is a high priority for the successful
management of contaminated sediments.

Reductive dehalogenation is a biologically mediated mechanism that could lead to the
attenuation of organohalide pollutants when halogens are sequentially removed from the
molecule (Haggblom and Bossert, 2003). During dehalorespiration, bacteria couple reductive
dehalogenation to a respiratory process for the generation of cellular energy. This energy-
yielding process utilizes the halogenated organic compound as the terminal electron acceptor
while often molecular hydrogen (H2) or a short chain organic compound is used as the electron
donor (Fig. 1). This process occurs under anaerobic conditions and dehalorespiring bacteria
compete for electrons with other terminal electron accepting processes such as methanogenesis
and sulfate reduction. Dehalogenation is an important part of the biogeochemical cycle for
natural and anthropogenic organohalides in the environment and has potential as a
bioremediation technology for many compound classes. Despite many other environmental
processes affecting pollutant fate and transport in contaminated sediments, anaerobic
dehalogenation of organohalides may be the primary transformation mechanism controlling their
fate. Lightly halogenated daughter products produced during anaerobic reductive dehalogenation
may be aerobically mineralized if

they enter a zone where aerobic
bacteria are active. Increasing
knowledge about the bacteria that
mediate reductive dehalogenation of
PCBs and PCDD/Fs will enable
application of bioaugmentation and
biostimulation for remediation of
contaminated sediments. Although
the occurrence of PCB as wells as
PCDD/F dechlorination in the
environment appears widespread,
the rate, extent and specificity of the
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Figure 1. Electron flow in an anaerobic system including
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of indigenous dechlorinating microorganisms would have great potential for eventual application
in site remediation.

The addition of alternate halogenated compounds or “haloprimers” was first shown by Bedard
and co-workers (Bedard et al., 2008) to enhance dechlorination of PCBs. To utilize
dehalogenation as a bioremediation approach for contaminated sediment in the simplest instance,
dehalogenating bacteria and biostimulation agents such as electron donors or haloprimers would
be added to contaminated sediment (Fig. 2). This approach has not been realized yet because of
the lack of knowledge about the organisms and because the technologies needed to incorporate
the amendments have also not been proven.

Dechlorination Products
e.g., dichlorobenzene

Haloprimer

Dehalogenating Bacteria (DB)
e.g., letrachlorobenzene

H, or other
electron donor pool

1,2,3,4-tetraCDD 1,2,4-triCDD 1,3-diCDD 2-monoCDD
Figure 2. Role of halogenated cosubstrates (haloprimers) for PCDD/F and PCB dechlorination.

Sediment treatment is thus currently limited primarily to dredging with ex situ treatment or
sequestration. New methods are needed for in situ containment and degradation of contaminants.
This SERDP-supported project (ER-1492) investigated methods to stimulate the anaerobic
biological dechlorination, which offers the most promising approach towards eventual
detoxification and complete degradation of halogenated contaminant mixtures. In situ
bioremediation combined with in-place containment through capping could avoid the
problematic redistribution of contaminants that is associated with dredging and offer a more cost
effective treatment alternative to dredging, where feasible. Development of in situ amendments
for enhancing dehalogenation of mixtures, refinement and in situ testing of tools and integrated
methods for monitoring the effectiveness of amendment placement and mixing, and development
of model frameworks to track contaminant fate and transport during in situ biostimulation are
needed for application of these strategies to contaminated sediments. The research project
resulted in an enhanced understanding of the effect of amendments and amendment placement
on microbial in-sediment processes involved in biodegradation of organohalide mixtures. This
knowledge provides the foundation for the development and design of (site-specific) solutions
for bioremediation of contaminated sediments. The use of molecular tools for monitoring
microbial activity coupled with the understanding of how redox processes affect dehalogenation
can provide a rapid screening method for determining whether a site is a good candidate for
bioremediation and to tailor a bioremediation strategy for that site. The work was carried out at
the microcosm and mesocosm scale leading to provide an understanding of the impacts of
stimulated in situ bioremediation on contaminant redistribution and transformation product fate.



Results and Discussion

The following sections report on our findings from a series of microcosms and long-term
mesocosm studies aimed at enhancing dechlorination of polychlorinated biphenyls (PCBs) and
dibenzofurans (PCDFs) and dibenzo-p-dioxins (PCDDs). For these studies we used sediment
collected from the Anacostia River, Washington DC and the Kymijoki River Finland.

The Anacostia River is a freshwater tidal system within the Potomac River Drainage Basin,
which empties into the Chesapeake Bay. The lower Anacostia River, downstream of the
Washington Naval Yard, is the site of a validation study of active sediment capping technologies
(Reible et al., 2006). PCB concentrations in the sediment ranged from 0.4 to 9.1 mg/kg, and the
congener profiles are most similar to a mixture of Aroclors 1248, 1254, and 1260.

The Kymijoki River in Finland was heavily contaminated with PCDD/Fs, among them
1,2,3,4,6,7,8- and 1,2,3,4,6,8,9-heptaCDFs and octa-CDF as the dominant congeners (Koistinen
et al. 1995; Verta et al. 1999).

The studies integrate the key tasks the development of complementary molecular methods for
quantifying and monitoring dehalogenating activity, characterizing the effect of sedimentary
conditions on the (bio)transformation rates of organohalides, applying combined techniques to
accelerate dehalogenation, and evaluating the fate of organohalide contaminants, amendment
chemicals and their (bio)transformation products under various bioremediation scenarios.

We have focused the project on investigating the effectiveness of stimulatory amendment
mixtures to accelerate in situ dechlorination of historical PCBs and PCDD/Fs. The range of
amendments tested include organic electron donors, halogenated co-amendments (haloprimers),
activated indigenous microorganisms (native site-specific sediment populations that have been
enriched on haloprimers in ex situ reactors, then returned to the sediment following removal of
residual haloprimer daughter products) and bioaugmented dechlorinating bacterial strains. Both
the amendments and their placement in conjunction with capping at the micro- and mesocosm
experimental scale was assessed. These studies specifically investigated how long the activated
indigenous microorganisms and other bioaugmented dehalogenating strains remain active in
sediments and the extent of dechlorination of historic contaminants. Treatments being examined
at the mesocosm scale included capped and uncapped sediments. The mesocosms were designed
using a treated and untreated sediment layer, with sampling efforts that attempted to determine to
what extent the treatment exerted an effect on adjoining untreated sediments via diffusive
processes.

Active dechlorinating bacterial communities are present in these various sediments and
biostimulation may enhance the activity of both native Dehalococcoides spp. and the
bioaugmented dehalogenating bacteria, such as D. ethenogenes strain 195. Our findings on the
identity of species and genes involved in anaerobic PCB dechlorination might be used to
evaluate environmental PCB dechlorination potential and to monitor the PCB dechlorination
process under various conditions. Eventually it will help to understand the anaerobic PCB and
PCDD/F dechlorination mechanisms in detail and to accelerate the detoxification and cleanup of
contaminated sediments.



1. PCB Dechlorination Enhancement in Anacostia River Sediment Microcosms

(Krumins V, Park J-W, Son E-K, Rodenburg LA, Kerkhof LJ, Haggblom MM, Fennell DE. 2009.
Sustained PCB dechlorination enhancement in Anacostia River sediment. Water Research
43:4549-4558)

Abstract

In situ treatment of PCB contaminated sediments via microbial dechlorination is a promising
alternative to dredging, which may be reserved for only the most contaminated areas. Reductive
dechlorination of low levels of weathered PCB mixtures typical of urban environments may
occur at slow rates. Here, we report that biostimulation and bioaugmentation enhanced
dechlorination of low concentration (2.1 mg PCBs/kg dry weight) historical PCBs in microcosms
prepared with Anacostia River, Washington, DC, sediment. Treatments included electron donors
butyrate, lactate, propionate and acetate (1 mM each); alternate halogenated electron acceptors
(haloprimers) tetrachlorobenzene (TeCB, 25 uM), pentachloronitrobenzene (PCNB, 25 uM), or
2,3,4,5,6-PCB (PCB 116, 2.0 uM); and/or bioaugmentation with a culture containing
Dehalococcoides ethenogenes strain 195 (3 x 10° cells/mL). Dechlorination rates were enhanced
in microcosms receiving bioaugmentation, PCNB and PCNB plus bioaugmentation, compared to
other treatments. Microcosm subcultures generated after 415 days and spiked with PCB 116
showed sustained capacity for dechlorination of PCB116 in PCNB, PCNB plus bioaugmentation,
and TeCB treatments, relative to other treatments. Analysis of Chloroflexi 16S rRNA genes
showed that TeCB and PCNB increased native Dehalococcoides spp. from the Pinellas
subgroup; however this increase was correlated to enhanced dechlorination of low concentration
weathered PCBs only in PCNB-amended microcosms. D. ethenogenes strain 195 was detected
only in bioaugmented microcosms and decreased over 281 days. Bioaugmentation with D.
ethenogenes strain 195 increased PCB dechlorination rates initially, but enhanced capacity for
dechlorination of a model congener, PCB116, after 415 days occurred only in microcosms with
enhanced native Dehalococcoides spp.

Introduction

Polychlorinated biphenyls (PCBs) are hydrophobic, persistent toxic organic pollutants that
accumulate in sediments and biota. Effective, economical methods for remediation of PCB
contaminated sediments are lacking, however, progress has been made in understanding potential
for biotransformation of PCBs in recent years. Discovery that anaerobic bacteria of the phylum
Chloroflexi, including the genus Dehalococcoides and more distantly-related taxons, can
dechlorinate PCBs may offer a promising avenue for bioremediation (Wu et al., 2000; Cutter et
al., 2001; Fennell et al., 2004; Watts et al., 2005; Fagervold et al., 2005; Yan et al., 2006;
Fagervold et al., 2007; Bedard et al., 2007; May et al., 2008; Kjellerup et al., 2008; and see
review by Bedard, 2008). In this study we evaluated whether stimulating native
Dehalococcoides populations or bioaugmentation could increase dechlorination of low
concentrations of weathered PCBs, and whether the treatment effects persist over a relatively
long time frame (> 1 year).

Recently, Bedard et al. (2007) reported growth of Dehalococcoides spp. coupled to Aroclor 1260
dechlorination and May et al. (2008) showed growth of strain DF-1 a dechlorinating Chloroflexi



during dechlorination of 2,3,4,5-PCB. Fagervold (2007) reported that three different phylotypes
within the Chloroflexi increased in response to Aroclor 1260 in Baltimore Harbor sediment,
suggesting that a consortium of dechlorinating bacteria with various specificities may result in
more extensive dechlorination of mixed PCBs. In addition to the above studies, the
tetrachloroethene dehalorespirer, Dehalococcoides ethenogenes strain 195, dechlorinated
2,3,4,5,6-PCB (Fennell et al., 2004), although growth was not tested.

One effective strategy for stimulating PCB dechlorination by sediment microorganisms is
addition of alternate halogenated electron acceptors / co-substrates (haloprimers), such as
2,3,4,5,6-PCB (PCB 116) (Van Dort et al., 1997), 2,6-dibromobiphenyl (2,6-DBB) (Bedard et
al., 1998), halobenzoates (Deweerd and Bedard, 1999) and chlorobenzenes and chlorophenols
(Cho etal., 2002). Wu et al. (1999) used a most probable number method to show that
halopriming with 2,6-DBB increased the number of PCB- and PBB- dehalogenators, suggesting
that halopriming works by stimulating growth of dehalorespirers.

Dechlorination rates may depend on PCB concentration (Fish, 1996). In sediment microcosms
from the Saint Lawrence River spiked with Aroclor 1242, Cho et al. (2003) reported threshold
concentrations of 35 to 45 mg/kg PCB, below which PCB dechlorination ceased. Fish (1996)
found that the maximum dechlorination rate of spiked Aroclor 1242 in sediment microcosms
over a range of concentrations from 10 to 250 mg PCBs/kg increased with increasing initial
concentration. The data of Fish (1996) generally follow a first-order trend, though it should be
noted that the rates measured at higher initial concentrations were higher than would be expected
from a perfectly linear relationship. Thus, it is not known whether biological treatment of
sediments with low PCB concentrations could be effective.

We examined biostimulation and bioaugmentation for enhancing dechlorination of low
concentration historical PCBs in microcosms developed using sediments from the Anacostia
River, Washington DC. The Anacostia River is a freshwater tidal system within the Potomac
River Drainage Basin, which empties into the Chesapeake Bay. The Anacostia River is classified
as a warm-water stream with mean temperatures ranging from 3°C in January to 26°C in August,
and summer temperatures of 18 to 32°C (SRC and NOAA, 2000). The lower Anacostia River,
downstream of the Washington Naval Yard, is the site of a validation study of active sediment
capping technologies (Reible et al., 2006). The area sampled for this study was downstream
from a combined sewer overflow (CSO), and sediments are contaminated with PCBs, polycyclic
aromatic hydrocarbons, chlorinated pesticides, and heavy metals, (Horne Engineering Services,
2003). PCB concentrations in the sediment ranged from 0.4 to 9.1 mg/kg, and the congener
profiles are most similar to a mixture of Aroclors 1248, 1254, and 1260 (Horne Engineering
Services, Inc., 2003). Thus, our study of the Anacostia River site addressed stimulation of PCB
dechlorination under conditions of relatively low PCB concentrations arising from a weathered
mixture of urban and industrial sources. We used electron donors, haloprimers, and/or
bioaugmentation with Dehalococcoides ethenogenes strain 195 to stimulate dechlorination of
historical PCBs in Anacostia River sediment microcosms. We compared dechlorination rates
induced by the treatments, evaluated the persistence of the stimulation after 415 days, and
tracked the dechlorinating bacterial population.



Experimental Methods

Microcosm Preparation. Microcosms were constructed using homogenized sediment recovered
from the Anacostia River capping site control plot (Horne Engineering Services and Sevenson
Environmental Services, 2004) on 7 July 2006, using a Van Veen dredge. The sediment
contained 42 to 48% total solids. The organic matter content (7%), and textural analysis (41%
sand: 39% silt: 20% clay) were determined by the Rutgers University Soils Testing Laboratory.
Microcosms were prepared using 200 mL site sediment in 250 mL stock bottles fitted with
rubber stoppers. In order to maintain pore water concentrations as similar as possible to in situ
conditions, the microcosms were constructed using sediment only—no media or additional site
water were added.

Eight treatments were run in triplicate: unamended and killed (autoclaving for 40 min at 121-C
on three successive days) controls; a mixture of electron donors; alternate halogenated electron
acceptors (haloprimers) tetrachlorobenzene (TeCB), pentachloronitrobenzene (PCNB), or
PCB116; bioaugmentation with a mixed culture containing D. ethenogenes strain 195; and
PCNB plus bioaugmentation. The electron donor mix containing lactate, propionate, acetate, and
butyrate was added to all microcosms to a concentration of 1 mM each, except in the live and
killed controls. TeCB and PCNB (both 99%, Sigma-Aldrich, Inc., St. Louis, MO) were added in
100 pL of a 50 mM solution in acetone (B&J Brand, 99.9%, VWR, International, Inc.,
Pittsburgh, PA). PCB116 (AccuStandard, Inc., New Haven, CT) was added in 100 pL of
acetone. The final TeCB and PCNB concentrations were 25 uM; and the final PCB116
concentration was 2 uM (1.5 mg/kg dry weight). Acetone (100 pL, without haloprimer) was
added to the electron donor and bioaugmentation microcosms as well, resulting in 6.8 mM
acetone in all microcosms except the controls.

The mixed culture containing Dehalococcoides ethenogenes strain 195 was grown at 25°C on
PCE and butyric acid using methods described previously (Fennell, 1998). The culture contained
2 x 10® gene copies per mL, based on quantitative PCR targeting the Dehalococcoides 16S rRNA
gene (see Krumins et al. 2009; supporting information). Four mL of the mixed culture was
aseptically and anaerobically transferred to the bioaugmented microcosms. Based on the 16S
rRNA gene copy numbers in the mixed culture, the bioaugmentation treatments had
approximately 3 x 10° copies of D. ethenogenes strain 195 added per mL microcosm.

The microcosms were stirred, capped and incubated upright and statically at 26°C, reflective of
summer temperatures in the Anacostia (SRC and NOAA, 2000). An anaerobic headspace was
maintained by flushing with N, during microcosm construction and initial sampling, and by
performing subsequent sampling in a disposable N, flushed glove bag (Cole-Parmer Instrument
Company, Vernon Hills, IL).

Samples (approximately 6 g) were collected on Days 1, 30, 60, 135, 185, 281, and 415 for PCB
analysis. An additional 1 mL sample was collected from each microcosm during each sampling
event for molecular analyses.

Activity Subcultures. On Day 415, subcultures were prepared to evaluate ongoing
dechlorination activity in the microcosms. Ten mL of sediment was removed from each
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microcosm (except the killed controls), transferred to sterile 60 mL serum bottles under N, and
20 mL of medium (Zinder, 1998) was added. The subcultures were spiked with 10 pL of 9.1 mM
PCB116 in acetone, 30 pL of electron donor stock containing 1M each of lactate, propionate,
butyrate, and acetate, and briefly shaken to mix. The resulting concentrations in the subcultures
were: PCB116, 3.1 uM (6.3 mg/kg sediment dry weight); acetone, 4.5 mM; lactate, propionate,
butyrate, and acetate, 1 mM, each. One mL samples were collected from the subcultures on Day
1, 30, 60, and 90 using a sterile, anoxic syringe with an 18 G needle. The subcultures were not
amended with any additional treatments such as bioaugmentation or biostimulation with
haloprimers, thus any varying treatment effects observed in these subcultures resulted from
treatment of the original microcosms on Day 0.

Chemical analytical methods. Sediment samples from microcosms were spiked with a PCB
surrogate standard containing 50 ng each of PCB14 (3,5-CB) and PCB166 (2,3,4,4°,5,6-CB)
(Cambridge Isotope Laboratories, Inc., Andover, MA), allowed to air dry for 24 to 48 hours, and
were extracted using a Dionex ASE 200 Accelerated Solvent Extractor (Dionex, Bannockburn,
IL, USA) in accordance with EPA method 3545. The average weight of the microcosm samples
was 6.4 £ 1.9 g wet weight and 3.1 + 0.9 g after air drying; (average + 1 standard deviation (1o),
n = 260). The ASE extraction involved heating at 150°C and 10.3 MPa with hexane as the
solvent. Samples from Day 0 through Day 185 had copper turnings added to remove sulfur. The
extracts were concentrated to 1 mL under ultra-high purity N,. Precipitated elemental sulfur was
removed by centrifugation. Interfering organic compounds were removed by passing the extract
through a 2 mL glass pipette filled with Florisil (Sigma-Aldrich, St. Louis, MO). Remaining
sulfur was removed by copper powder, according to EPA method 3660B. Samples were
transferred to GC vials and 50 ng each of PCB30 (2,4,6-CB) and PCB204 (2,2’,3,4,4’5,6,6’-CB)
(Cambridge Isotope Laboratories, Inc., Andover, MA) were added as internal standards.
Recoveries of PCB14 and PCB166 averaged 70% and 85%, respectively.

The PCB116-spiked subculture samples (1 mL) were extracted by shaking overnight in 7 mL
Teflon®-lined screw-cap vials with 4 mL diethyl ether at room temperature, with 25 pL of 40
mg/L PCB114 (2,3,4,4’,5-CB) added as an internal standard. The samples were centrifuged and
the solvent was decanted to clean 7 mL vials. Sodium sulfate was added to remove water. Three
mL of hexane was added and the extracts were concentrated to 1 mL under a stream of ultra-high
purity nitrogen, effectively exchanging the solvent from diethyl ether to hexane. Sulfur was
removed from the extracts according to EPA method 3660B, and the samples were transferred to
GC vials.

PCBs were analyzed by gas chromatography — electron capture detection (GC-ECD) (HP 6890,
Hewlett-Packard Co, Palo Alto, CA) using a DB-5 column (60 m x 0.32 mm ID, 0.25 pum film
thickness, J&W Scientific, Folsom, CA). The column was heated at 7°C/min from 70°C to
180°C, followed by a 1.05°C/min increase to 225°C. Retention times for each of the 209 PCB
congeners were determined from nine mixtures containing subsets of the congeners.
Ambiguities were resolved by analyzing different subsets of congeners and by referring to
published relative retention times (Frame, 1997). A calibration mixture containing the internal
and surrogate standards and “Mullin’s mix” (a mixture of Aroclors 1232, 1248, and 1262,
(Swackhamer et al., 1996)) was run with every six samples to determine the response factor of
each peak relative to the internal standards. Congener concentrations were not corrected for
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surrogate recoveries, because of the possible bias in calculated mole fractions of lesser or more
chlorinated congeners in the case of differential recoveries of the different surrogates.

Peaks for some of the 204 PCB congeners were not detected in the calibration mix or in any of
the samples, while co-elution further decreased the number of quantifiable peaks to 86. Peaks
for the surrogate and internal standards and those that co-eluted with sulfur (which was
sometimes not completely removed by the copper cleanup), PCB116, or pentachloronitrobenzene
and its dechlorination products were also disregarded. Ultimately 72 peaks, representing 159
congeners were used for further analyses (see Table 1-1).

Molecular Analyses. For microcosms, DNA was extracted from 0.3 grams of sediment using the
PowerSoil™ DNA Isolation Kit (MoBio Laboratories Inc., Carlsbad, CA). Nested PCR was
performed to amplify the DNA of the putative dechlorinating community, and resulting DNA
products were analyzed by denaturing gradient gel electrophoresis (DGGE) (see section 1.1).
First, DNA samples extracted from microcosms were amplified with primers 338F (Lane, 1991)
and Chl1101R targeting a 790 bp region of the Chloroflexi 16S rRNA gene (see
Accomplishments Section 2). The resulting PCR products were purified using the UltraClean™
PCR Clean-Up Kit (MoBio Laboratories Inc., Carlsbad, CA), and these PCR products were then
re-amplified using general bacterial PCR primers 341F-GC and 534R (Muyzer et al., 1993)
(Table 1-2). All PCR reaction mixtures contained 10 mM Tris—HCI (pH 8.3 at 25 °C), 2.5 mM
MgCl,, 0.25 mM deoxynucleotide triphosphates, 10 picomole of each primer, and 1 U of Taq
DNA polymerase. The temperature profile for nested PCR with 338F and Chl1101R was 94 °C
for 5 min followed by 35 cycles of 94 °C for 20 sec, 55 °C for 45 sec, and 72 °C for 45 sec. A
final extension step was carried out for 7 min at 72 °C, after which the DNA was stored at 4 °C.
General bacterial PCR conditions were as described previously (Park and Crowley, 2006).

Samples of PCR product (20 uL) were mixed with 2x DGGE dye and loaded onto 8%
polyacrylamide gels in 1x Tris-acetate EDTA (TAE) buffer using a DCode™ universal mutation
detection system (Bio-Rad Laboratories, Hercules, CA). The polyacrylamide gels were made
with a linear denaturing gradient from 40% at the top to 60% denaturant at the bottom. The
electrophoresis was run for 14 h at 60°C and 60 V. After electrophoresis, the gels were stained
with ethidium bromide and photographed on a UV transilluminator. Image analyses of the DNA
profiles and band intensities were conducted using Quantity One® (version 4.5.0; Bio-Rad
Laboratories, Hercules, CA) and Scion Image (Beta version 4.02, US National Institutes of
Health, Frederick, MD). The smiling of bands near the edges of the DGGE gels was corrected
using Adobe® Photoshop® (Adobe Systems Inc., San Jose, CA).

DGGE bands of interest were excised and DNA was eluted overnight in 50 pL of MilliQ H,O at
4 °C. After centrifuging, DNA in the supernatant was amplified using general bacterial primers
as described above. The PCR products were cloned into pCR4-TOPO vector using the TOPO TA
Cloning Kit (Invitrogen, Corp. Carlsbad, CA), according to the manufacturer’s instructions. The
cloned PCR products were sequenced using a 16-capillary ABI PRISM® 3100 Genetic
Analyzer. Homology searches were performed using BLAST
(http://www.ncbi.nlm.nih.gov/BLAST). The programs CLUSTAL X (1.64b) and GeneDoc
(2.0.004) were used to align the sequences and determine their homologies to known bacterial
16S rRNA gene sequences.
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Table 1-1. Gas chromatograph peaks and PCB congeners quantified. Only peaks detected in the
calibration standard created by mixing “Mullin’s mix” (Swackhamer et al. 1996) and the internal
and surrogate standards are listed. Congeners in bold are present in one or more of Aroclors
1242, 1248, 1254, and 1260 at a concentration of at least 0.50 wt.% (based on Frame et al. 1996).

Peak Retention time PCB congener(s) Comment
(min)

1 16.7 1 not used - low sensitivity

2 16.9 2 not used - low sensitivity

3 18.4 3 not used - low sensitivity

4 19.4 4+10 not used - coeluted with PCNB
dechlorination product

5 20.5 7+9

6 21.2 6

7 21.5 5+8

8 22.3 14 used as surrogate

9 22.7 19

10 23.2 30 used as internal standard

11 23.8 12 +13

12 24.0 18

13 24.1 15+ 17

14 25.3 16 + 32

15 26.2 29 + 54

16 26.7 26 not used - coeluted with PCNB
dechlorination product

17 26.9 25 not used - coeluted with PCNB
dechlorination product

18 27.3 31+50

19 27.4 28

20 28.1 20+ 21 +33+53

21 28.6 51

22 28.8 22

23 29.9 39 + 46

24 30.3 52+ 73

25 30.7 43 + 49

26 30.9 38 +47 +48 + 75

27 32.3 37 +42+44 +59

28 33.0 72

29 33.3 41+64+68+71

30 33.8 96

31 34.1 40 + 57 + 103

32 34.4 67 not used - coeluted with sulfur
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Peak Retention time PCB congener(s) Comment

(min)

33 34.5 100 not used - coeluted with sulfur

34 35.3 63

35 35.7 61+ 74+ 94

36 36.0 70 + 76

37 36.4 66 +80+93+95+98 +

102

38 37.3 91 +55

39 38.0 155

40 38.4 56 + 60 + 92

41 38.8 84

42 39.1 89 +90 + 101

43 39.7 79 + 99

44 41.0 78 + 83 + 108 + 112

45 41.6 86 + 97

46 42.0 81+87+111+115+ not used —PCB 116 used in one

116 + 117 + 125 + 145 treatment

47 42.6 85+ 120 + 148

48 43.0 136

49 43.3 77 + 110 + 154

50 44.8 82 + 151

51 455 124 + 135 + 144

52 46.1 107 + 147

53 46.5 106 + 118 + 123 + 139 +
140 + 146

54 47.4 143

55 48.0 114 + 133 + 134

56 48.2 122 + 131 + 142 + 165

57 48.9 146 + 188

58 49.9 105 + 127 + 132 + 153 +
168 + 184

59 51.4 141 + 179

60 52.3 130+ 137 + 176

61 53.4 138 + 160 + 163 + 164

62 53.7 158 + 186

63 54.4 126 + 129 + 178

64 55.1 166 + 175 PCB 166 used as surrogate

65 55.8 159 + 182 + 187

66 56.5 162 + 183

67 57.1 128

68 57.4 167

69 57.9 185

70 59.0 174 + 181

71 59.7 177

72 60.2 156 + 171 + 202
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Peak Retention time PCB congener(s) Comment

(min)
73 60.8 157 + 173 + 201
74 61.2 204 used as internal standard
75 61.6 172 + 192
76 62.0 180 + 193
77 62.9 191
78 63.2 200
79 64.7 170 + 190
80 65.1 198
81 65.4 199
82 65.7 196 + 203
83 68.9 194
84 69.2 205
85 70.8 206
86 72.1 209

Table 1-2. Primer sets utilized for nested PCR-DGGE of Chloroflexi 16S rRNA genes.

Primers Sequences (5’ to 37) Target Reference

338F ACTCCTACGGGAGGCAGCAG Bacteria (Lane, 1991)
putative dechlorinating

Chl1101R CTCGCKAGAAMATKTAACTAGCAAC Chloroflexi spp (Park et al. 2011)
341F-GC* CCTACGGGAGGCAGCAG Bacteria (Muyzer et al., 1993)
534R ATTACCGCGGCTGCTGG Bacteria (Muyzer et al., 1993)

* GC clamp (5-CGCCCGCCGCGCCCCGLCGLLCCGGLLLaGLeaLeeceeasececee-3)

Quantification of D. ethenogenes strain 195 in the mixed culture used for bioaugmentation was
performed by quantitative polymerase chain reaction (qQPCR). A standard curve was obtained
using 10-fold serial dilutions of plasmid DNA carrying a cloned 16S rRNA gene of D.
ethenogenes strain 195. Sample DNA and 10-fold serially diluted 16S rRNA gene standards
were amplified in parallel on an iQ5 real-time PCR system (Bio-Rad Laboratories, Hercules,
CA). Each 25 pL of reaction contained 1 puL of sample or standard DNA, 1X iQ SYBR Green
Supermix (Bio-Rad Laboratories, Hercules, CA, USA), and 0.2 uM (each) Dehalococcoides-
specific 16S rRNA gene primers (1F, 5’-GATGAACGCTAGCGGCG-3’ and 259R, 5°-
CAGACCAGCTACCGATCGAA-3’) (Duhamel et al., 2004; Hendrickson et al., 2002) The
temperature profile was: 5 min at 95 °C; 40 cycles of 30 sec at 95 °C; 30 sec at 55 °C; and 30 sec
at 72 °C. Each analysis was followed by melt curve analysis which confirmed that only
Dehalococcoides specific sequences (same single melting point as the cloned standard) were
amplified. A control utilizing genomic DNA from Pseudomonas fluorescens resulted in no
amplification of the 16S rRNA gene utilizing the primers and conditions indicated.
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PCB Data Analysis. Chromatogram peaks were quantified relative to internal standards, with
peak areas representing co-eluting congeners divided evenly among the contributing congeners.
This was a conservative approach that did not presuppose a specific Aroclor as the predominant
source of the contaminants, because the site contains weathered PCBs of mixed origin, or a
specific dechlorination pathway. The mole fraction of individual homolog groups, average
number of chorines per biphenyl (chlorination level), and the number of chlorines by position
(ortho, meta, or para) were determined from the calculated mole fractions of the individual
congeners.

The congener data was converted to mole fraction of total PCBs and the average number of
chlorines per biphenyl (CL) was calculated. To compare effectiveness of different treatments, the
decrease in CL over time was analyzed as a 1st order model:

In(CL)i(j)k = Q- Bij + ejk (Equation 1)

where In(CL);g)x is the measured value of In(CL) for microcosm i (subjected to treatment j) at
time K, a; is the intercept of In(CL) at time O for microcosm i, fj is the jth treatment slope (equals
1% order decay coefficient), X, is the day of sampling, and ej. is normally-distributed random
error.

Because the interval between samples was not uniform, a “mixed model,” rather than a repeated
measures ANOVA, was the appropriate test (Littell et al., 2006). The data were analyzed using
SAS (Proc Mixed, SAS v. 9.1.3, SAS Institute, Cary, NC). A restricted/residual maximum
likelihood method was used, and the Kenward-Roger adjustment to the denominator degrees of
freedom was applied to account for the use of repeated measures (Littell et al., 2006). A similar
statistical analysis was applied to the activity subcultures with the chlorination level calculated
based on PCB116 and its possible first dechlorination products 2,3,4,5-CB, 2,3,4,6-CB and
2,3,5,6-CB. To determine whether there was an effect of chlorine position (ortho, meta, or para)
on dechlorination, a principal components analysis (PCA, Proc Factor, SAS v. 9.1.3, SAS
Institute, Cary, NC) was performed using the change in In(CL) from Day 0 to Day 415 for ortho,
meta and para chlorine position as the dependent variables.

Results and Discussion

Dechlorination in microcosms. The mole fraction composition of total PCBs by homolog group
over time for each treatment is shown in Figure 1-1. The average total PCB concentration for all
initial time point samples was 2.1 + 1.4 mg/kg dry weight (mean * 1o; n=24). Homolog-specific
data for each treatment are shown in Table 1-3. For the PCNB treatment, the mole fraction of
less chlorinated congeners (2 to 4 chlorines per biphenyl) increased by 20 + 1.9 percent (average
+ standard deviation) by 415 days (compared to day 0). This change was significant in a paired t-
test (p<0.01). The mole fraction of di- to tetrachlorinated biphenyls also increased by 15.6 + 4.8
percent in the bioaugmentation treatment (p<0.05) and by 12.1 + 13.4 percent of total PCBs in
the PCNB plus bioaugmentation treatment (not significant). For the killed control, live control,
electron donor, TeCB and PCB116 treatments, changes in the fraction of less-chlorinated PCBs
were smaller and not statistically significant (-1.4 £2.9; 1.9+ 0.96;,9+17.4;,2.1+£6,and 2.3
+ 5.6 percent, respectively). Note that most of the PCB dechlorination activity occurred and the
TeCB and PCNB were both transformed during the first 135 days.
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Table 1-3. Mole fraction PCBs by homolog group (number of chlorines per biphenyl) for
Anacostia microcosms compared to the sum of all di- through deca- chlorinated biphenyls
(homolog groups 2 through 10). Average + standard deviation (n = 3 samples for each treatment
at each time point).

A. Unamended Control.

Time (day)
Homolog 0 60 135 185 281 415

2 0.063% 0.055 + 0.075 0.062 + 0.038 + 0.065 +
0.0084 0.0032 0.0053 0.0063 0.0036 0.0042
3 012+ 0.106 + 0.115+ 0.131 + 0.085 + 0.12 +
0.0099 0.0064 0.0057 0.0155 0.0068 0.0123

4 0259+ 0.238 + 0.243 = 0.223 = 0.172 0.243 £
0.0061 0.0079 0.0117 0.0302 0.0105 0.0045

5 0212+ 0.217 = 0.192 + 0.18 £ 0.223 + 0.201 +
0.013 0.0042 0.0054 0.0222 0.0041 0.009

6 0192+ 021+ 0.198 + 0219+  0.26 +£0.0106 0.192 +
0.0147 0.004 0.0175 0.0589 0.0122

7 0129+ 0.148 + 0.153 + 0.158 + 0.188 + 0.152 +
0.0098 0.0051 0.0082 0.0184 0.0064 0.0066

8 0021+ 0.023 + 0.022 + 0.023 + 0.031+ 0.025 +
0.0039 0.0015 0.001 0.003 0.0016 0.0028

9 0.0026 = 0.0028 + 0.0016 + 0.0026 + 0.0032 £ 0.003 £

0.00046 0.00018 0.00139 0.00021 0.00016 0.00014

10 0.0005 0.0005 0.0002 0.0005 0.0006 0.0007 £

0.0003 0.00029 0.00007 0.00005 0.00009 0.00005

B. Killed Control.
Time (day)
Homolog 0 60 135 185 281 415

2 0.086 0.085 0.144 + 0.114 + 0.119+ 0.124 +
0.0055 0.0018 0.0017 0.0112 0.0038 0.0073
3 0115% 0.119+ 0.116 + 0.112 + 0.113 + 0.12 +
0.0073 0.0064 0.0127 0.012 0.0052 0.0018

4 0252+ 0.237 + 0.237 + 0.208 + 0.184 + 0.228 +
0.014 0.0089 0.0124 0.0206 0.0729 0.0026

5 0201z 019+ 017+ 0.202 + 0.153 + 0.175+
0.0003 0.0075 0.006 0.0012 0.0628 0.001

6 0182+ 0.185 + 0.165 + 019+ 0.192 + 0.176 £
0.0043 0.0022 0.013 0.0189 0.0253 0.0005

7 0139+ 0.155 + 0.143 = 0.151 + 0.192 + 0.149 +
0.003 0.0064 0.0169 0.016 0.0735 0.0022

8 0.023% 0.025 + 0.022 + 0.021 + 0.044 + 0.024 +
0.0003 0.0015 0.0025 0.0081 0.0317 0.0005

9 0.0029 + 0.0031 + 0.0026 + 0.0026 + 0.0046 + 0.003 £

0.00019 0.00007 0.00015 0.0004 0.00343 0.00019

10 0.0002 = 0.0004 + 0.0003 + 0.0004 0.0004 £ 0.0007 £

0.000003 0.00028 0.00024 0.0001 0.00003 0.00044
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C. Electron donor.

Time (day)
Homolog 0 60 135 185 281 415

2  0.054+ 0.062 + 0.074 + 0.04 £ 0.067 + 0.079 +
0.0183 0.0042 0.003 0.013 0.0038 0.0269

3 0114+ 0.114 + 0.119+ 0.079 = 0.123 = 0.137 =
0.0216 0.0052 0.0023 0.027 0.0216 0.0383

4 0.22 £ 0.238 + 0.253 + 0.154 + 0.236 = 0.264 +
0.0431 0.0151 0.0043 0.051 0.0074 0.037

5 0204+ 0.199 + 0.187 + 0.212 + 0.197 + 0.192 +
0.0192 0.0024 0.0047 0.0086 0.0186 0.0169
6 0212+ 0.201 = 0.181 + 0.267 = 0.195 + 017 %
0.0391 0.0084 0.0015 0.0446 0.0105 0.0418

7 0165 0.157 + 0.158 + 0.207 + 0.153 + 0.133
0.0229 0.0076 0.0052 0.042 0.0076 0.0408

8 0.027 0.025 + 0.024 + 0.036 = 0.024 + 0.022 +
0.005 0.0014 0.0009 0.0118 0.0022 0.0052

9 0.0029 + 0.0029 + 0.003 + 0.0037 + 0.0032 + 0.0032 +

0.00057 0.0003 0.00053 0.00096 0.00035 0.00017

10 0.0004 + 0.0007 + 0.0003 + 0.0007 + 0.0009 + 0.0008 +

0.00023 0.00004 0.00004 0.00016 0.00028 0.00009

D. PCB116.
Time (day)
Homolog 0 60 135 185 281 415

2 0071z 0.06 £ 0.075 0.069 + 0.063 = 0.064 +
0.0241 0.0049 0.0032 0.0035 0.0008 0.0026

3 0114+ 0.122 + 0.118 + 0.13+ 0.119+ 0.116 +
0.0139 0.012 0.0026 0.0016 0.0068 0.0098

4 0218+ 0.238 + 0.251 + 0.223 = 0.242 + 0.244 +
0.0401 0.0135 0.0055 0.0033 0.0036 0.0013

5 0.206+ 0.198 + 0.186 + 0.2+ 0.196 + 0.204 +
0.014 0.0125 0.0026 0.0045 0.0138 0.0131

6 0.208% 0.200 = 0.183 = 0.194 + 0.193 + 0.191 +
0.0345 0.0169 0.0033 0.0029 0.0056 0.004

7 0154+ 0.154 + 0.158 + 0.155 + 0.157 = 0.152 +
0.0206 0.0108 0.0036 0.0043 0.0107 0.005

8 0.025% 0.025 + 0.025 + 0.025 + 0.026 + 0.025 +
0.0031 0.0018 0.0014 0.001 0.0022 0.0005

9 0.003% 0.003 = 0.0029 + 0.0028 + 0.003 = 0.003 =

0.00029 0.00021 0.0005 0.0001 0.00044 0.00023

10 0.0005 + 0.0005 + 0.0002 + 0.0005 + 0.0007 + 0.0003 +

0.00022 0.00028 0.00002 0.00006 0.00026 0.00014
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E. TeCB.

Time (day)
Homolog 0 60 135 185 281 415

2 0.058+ 0.051 + 0.081 + 0.07 % 0.052 + 0.071
0.0059 0.0152 0.0014 0.0097 0.0121 0.0002

3 0117% 0.103 = 0.128 + 0.132 + 0.112 + 0.109 =
0.013 0.0293 0.0112 0.0221 0.0118 0.0048

4 0218+ 0211+ 0.256 + 0.224 + 0.212 + 0.236 +
0.0351 0.0551 0.015 0.0468 0.0222 0.0027

5 0217+ 0.202 + 0.187 = 0.196 + 0.208 = 0.203 =
0.0187 0.0143 0.0083 0.0132 0.0246 0.0009

6 0212+ 0.224 + 0.175 + 0.199 + 0.215+ 0.202 +
0.0324 0.0521 0.0152 0.043 0.0323 0.0025

7 0.155% 0.176 + 0.147 + 0.153 + 0171+ 0.151 +
0.0078 0.0275 0.0164 0.0263 0.0113 0.0008

8 0.02 £ 0.029 + 0.023 + 0.023 + 0.026 + 0.024 +
0.0049 0.0062 0.0018 0.0079 0.0010 0.0005

9 0.0027 + 0.0033 + 0.0018 + 0.0031 + 0.0029 + 0.0032 +
0.00014 0.00034 0.00153 0.00090 0.00022 0.00018

10 0.0005 0.0004 + 0.0007 0.0006 + 0.0004 + 0.0005
0.00014 0.00026 0.00042 0.00012 0.00015 0.00024

F. PCNB.
Time (day)
Homolog 0 60 135 185 281 415

2 0.029+ 0.056 + 0.075 0.073 0.043 + 0.075
0.0023 0.0232 0.0041 0.0086 0.0063 0.0046

3 0.063% 0.087 = 0.143 = 013+ 0.098 + 0.111 +
0.0058 0.0286 0.0194 0.0086 0.0107 0.0018

4 0137+ 0.174 + 0.27 £ 0.249 + 0.182 + 0.243 +
0.0049 0.0733 0.0128 0.0138 0.0165 0.0113

5 0219+ 021+ 0.189 + 0.2+ 0.219+ 0.199 +
0.0039 0.0037 0.0073 0.0092 0.0026 0.0049

6 0291+ 0.252 + 0.167 = 0.184 + 0.248 + 0.196 +
0.0074 0.0594 0.0128 0.0119 0.0165 0.0012

7 0219+ 0.186 + 0.134 + 0.136 + 0.177 + 0.149 +
0.0011 0.051 0.0165 0.0056 0.0113 0.0124

8 0.037% 0.031 0.02 £ 0.023 + 0.029 + 0.023 +
0.0008 0.0103 0.0022 0.0011 0.0024 0.0036

9 0.0039 + 0.0036 + 0.0024 + 0.0042 + 0.0031 + 0.0030 +
0.00007 0.00092 0.00006 0.00151 0.00024 0.00039

10 0.0007 + 0.0007 + 0.0005 + 0.0012 + 0.0009 + 0.0006 +
0.00023 0.00021 0.00031 0.00053 0.00032 0.00029
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G. Bioaugmentation.

Time (day)
Homolog 0 60 135 185 281 415

2 0.039+ 0.059 + 0.072 + 0.069+  0.11+0.0825 0.063 +
0.0012 0.0025 0.0049 0.0027 0.0013

3 0081+ 0.107 = 0.116 + 0.126 + 0.111 0.149 +
0.0050 0.0050 0.0042 0.0089 0.0168 0.0656

4 0161+ 0.249 + 0.259 + 0.274+  0.23+0.0259 0.225 +
0.0129 0.0061 0.0066 0.0114 0.0164

5 0218+ 0211+ 0.191 + 0.203 = 0.197 = 0.2 £0.0199
0.0034 0.0025 0.0021 0.0033 0.0219

6 0.266+ 0.198 + 0.183 + 017+ 0.184 + 0.192 +
0.0094 0.0113 0.0059 0.0111 0.0129 0.0171

7 0197+ 0.151 + 0.152 + 0.132+  0.14+0.0156 0.144 +
0.0107 0.0034 0.0075 0.007 0.0087

8 0.033% 0.023 + 0.023 + 0.022 + 0.024 + 0.023 +
0.0020 0.0006 0.0011 0.0004 0.0023 0.0029

9 0.0038 0.0029 + 0.0025 + 0.0027 + 0.0027 + 0.0026 +
0.00049 0.00007 0.00024 0.0001 0.00042 0.00005

10 0.0007 = 0.0002 + 0.0002 + 0.0004 + 0.0003 + 0.0005
0.00012 0.00003 0.00001 0.00031 0.00014 0.00008
H. PCNB + bioaugmentation.
Time (day)
Homolog 0 60 135 185 281 415

2 0.052+ 0.052 + 0.081 + 0.076 + 0.055 + 0.088 +
0.0215 0.0181 0.0032 0.0008 0.0158 0.0167

3 0100z 0.089 + 0.129 + 0.134+ 0.104£0.011 0.124 +
0.0418 0.0222 0.0099 0.0045 0.0092

4 0185+ 0.186 + 0.259 + 0.224 + 0.203 + 0.248 +
0.0754 0.0588 0.0051 0.0108 0.0361 0.0024

5 0201+ 0.213 0.184 + 0.199 + 0.205 + 0.196 +
0.0151 0.0033 0.0026 0.0047 0.0096 0.0103

6 0240 0.250 = 0.177 = 0.192 + 0.238 = 0.185
0.0691 0.0499 0.0035 0.0121 0.0407 0.0042

7 0187+ 0.181 + 0.145 + 0.148 + 0.167 + 0.133
0.0476 0.0421 0.0162 0.0061 0.0193 0.0071

8 0031z 0.025 + 0.023 + 0.024 + 0.026 + 0.023 +
0.0067 0.0065 0.0012 0.0006 0.0032 0.0009

9 0.0034+ 0.0031 + 0.0025 + 0.0026 + 0.0028 + 0.0029 +
0.00065 0.00049 0.00009 0.00003 0.0004 0.00025

10 0.0007 + 0.0006 + 0.0003 + 0.0004 + 0.0005 + 0.0005 +

0.00006 0.00015 0.00019 0.00003 0.00005 0.00027
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PCB Dechlorination Rates. The average overall chlorination level for the microcosms at the
initial time point was 5.1 £ 0.28 (average + 1o, n = 24) chlorines per biphenyl. The initial
chlorination level varied across microcosms despite our effort to homogenize the sediment (Fig.
1-2). Mixed model analysis indicated significant (p = 0.0006) differences in slope of In(CL) vs.
time among the different treatments (3; in the mixed model). In support of the broad conclusion
that PCNB enhanced dechlorination with or without bioaugmentation, the rate constants for the
PCNB, bioaugmentation, and PCNB plus bioaugmentation treatments were significantly (p <
0.01) different from zero, whereas the rate constants for the controls, the electron donor only and
the TeCB treatments were not statistically different from zero (Table 1-4, Fig. 1-3 — error bars
on the figure indicate the standard error (calculated from the e;jx) for the mixed model analysis).
Furthermore, the dechlorination rate constants for PCNB, bioaugmentation, and PCNB plus
bioaugmentation treatments were also significantly different from all other rate constants [with
the exception of the electron donor treatment, whose rate constant was not statistically different
than zero (p > 0.1)].
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Figure 1-2. Chlorination level over time in microcosm samples. Killed control (W), PCNB (O) and
bioaugmentation (x). Trend lines are exponential best fits.

Dechlorination pathway. No statistically significant difference in dechlorination for different
chlorine positions (ortho, meta or para) could be elucidated. Principal components analysis of
the difference in numbers of chlorines by position between Day 0 and Day 415 indicated that one
principal component explained more than 90% of the variability in chlorine removal by position,
and it was evenly weighted across the three positions (factor weights of +0.94, +0.98 and +0.92
for ortho, meta and para chlorines, respectively). The other principal components were not
informative (eigenvalues < 1). Position analysis was, however, complicated by our approach of
evenly splitting coeluting peaks. ldentification of the exact dechlorination pathway was not the
primary objective of the present study, but will garner more attention in further investigation.

26



Table 1-4. First order dechlorination rates (k) from sediment microcosms and Day 415
subcultures.

Treatment Sediment Microcosms Day 415 Subcultures
k (yr™) p k (yr™) p
Unamended control -0.028? 0.27 0.001° 0.91
Killed control 0.002*" 0.95 NP NP
Electron donor 0.040°¢ 0.10 0.002° 0.80
PCB116 0.004%" 0.84 0.002% 0.73
Tetrachlorobenzene 0.007%° 0.80 0.022° 0.0009
Bloa}ugmentatlon (D. ethenogenes 0.069° 0.007 0.004° 0.52
strain 195)
Pentachloronitrobenzene (PCNB) 0.077° 0.002 0.118° <0.0001
PCNB plus bioaugmentation 0.062° 0.007 0.098° <0.0001

Dechlorination in sediment microcosms was of historical PCBs; dechlorination rates presented for Day
415 subcultures are for spiked PCB116. The p value is for the effect of time (day of sampling) from the
mixed model analysis and indicates whether the slope of In(chlorination level) vs. time (B in the mixed
model, equal to a first order constant k) is significantly different from zero. Chlorination level in the
sediment microcosms calculated from the mole fraction of all di- through deca-chlorinated biphenyls was
quantified. For the Day 415 subcultures, chlorination level is calculated only from PCB116 (2,3,4,5,6-
CB) and its three possible first dechlorination products: 2,3,4,5-CB, 2,3,4,6-CB and 2,3,5,6-CB.

abed _ Treatments not sharing a letter have significantly different slopes at the p = 0.1 level.
NP: Day 415 subcultures not prepared for killed controls.
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Figure 1-3. First order dechlorination rate of different treatments in Anacostia microcosms Day 0 to 415.
Error bars show the standard error calculated from mixed model analysis. Only treatments with PCNB,
PCNB plus bioaugmentation and bioaugmentation alone exhibited rates of dechlorination that were
significantly different than zero. * Treatments not sharing a letter are significantly different at the p = 0.1
level.
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Sustained capacity for dechlorination of a model PCB congener. The capacity of the
microbial populations stimulated by amendment with PCNB, PCNB plus bioaugmentation and
TeCB for sustained dechlorination was demonstrated by dechlorination of spiked PCB116 in
microcosm subcultures established at 415 days (Fig. 1-4). Only media, electron donor and
PCB116 were added to the subcultures. PCB116 (2,3,4,5,6-CB) was dechlorinated first to
2,3,4,6-CB and then to 2,4,6-CB in the TeCB, PCNB and PCNB plus bioaugmentation
treatments. Dechlorination occurred with no lag, and resulted in greater than 10 % dechlorination
of the added PCB116 within 90 days. The TeCB, PCNB and PCNB plus bioaugmentation
treatments exhibited statistically significant (p < 0.001) PCB116 dechlorination rates compared
to the unamended control, while the bioaugmentation alone and electron donor alone treatments

did not (Table 1-4).
The rate for PCNB >
PCNB plus
bioaugmentation >
TeCB. The calculated
first order
dechlorination rates in
the subcultures were
higher than in the initial
microcosms, most
likely because of the
higher concentration
and higher
bioavailability of the
freshly-spiked single
congener compared to
the historical PCBs.
Note that the relative
observed differences in
dechlorination activity
between treatments
were solely caused by a
sustained effect from
the amendments that
were added 14 months
earlier.

Mole fraction PCB116 remaining

o
©

30 60 90
Time (day)
Figure 1-4. PCB116 dechlorination in Day 415 subcultures spiked with
3.1 uM PCB116 and an electron donor mix. The mole fraction is
calculated from the ratio of PCB116 (2,3,4,5,6-CB) remaining to the sum
of PCB116 and its possible first dechlorination products, 2,3,4,5-CB,
2,3,4,6-CB, and 2,3,5,6-CB. Live (unamended) control (W), electron
donor (A), PCB116 (@), TeCB (x), PCNB (O), bioaugmentation (0),
and PCNB + bioaugmentation (A). Error bars show standard deviation
of three subcultures per treatment.

o

Response of dechlorinating bacteria. Dechlorinating bacterial strains were detected by PCR-
DGGE at all time points and changes in relative DGGE band intensities for some strains were
observed in TeCB- and PNCB-amended microcosms over the duration of the study. The results
of nested PCR-DGGE for microcosm samples collected through Day 281 are shown in Figure 1-
5. We performed this analysis for triplicate microcosms and the results shown reflect those
observed in the other replicates. Bands A and B which exhibited the greatest band intensity
changes over time were selected for sequencing. Band A was detectable at low intensities in
unamended sediment but band B (strain 195) was not (data not shown). The 16S rRNA gene
from band A, observed in most microcosms, was consistent with the Pinellas subgroup of
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Dehalococcoides spp., which contains strains CBDB1, BAV1, FL2 and GT among others
(Adrian et al., 2000; Sung et al., 2006; He et al., 2003, 2005). The 16S rRNA gene from band B,
observed only in bioaugmented microcosms, was identical to that of D. ethenogenes strain 195
used in the bioaugmentation treatments and eluted at the same distance on the gel as an amplicon
produced from strain 195 and used as a positive control (Fig. 1-5). The intensity of band B was
initially strong after bioaugmentation, but it decreased by Day 185 and was not detected by Day
281. TeCB and PCNB appeared to stimulate native Dehalococcoides spp. (band A), leading to an
increase in the DGGE band intensity that was sustained through Day 281. In the PCNB plus
bioaugmentation treatment, the increase in the band intensity representing native
Dehalococcoides spp. (band A) was delayed until Day 60. PCNB stimulated PCB dechlorination
in the microcosms and in PCB116-amended subcultures tested at Day 415. PCB116 and electron
donor alone did not significantly enhance native PCB dechlorinators; an observation supported
by insignificant PCB dechlorination and the lack of increase in band A intensity in electron
donor alone and PCB116 amended microcosms (Fig. 1-5). The Dehalococcoides population
dynamics suggested by the DGGE results fits the observed dechlorination activities in the
microcosms and Day 415 subcultures. Increases in both the stimulated native strain (band A) and
the strain used for bioaugmentation (band B, D. ethenogenes strain 195) corresponded to
increased dechlorination in the microcosms. However, because strain 195 disappeared over the
first 281 days, subcultures taken from the bioaugmented microcosms at Day 415 were not able to
respond to the challenge of spiking with PCB116 (Fig. 1-5).

Electron donor PCB116 TeCB PCNB bioaugmented PCNB + bio.
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< K K K < K K KK K K K K K K K< < K K K < < K K K < < K K K
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Figure 1-5. DGGE gel from initial microcosms, Days 0 through 281. DNA product from nested PCR
using primers for Chloroflexi, followed by general bacterial primers. +: positive control
(Dehalococcoides ethenogenes strain 195). Band A: 100% identity with Pinellas subgroup
Dehalococcoides spp., band B: D. ethenogenes strain 195, used for bioaugmentation. The smiling of
bands near the edges of the DGGE gels was corrected using Adobe® Photoshop® (Adobe Systems
Inc., San Jose, CA).

Implications. Historical PCBs are likely to be strongly sorbed to sediment and less bioavailable
than recently introduced (e.g., experimentally introduced) PCBs. Further, if dechlorination has
occurred in situ, congeners most amenable to dechlorination will have been preferentially
dechlorinated. The enhanced dechlorination rates (0.062 to 0.077 yr™) for low concentration
PCBs (2 mg/kg dry wt) observed in sediment microcosms from Anacostia River undergoing
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biostimulation or bioaugmentation are similar to those reported for higher concentrations of aged
PCBs. For example, Alder et al. (1993) observed dechlorination of historical PCBs in New
Bedford Harbor sediment (400 to 500 mg/kg PCBs) with a first order dechlorination rate
constant of 0.10 yr'*; and Abramowicz et al. (1993) measured dechlorination of pre-existing
PCBs (20 mg/kg) in Hudson River sediment spiked with 500 ppm PCB105 (2,3,3’,4,4’-CB) at a
rate of 0.29 yr''. Magar et al. (2005) estimated an in situ dechlorination rate of approximately
0.022 yr* using analysis of sediment cores from Lake Hartwell, SC (1 to 60 mg/kg dry weight
PCBs).

Because of high cost, dredging of contaminated sediment for ex situ treatment or disposal may be
reserved as a remedial treatment option for only the most highly PCB-contaminated sediment at
a particular site. For example, in the Fox River, WI, sediments containing up to 10 mg/kg total
PCBs may be capped according to the Record of Decision (USEPA, 2008). Sediments with
lower PCB concentrations thus left in place may be targets of in situ remedial efforts, perhaps in
conjunction with capping. The dechlorination rates reported here, derived from a freshwater
system with low concentrations (2 mg/kg) of mixed source, weathered PCBs may be predictive
of those expected for residual PCBs following removal of hotspots undergoing in situ
biostimulation and/or bioaugmentation treatment options for sediment left in place.

The effect of halopriming on native Dehalococcoides spp. for Anacostia sediments are similar to
those of Ahn et al. (2007, 2008), who found that addition of TeCB to River Kymijoki, Finland
sediment increased the prevalence of a native Dehalococcoides spp. with a 16S rRNA gene
sequence identical to strain CBDBL. In that study however, both halopriming and
bioaugmentation with Dehalococcoides ethenogenes strain 195 led to increased dechlorination of
spiked 1,2,3,4-tetrachlorodibenzo-p-dioxin (Ahn et al. 2007, 2008). For Anacostia River
sediment microcosms stimulating native populations resulted in more sustained capacity for PCB
dechlorination, as measured by dechlorination of spiked PCB116, over 415 days when compared
with bioaugmentation by D. ethenogenes strain 195, which is known to dechlorinate PCB116. A
slight lag in the response of native Dehalococcoides spp., as evidenced by observing band
intensity in DGGE of 16S rRNA genes (Fig. 1-5), in the PCNB plus bioaugmentation treatment,
coupled to the significantly lower PCB116 dechlorination activity after 415 days when compared
to PCNB alone, suggests that bioaugmentation may have suppressed native Dehalococcoides
spp. This could have been caused by competition for electron acceptor or electron donor as
suggested by modeling studies of competition between chloroethene dechlorinators by Becker
(2006).

Himmelheber et al. (2007) detected and quantified Dehalococcoides and reductive dehalogenase
genes tceA, vcrA and bvcA in PCE-enriched Anacostia River sediments. Although Himmelheber
et al. (2007) did not determine specific 16S rRNA gene sequences for Dehalococcoides spp.,
they speculated that the tceA gene could be associated with strains 195 and FL2, the vcrA gene
with strain GT and the bvcA gene with strain BAV1. We did not detect D. ethenogenes strain 195
in non-bioaugmented Anacostia sediment; however the native Dehalococcoides spp. 16S rRNA
gene sequence detected was consistent with the Pinellas subgroup which includes strains FL2,
BAV1and GT (Sung et al., 2006).
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Although TeCB and PCNB appeared to increase the population of the native Dehalococcoides
spp., only PCNB led to biostimulation of PCB dechlorination. This suggests that, for practical
applications, detecting a simple increase in Dehalococcoides spp. (not strain-specific) may not
ensure increases in PCB dechlorination rates in situ. Because the gel imaging technique used
here is not quantitative, we do not know whether biostimulation with PCNB resulted in a greater
enhancement of the native Dehalococcoides population than TeCB did. Because different
species in the Pinellas subgroup have the same 16S rRNA gene sequence, it is possible that
different native Dehalococcoides spp., perhaps with identical 16S rRNA gene sequences, but
with differing functional capabilities, were stimulated by the different haloprimers. PCNB and
TeCB appear to have enriched for different Dehalococcoides sub-populations that differ in their
dechlorination activity (see Accomplishments Section 2).

For in situ bioremediation of PCB contaminated sediments, the persistence of the proposed
biostimulatory or bioaugmentation effect should be considered, and monitored over time to
determine if the enhancement persists. This would provide guidance on whether or when
additional stimulation is needed. The dechlorination extent observed in this experiment was
relatively modest, ranging from 0.4 to 0.6 chlorines per biphenyl (7 to 8% of total CI") over 415
days for the PCNB, bioaugmentation, and PCNB plus bioaugmentation treatments. We also
noted that much of this stimulation was achieved after the first 135 days which implies that
repeated stimulation might be needed to avoid a plateau in dechlorination. While haloprimers
such as PCNB and TeCB show promise, because of environmental concerns, they would likely
not be applied in situ, but rather used to develop activated dechlorinating bacteria for
bioaugmentation. Even in the case of bioaugmentation using ex situ enrichments of
dechlorinating bacteria, the fate of residual haloprimers will need to be considered. Eventual
field use will require that dechlorination of the haloprimer results in a benign product, or that the
haloprimer (or its dechlorination products) can be removed, for example, by volatilization before
application. We are investigating this approach at the mesocosm scale.

Conclusions

e Dechlorination of low-concentration weathered PCBs was significantly enhanced in
Anacostia River sediment microcosms receiving bioaugmentation, PCNB and PCNB plus
bioaugmentation, compared to other treatments receiving electron donor only TeCB, or PCB
116.

e Microcosm subcultures generated after 415 days and spiked with PCB 116 showed sustained
capacity for dechlorination of PCB116 in PCNB, PCNB plus bioaugmentation, and TeCB
treatments.

e TeCB and PCNB amendment increased native Dehalococcoides spp. from the Pinellas
subgroup.

¢ D. ethenogenes strain 195 added as a bioaugmentation agent was detected only in
bioaugmented microcosms and appeared to decrease over 281 days.

e Bioaugmentation with D. ethenogenes strain 195 increased PCB dechlorination rates initially
in sediment microcosms, but dechlorination of PCB116 after 415 days occurred only in
subcultures of microcosms with enhanced native Dehalococcoides spp.

¢ Our study suggests that enhanced dechlorination may be obtained by increasing the
population and activity of specific dechlorinating bacteria, but that 16S rRNA-based
detection alone is not sufficient for predicting PCB dechlorination activity.
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2. The Effect of Cosubstrate-Activation on Indigenous and Bioaugmented PCB
Dechlorinating Bacterial Communities in Sediment Microcosms

(Park J-W, Krumins V, Kjellerup BV, Fennell DE, Rodenburg LA, Sowers KR, Kerkhof LJ,
Haggblom MM. 2011. The effect of co-substrate activation on indigenous and bioaugmented
PCB-dechlorinating bacterial communities in sediment microcosms. Appl. Microbiol. Biotechnol
89:2005-2017)

Abstract

Microbial reductive dechlorination by members of the phylum Chloroflexi, including the genus
Dehalococcoides, may play an important role in natural detoxification of highly chlorinated
environmental pollutants, such as polychlorinated biphenyls (PCBs). Previously, we showed the
increase of an indigenous bacterial population belonging to the Pinellas subgroup of
Dehalococcoides spp. in Anacostia River sediment (Washington DC, USA) microcosms treated
with halogenated co-substrates (“haloprimers”), tetrachlorobenzene (TeCB) or
pentachloronitrobenzene (PCNB). The PCNB amended microcosms exhibited enhanced
dechlorination of weathered PCBs, while TeCB amended microcosms did not. We therefore
developed and used different phylogenetic approaches to discriminate the effect of the two
different haloprimers. We also developed complementary approaches to monitor the effects of
haloprimer treatments on 12 putative reductive dehalogenase (rdh) genes common to
Dehalococcoides ethenogenes strain 195 and Dehalococcoides sp. strain CBDB1. Our results
indicate that 16S rRNA gene-based phylogenetic analyses have a limit in their ability to
distinguish the effects of two haloprimer treatments and that two of rdh genes were present in
high abundance when microcosms were amended with PCNB, but not TeCB. rdh gene-based
phylogenetic analysis supports that these two rdh genes originated from the Pinellas subgroup of
Dehalococcoides spp., which corresponds to the 16S rRNA gene-based phylogenetic analysis.

Introduction

Polychlorinated biphenyls (PCBs) are toxic and widespread pollutants in soils and sediments.
Furthermore, these organohalides are problematic because of their greater stability compared to
less chlorinated compounds, which are more readily degraded by aerobic microorganisms
(Haggblom, 1992; Wittich, 1998). However, under anaerobic conditions, certain dechlorinating
bacteria can use a variety of polychlorinated compounds as a terminal electron acceptor in the
process of respiratory reductive dehalogenation or dehalorespiration (Bedard and Quensen, 1995;
Loffler et al., 2003; Bedard, 2008; Hiraishi, 2008). This respiratory activity may play an
important role in detoxification of organohalides released into the environment. Several groups
of bacteria involved in anaerobic dechlorination process have been reported, including members
of low G+C Gram positive Desulfitobacterium, gamma-, delta-, and epsilon-Proteobacteria, and
Dehalococcoides within the phylum Chloroflexi (L6ffler et al., 2003). A unique feature of the
genus Dehalococcoides and other species within the phylum Chloroflexi is the ability to respire
by reductive dehalogenation of PCBs in addition to other polychlorinated aromatic compounds.
Several studies suggest a role in the natural dechlorination of PCBs by Dehalococcoides spp. and
closely related species (Cutter et al., 2001; Fagervold et al., 2005, 2007; Watts et al., 2005;
Bedard et al., 2006, 2007; Yan et al., 2006a, b; Bedard, 2008; Field and Sierra-Alvarez, 2008;
Kjellerup et al., 2008; Adrian et al., 2009). Two groups in the phylum Chloroflexi are known for
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their ability of respiratory dehalogenation; one is the 0-17 (Cutter et al., 2001) and DF-1 strain
clade (group I11) (May et al., 2008) and the other is the Dehalococcoides clade (group I1)
(Bedard, 2008). Group 11 is further separated into three subgroups based on the variable regions
2 and 6 of their 16S rRNA genes; the so-called Cornell, Victoria, and Pinellas subgroups
(Hendrickson et al., 2002). D. ethenogenes strain 195 belongs to the Cornell subgroup, while
Dehalococcoides sp. strains CBDB1, BAV1, and FL2 belong to the Pinellas subgroup. Both
strains 195 and CBDB1 have been shown to dechlorinate polychlorinated aromatic compounds,
including PCBs (Adrian et al., 2000, 2009; Fennell et al., 2004; Liu and Fennell, 2008).
Application of halogenated co-substrates as priming compounds (“haloprimers”),
bioaugmentation with Dehalococcoides strains, and combined application of haloprimer plus
bioaugmentation have been reported to stimulate rates of anaerobic dechlorination (Wu et al.,
1997; Bedard et al., 1998, 2005, 2007; Vargas et al., 2001; Ahn et al., 2005, 2007, 2008; Shiang
Fu et al., 2005; Winchell and Novak, 2008). However, it is unclear whether different halogenated
co-substrates stimulate the same dehalogenating communities, and whether the stimulated
community will exhibit the desired function, viz., increased dehalogenation of the target
contaminant.

PCR-based 16S rRNA gene assays have been described for monitoring indigenous
dehalogenating communities within the phylum Chloroflexi, including Dehalococcoides species
(Hendrickson et al., 2002; Fagervold et al., 2005; Watts et al., 2005; Yoshida et al., 2005). A
single-nucleotide primer extension assay is available also for the three subgroups in group Il
Dehalococcoides species involved in anaerobic dechlorination processes (Nikolausz et al., 2008;
Yohda et al., 2008). However, a limitation of these 16S rRNA gene based assays is that
Dehalococcoides species typically represent a small fraction of the total bacterial community
(Major et al., 2002; Lendvay et al., 2003; Amos et al., 2008) and their 16S rRNA genes are
highly conserved (Hendrickson et al., 2002; Duhamel et al., 2004; He et al., 2005; Kube et al.,
2005; Sung et al., 2006). As a result, it is difficult to detect closely related strains within the
dechlorinating community by monitoring changes in 16S rRNA phylotypes alone. Several
Dehalococcoides genomes have been sequenced and found to contain multiple putative reductive
dehalogenase (rdh) genes (Hoélscher et al., 2004; Kube et al., 2005; Seshadri et al., 2005:
McMurdie et al., 2009), which can be used to refine the identification of species/strains with
near-identical 16S rRNA gene sequences. This also creates an opportunity to determine which
rdh genes are involved in enhanced dechlorination processes.

We previously demonstrated that biostimulation and bioaugmentation can enhance
dechlorination of low concentration historical PCBs in microcosms of sediments from the
Anacostia River, Washington DC (see Results and Discussion Section 1; Krumins et al. 2009).
Although previous analysis of 16S rRNA gene phylotypes demonstrated the enrichment of
Dehalococcoides species with either 1,2,3,4-tetrachlorobenzene (TeCB) or
pentachloronitrobenzene (PCNB) as co-substrates, only PCNB stimulated significant reductive
dechlorination of weathered PCBs. To address this apparent discrepancy we conducted a
comprehensive analysis of the dechlorinating communities. Specifically, we report here on the
in-depth analysis of the PCB dechlorinating communities by using complementary phylogenetic
methods and by monitoring 12 putative rdh genes common to two known PCB dechlorinating
bacteria; D. ethenogenes strain 195 and Dehalococcoides sp. strain CBDB1. Our results
demonstrate that two rdh genes were detected only in microcosms that previously showed the

33



dechlorination of weathered PCB (Krumins et al. 2009). The techniques demonstrated here
suggest the potential for use of PCR-based rdh gene assays for monitoring in situ bioremediation
at PCB contaminated sites.

Materials and Methods

Microcosm preparation. Anacostia River sediment was collected from a capping site control
plot (Horne Engineering Services and Sevenson Environmental Services, 2004) on 7 July 2006,
using a Van Veen dredge. Microcosms were setup as previously described (Krumins et al.,
2009). Briefly, in addition to non-amended and autoclaved controls, the microcosm conditions
consisted of: 1) mixture of electron donors only, 2) electron donors plus 2,3,4,5,6-
pentachlorobiphenyl (PCB116), 3) electron donors plus 1,2,3,4-tetrachlorobenzene (TeCB), 4)
electron donors plus pentachloronitrobenzene (PCNB), 5) electron donors plus bioaugmentation
with a mixed culture containing D. ethenogenes strain 195, and 6) electron donors plus PCNB
plus bioaugmentation with a mixed culture containing D. ethenogenes strain 195. All microcosm
treatments were prepared in triplicate. The mixed culture containing D. ethenogenes strain 195
was grown at 25 °C on tetrachloroethene and butyric acid using methods described previously
(Fennell et al., 2004; Krumins et al., 2009). The mixed culture containing D. ethenogenes strain
195 was first described in Fennell et al. (1997). This culture was obtained from Professor James
M. Gossett (Cornell University) in 2003 and was cultivated and maintained by Fennell at Rutgers
since 2003. Four mL of the mixed culture was aseptically and anaerobically inoculated to the 200
mL bioaugmented microcosms, resulting in an estimated initial D. ethenogenes strain 195
population of 3 x 10° cells per mL (Fennell et al., 2004; Krumins et al., 2009). The microcosms
were stirred, capped and incubated upright and statically in the dark at 26 °C. These samples
were previously analyzed for PCB dechlorination activity (Krumins et al., 2009).

DNA extraction. Sediment samples were collected from each of triplicate microcosms under
nitrogen purge at selected time points using a sterile spatula. DNA was extracted from 0.3 g
sediment samples using the PowerSoil™ DNA Isolation Kit according to the manufacturer’s
instructions (MoBio Laboratories Inc., Carlsbad, CA). DNA extracts were stored at —20 °C prior
to analysis.

Community analysis by denaturing gradient gel electrophoresis (DGGE) and nested PCR-
DGGE. The DCode TM system (Bio-Rad Laboratories, Hercules, CA) was used for DGGE
analysis. All triplicate microcosms were analyzed by this method. PCR reaction conditions and
cycles were as described previously (Krumins et al., 2009). After electrophoresis, the gels were
stained with ethidium bromide and photographed on a UV transilluminator. Image analyses of
the DNA profiles and band intensities were conducted using Quantity One® (version 4.5.0; Bio-
Rad Laboratories, Hercules, CA).

Community analysis by terminal restriction length polymorphism (TRFLP). TRFLP
analyses were performed using 27F and Chl1101R for putative dechlorinating Chloroflexi
communities in one replicate set from triplicate microcosms (Table 2-1). The fluorescent dye, 6-
carboxyfluoroscein [6-FAM] was linked to the 5° end of primer 27F for TRFLP analysis. PCR
reaction conditions and cycles were the same as for amplification with 338F and Chl1101R for
DGGE analysis. PCR products were purified with the PCR purification kit (MoBio Laboratories
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Inc., Carlsbad, CA) and digested for 6 h at 37 °C with Mnll (New England Biolabs, Beverly,
MA). Ten ng of labeled PCR product was separated on an ABI 310 genetic analyzer (Perkin-
Elmer) with Genescan software and internal standards. Peak detection limits were set at 50
fluorescent units and fragment size was restricted to 50-500 bp. For the Chloroflexi profiles
positive amplifications representing 10 ng were digested, while equal volumes of the negative
amplifications were also screened.

Table 2-1. Primer sets for PCR, TRFLP, DGGE, DHPLC, and rdh genes.

Primers

Sequences (5’ to 3”)

Target (expected size®)

Reference

Chi1101R

27F-FAM*
338F
1525R
341F
341F-GC'
534R
RDHO1F
RDHO1R
RDHO2F
RDHO2R
RDHO3F
RDHO3R
RDHO4F
RDHO4R
RDHO5F
RDHO5R
RDHO6F
RDHO6R
RDHO7F
RDHO7R
RDHO8F
RDHO8R
RDHO9F
RDHO9R
RDH10F
RDH10R
RDH11F
RDH11R
RDH12F
RDH12R

putative dechlorinating

CTCGCKAGAAMATKTAACTAGCAAC

AGAGTTTGATCMTGGCTCAG
ACTCCTACGGGAGGCAGCAG
AAGGAGGTGWTCCARCC
CCTACGGGAGGCAGCAG
CCTACGGGAGGCAGCAG
ATTACCGCGGCTGCTGG
TGGCTTATGGCTGTTCCAA
TATCTCCAGGGAGCCCATTC
GCCGAATTCTGCCCTGT
CAGRRARCCATARCCAAAGG
CAAGATGGATAGGCCTGCAT
ATGGTGCTATCCTGACCGAG
GATGATACGATTTATGGCAATC
CCRAACGGGAARTCTTCTTC
AAGGATATCAAGTCCAGTATCC
ATACCTTCRAGCGGCCARTAT
CACCCCGGTTCGTTCATACA
AGTCATCCACTTCRTCCCAC
TGTCCGGCACTCTTAAACC
GCYGCCGCYGGCAGTTACTG
GGAAAGGCCATCATCAAAC
GTCTTRCMGGRGTAACCYTG
GGTGAGATTTAAAATTGTTGGC
CTGGGTGCGGTWGCCGCAKC
TCCTGAGCCGACAGGGT
TTTCATTCMACACTYTCMCG
ATTTACCCTGTCCCATCC
TTTCACASTAGYCTKAGCCGMAG
GCCCGTCATGGCGTTCCATC
GAGCAAGTTTCATTCMATGG

Chloroflexi spp.
bacteria-specific
bacteria-specific
bacteria-specific
bacteria-specific
bacteria-specific

universal

DETO0180, chdb_A187

(148 bp)

DETO0235, chdb_A243

(281 bp)
DET0302,
(192 bp)
DET0306,
(215 bp)
DET0311,
(133 bp)
DET0318,
(102 bp)

cbdb_A238

cbdb_A1495

cbdb_A88

cbdb_A1588

DET1171, chdb_A1092

(200 bp)
DET1519,
(184 bp)
DET1522,
(136 bp)
DET1535,
(223 bp)
DET1538,
(235 bp)
DET1545,
(187 bp)

cbdb_A1575

cbdb_A1570

cbdb_A1595

cbdb_A1627

cbdb_A1638

This study

Lane, 1991
Lane, 1991
Lane, 1991
Muyzer et al., 1993
Muyzer et al., 1993
Muyzer et al., 1993
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

*FAM (5’end-labeled with carboxyfluorescine)
tGC clamp (5'-CGCCCGCCGCGCCCCGCGCCCGGLLCGLLGLeeeeasececee-3)
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Community analysis by denaturing high pressure liquid chromatography (DHPLC).
DHPLC analyses were performed using a WAVE 3500 HT system (Transgenomic, Omaha, NE)
equipped with an ultraviolet detector as described previously (Kjellerup et al., 2008). The same
replicate sample set used for TRFLP was analyzed by this method. PCR was conducted in 50 pL
reaction volumes using GeneAmp reagents (Applied Biosystems, Foster City, CA). PCR
amplicons were obtained using the same nested PCR approach as described previously for the
nested DGGE (Krumins et al., 2009). Briefly, DNA samples were amplified with 338F and
Chl1101R (Table 2-1) with the same reaction conditions and cycles as for PCR with 338F and
Chl1101R for DGGE, purified with the PCR purification kit (MoBio Laboratories Inc., Carlsbad,
CA), and re-amplified with 341F and 534R as described previously (Park and Crowley, 2006) to
analyze the putative dechlorinating Chloroflexi community. PCR products of the correct length
were confirmed by electrophoresis using a 1.5% agarose gel prior to analysis by DHPLC. The
16S rRNA gene fragments were analyzed in a 20 uL injection volume by DHPLC with a
DNASep® cartridge packed with alkylated nonporous polystyrene-divinylbenzene copolymer
microspheres for high-performance nucleic acid separation (Transgenomic, Omaha, NE). The
oven temperature was 62.8 °C and the flow rate was 0.5 ml per min with a gradient of 55% to
35% Buffer A and 45% to 65% Buffer B from 0-13 minutes. The analytical solutions used for
the analyses were: Buffer A (0.1 M triethylammonium acetate (TEAA), pH 7), Buffer B (0.1 M
TEAA and 25% acetonitrile, pH 7), Solution D (25% water and 75% acetonitrile) and Syringe
Wash Solution (Transgenomic, Omaha, NE). Analysis was performed using the Wavemaker
version 4.1.44 software. An initial run was used to identify individual PCR fragments and
determine their retention times. Individual peaks were eluted for sequencing from a subsequent
run and collected with a fraction collector based on their retention times. The fractions were
collected in 96 well plates (Biorad, Hercules, CA) and dried using a Savant SpeedVac system
(Thermo Electron Corporation, Waltham, MA) followed by dissolution in 30 pL nuclease free
water. Re-amplification was performed following the protocol described above and PCR
amplicons purified for sequencing.

Bacterial identification and phylogenetic analysis. DGGE bands were excised from the gel
and eluted overnight in 50 pl of MilliQ H,O at 4 °C. Eluted DGGE bands were re-amplified with
341F-GC and 534R and purity was confirmed by DGGE. The eluted single DGGE bands were
amplified with 341F and 534R, purified using a PCR purification kit (MoBio Laboratories Inc.,
Carlsbad, CA), and used as a template for DNA sequencing. In cases where direct sequencing of
the PCR fragments was unsuccessful, they were cloned into pCR4-TOPO vector using the TOPO
TA Cloning Kit (Invitrogen, Corp. Carlsbhad, CA) according to the manufacturer’s instructions.
DNA sequencing was performed by Genewiz, Inc. (North Brunswick, NJ). DHPLC peaks were
collected and reamplified for sequencing as described earlier. The PCR amplicons were
electrophoresed in a 1.5% low melt agarose gel and the excised fragment was purified for
sequencing using Wizard® PCR Preps DNA Purification Resin/ A7170 (Promega Corp.,
Madison, W1). Each DHPLC fraction was sequenced in the 5’ direction with 250 pM of primer
341F using the BigDye® Terminator v3.1 kit (Applied Biosystems, Foster City, CA) according
to the manufacturer's instructions. Sequencing of purified DNA was performed on an ABI 3130
XL automated capillary DNA sequencer (Applied Biosystems, Foster City, CA). Homology
searches were performed using BLAST (Altschul et al., 1997). CLUSTAL X, version 1.64b
(Thompson et al., 1997) and GeneDoc version 2.0.004 (Nicholas, 1997) were used to align the
sequences and determine their homologies. Phylogenetic and molecular evolutionary analyses
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were conducted using MEGA version 4 (Tamura et al., 2007). The partial 16S rRNA gene
sequences are deposited in GenBank under accession numbers GU055492 to GU055496.

PCR and intensity analysis of reductive dehalogenase genes. Twelve sets of candidate
reductive dehalogenase gene homologs were selected by comparing putative rdh genes in the
genomes of D. ethenogenes strain 195 (Seshadri et al., 2005) and Dehalococcoides sp. strain
CBDB1 (Kube et al., 2005). PCR primer sets (Table 2-1) were manually designed for specific
hybridization with each set of genes. Primer specificities were confirmed by performing a
sequence homology search using BLAST (Altschul et al., 1997). These twelve sets of primers
were designed to detect rdh genes in Dehalococcoides strain 195 and strain CBDB1, but other
orthologous rdh genes would most likely also be recognized by the primers, including
DehaBAV1_0173 (RDHO1F/R), DehaBAV1_0121 (RDHO3F/R), DehaBAV1 0104
(RDHO5F/R), and DehaBAV1_1302 (RDH12F/R) in strain BAV1; KB1RdhB13 (RDHO6F/R) in
strain KB1 and RdhA13 (RDHO8F/R) in strain FL2. Oligo-Analyzer 3.1
(http://www.idtdna.com/analyzer/Applications/OligoAnalyzer/), an online service of IDT
Biotools (Coralville, 1A), was used to ensure minimal self-complementarity and to prevent the
presence of secondary structures. PCR conditions were optimized by using DNA from D.
ethenogenes strain 195 as a positive control. The temperature profile for all 12 sets was 94 °C for
5 min followed by 35 cycles of 94 °C for 20 s, 52 °C for 60 s, and 72 °C for 60 s. A final
extension step was carried out for 7 min at 72 °C, after which the DNA was stored at 4 °C. PCR
products were loaded in one 1.5% agarose gel with same well size for electrophoresis and a
resulting gel image was used to measure relative band intensities by using the ImageJ
quantification software (ver. 1.33u, National Institutes of Health, USA), according to the
manufacturer’s protocol (http://rsbweb.nih.gov/ij/).

Sequencing and phylogenetic analysis of reductive dehalogenase genes. The amplified rdh
gene PCR products were purified using a PCR purification kit (MoBio Laboratories Inc.,
Carlsbad, CA) and used as a template for DNA sequencing. DNA sequencing was performed by
Genewiz, Inc. (North Brunswick, NJ) and analyzed with BLAST (Altschul et al., 1997).
CLUSTAL X, version 1.64b (Thompson et al., 1997), GeneDoc version 2.0.004 (Nicholas,
1997), and MEGA version 4 (Tamura et al., 2007) as described above. The sequences of rdh
genes analyzed here are deposited in GenBank under accession numbers HQ010285 to
HQO010291.

Real-time quantitative PCR of four reductive dehalogenase genes. Four sets of reductive
dehalogenase genes (rdh 01, 04, 06, and 12) were analyzed by real-time quantitative PCR
(gPCR) to measure the relative amount of target rdh gene in triplicate microcosms. SYBR Green
real-time quantitative PCR was performed on an iCycler 1Q thermocycler (Bio-Rad Laboratories,
Hercules, CA) using a QuantiTect™ SYBR Green PCR Kit (Qiagen, Valencia, CA).
Amplification was carried out in a total volume of 20 pL containing 10 pL of 2X QuantiTect™
SYBR Green PCR mixtures, 10 pM of each primer, and 1 pL of sample DNA. The temperature
profile was 5 min at 94 °C followed by 45 cycles of 20 s at 94 °C, 60 s at 52 °C, and 60 s at 72
°C. Data analysis was carried out with iCycler software (version 3.0a; Bio-Rad Laboratories,
Hercules, CA). Each of rdh genes amplified from D. ethenogenes strain 195 were serially diluted
to generate a standard curve. The linear correlation coefficient for the standard curve was 0.98 or
higher.
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Results

Dehalococcoides population enrichment versus PCB dechlorination activity. Our previous
study showed that biostimulation with PCNB and bioaugmentation with D. ethenogenes strain
195 enhanced dechlorination of historical PCBs in Anacostia River microcosms (Krumins et al.,
2009). The extent of chlorine removal in PCNB, bioaugmentation, and PCNB plus
bioaugmentation treatments were statistically greater than those in other treatments. After 135
days of incubation approximately 10% removal of the total chlorines per biphenyl was observed
in bioaugmentation treatments and 15% in PCNB treatments or in PCNB plus bioaugmentation
treatments (Fig. 2-1; see details in section 1). In comparison, removal of the total chlorines per
biphenyl in samples treated with solvent, electron donor, PCB116, or TeCB was 5% or less (Fig.
2-1). The rates of dechlorination over the total 415 days of incubation were also greater in
microcosms treated with PCNB, bioaugmentation with D. ethenogenes strain 195, or combined
application, relative to other treatments (Krumins et al., 2009). Considering that the TeCB-
amended microcosms did not show substantially increased dechlorination of weathered PCBs
compared to the controls while PCNB-amended microcosms exhibited greater dechlorination,
our previous phylogenetic analysis was not able to discriminate the effect of two different
haloprimers on the Chloroflexi community since the same Pinellas subgroup Dehalococcoides
phylotype was enriched regardless of PCB dechlorination activity (Krumins et al., 2009). To
address this discrepancy, we conducted a more comprehensive analysis as follows.
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Figure 2-1. Percent chlorine removal based on the number of chlorines per biphenyl measured on
day 135 in Anacostia microcosms. Error bars show the standard deviation of three microcosms per
treatment. Only treatments with PCNB and/or bioaugmentation exhibited significantly different
dechlorination rates. ED: electron donors, TeCB: tetrachlorobenzene, PCNB:
pentachloronitrobenzene, BioAug: D. ethenogenes strain 195 mixed culture.
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16S rRNA gene-based phylogenetic analysis of putative dechlorinating community. The
effects of treatments on community profiles after 135 days of incubation were assessed by
DGGE using nested PCR with a Chloroflexi-specific primer set (Table 2-1.) A number of
Chloroflexi phylotypes were detected in all microcosms indicating a diverse Chloroflexi
community in the Anacostia River sediments (Fig. 2-2). Most of the bands appeared to be minor
with little change after the various treatments. However, a predominant band was present in
microcosms treated with TeCB, PCNB, or PCNB plus bioaugmentation (Fig. 2-2A, Band 1),
which corresponds to that observed previously (Krumins et al., 2009). Band 1 from these three
microcosms was 100% identical to the 16S rRNA gene of the Pinellas subgroup of group 11
Dehalococcoides. Band 2, the sequence of which was identical to D. ethenogenes strain 195 and
belonged to the Cornell subgroup of group Il Dehalococcoides, was detected only in
bioaugmented (with or without PCNB) microcosms (Fig. 2-2A). The intensity changes of the
two Dehalococcoides phylotypes (Band 1 and Band 2) were monitored in Anacostia microcosms
over the course of 415 days (Fig. 2-3). Since PCR primers could not be designed to distinguish
between the two phylotypes, the relative changes in DGGE band intensity were used as a proxy
to monitor the effect of treatments on the dechlorinating community. The intensity of Band 1 (the
Pinellas subgroup of Dehalococcoides species) gradually increased in PCNB-treated
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Figure 2-2. Phylogenetic analysis of putative dechlorinating Chloroflexi Community in Anacostia
River sediment microcosms after 135 days of incubation. (A) nested-PCR DGGE analysis and (B)
neighbor-joining tree based on DNA sequences of five DGGE bands and related 16S rRNA genes.
Excluding primer regions, 104 bp of DNA sequences were used for analysis. Bootstrap values (1,000
replicates) higher than 50% are indicated at the branch points. The tree was derived from variable
region 3 of the 16S rRNA gene. ED: electron donor, TeCB: tetrachlorobenzene, PCNB:
pentachloronitrobenzene, BioAug: D. ethenogenes strain 195 mixed culture.
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microcosms, while Band 2 (bioaugmented D. ethenogenes strain 195) intensity gradually
decreased in both sets of microcosms over time. Phylogenetic analysis based on 16S rRNA gene
sequences eluted from DGGE bands indicated that the Chloroflexi community in Anacostia
River microcosms contained representatives of different subgroups of Dehalococcoides and
other potential dehalogenating Chloroflexi (Fig. 2-2B), but was unable to discriminate the effect
of two different haloprimers on this population.
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Figure 2-3. Relative intensity of DGGE Band 1 and Band 2 in Anacostia microcosms. Putative
dechlorinating Chloroflexi community was analyzed by nested PCR-DGGE in bioaugmented (A) or in
bioaugmented plus PCNB-treated microcosms (B). Data points represent the mean +/- standard
deviation DNA extracted from three independent microcosms. ED: electron donors, PCNB:
pentachloronitrobenzene, bioaugmented: D. ethenogenes strain 195 mixed culture.

TRFLP and DHPLC analyses of putative dechlorinating bacterial community. The effects
of amendment and bioaugmentation treatments on the microbial communities were also
determined by TRFLP analyses of the 16S rRNA genes in one replicate set from triplicate
microcosms. The bacterial community profiles obtained with putative dechlorinating
Chloroflexi—specific primers after 135 days of incubation are shown in Fig. 2-4A. The terminal
restriction fragment (TRF; 105 bp) corresponding to Dehalococcoides spp., including strain 195,
was observed in microcosms treated with haloprimers, bioaugmented with D. ethenogenes strain
195, or in the combined application (Fig. 2-4A, arrow). This particular TRF was observed only
in low abundance in the electron donor control, solvent control, or in microcosms amended with
PCB116. The overall bacterial community profiles obtained with general bacterial primers were
similar between treatments (Fig. 2-5). This methodology demonstrated the enhancement of
Chloroflexi in response to the haloprimer amendments, although it was not able to distinguish the
effect of two different haloprimers as all have the same 105 bp TRF.

The effects of amendment and bioaugmentation treatments on microbial communities were also

monitored by DHPLC using nested PCR with Chloroflexi-specific primers followed by
amplification with universal bacterial primers. The results illustrate seven to ten Chloroflexi
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phylotypes in the microcosms, where the electron donor control microcosm had the lowest
diversity and the bioaugmented microcosm had the highest diversity (data not shown). Four to
five peaks were observed in microcosms treated with electron donor in combination with TeCB,
PCNB or PCNB plus bioaugmentation (Fig. 2-4B). A common peak eluting at 5 min was present
in these microcosms (Fig. 2-4B, arrow). When the peaks were collected and sequenced, the peak
present at 5 min (GenBank accession number GU048809) showed 100% identity with the
sequence of Band 1 detected by DGGE (Fig. 2-2A), which belongs to the Pinellas sequence
subgroup of Dehalococcoides species. Since we could not find a peak exclusively present in the
PCNB amended microcosm (Fig. 2-4B), our DHPLC analysis was unable to distinguish the
effect of PCNB from other treatments.
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Figure 2-4. TRFLP analysis (A) and DHPLC analysis (B) of putative dechlorinating Chloroflexi
community in Anacostia River microcosms after 135 days of incubation. In TRFLP analysis, X-axis is
the length of terminal restriction fragment (TRF) and Y-axis is fluorescent intensity. In DHPLC
analysis, X-axis is time (min) and Y-axis is the absorbance (mV). Arrows indicate the peak of putative
dechlorinating Dehalococcoides species. TeCB: tetrachlorobenzene, PCNB: pentachloronitrobenzene,
BioAug: D. ethenogenes strain 195 mixed culture.
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Effect of microcosm treatments on rdh gene patterns. We analyzed twelve putative rdh genes
common to D. ethenogenes strain 195 and Dehalococcoides sp. strain CBDBL1 in order to
complement the 16S rRNA gene based community analysis and to resolve the apparent
discrepancy between haloprimer treatments on Dehalococcoides population enrichment and PCB
dechlorination activity. PCR priming sets were designed to selectively amplify 12 putative rdh
genes that are common to both D. ethenogenes strain 195 and Dehalococcoides sp. strain
CBDBL1. These primers were tested against D. ethenogenes strain 195 and each amplified only
the rdh gene for which it was designed under the conditions described (data not shown). In
microcosm samples, nine putative rdh gene amplicons were detected with high intensity in
TeCB, PCNB, bioaugmented, or PCNB plus bioaugmented microcosms (Fig. 2-6 and Fig. 2-7).
Interestingly, two other putative rdh gene amplicons, designated rdh04 (targeting DET0306 in
strain 195 and cbdb_A1495 in strain CBDB1) and rdh05 (targeting DET0311 in strain 195 and
cbdb_AB88 in strain CBDBL1), were detected in microcosms amended with PCNB and/or
bioaugmented with D. ethenogenes strain 195. However, the intensity of these latter two rdh
gene amplicons was low in TeCB amended microcosms (Fig. 2-6). The intensity of control
amplifications of the bacterial 16S rRNA gene, representing the total bacterial community
population, did not substantially change with different treatments (data not shown). The
sequence of each amplified putative rdh gene had over 90% identity with the corresponding rdh
gene in Dehalococcoides spp. strain CBDB1 or strain 195, supporting the specificity of the
primer design.
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Figure 2-5. TRFLP analysis of general bacterial (27F-FAM/1525R) communities in Anacostia River
sediment microcosms after 135 days of incubation. Arrow indicates the peak of putative
dechlorinating Dehalococcoides species. TeCB: tetrachlorobenzene, PCNB:
pentachloronitrobenzene, BioAug: D. ethenogenes strain 195 mixed culture.
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Figure 2-6. PCR band intensity of 5 putative rdh genes in Anacostia River microcosms after 135 days
of incubation. Putative rdh gene amplicons correspond to the following D. ethenogenes strain 195 and
Dehalococcoides sp. CBDBL1 genes: rdh 01 (DET0180 and cbdb_A187), rdh 04 (DET0306 and
cbdb_A1495), rdh 05 (DET0311 and chdb_A88), rdh 06 (DET0318 and cbdb_A1588), and rdh 12
(DET1545 and cbdb_A1638). ED: electron donor, TeCB: tetrachlorobenzene, PCNB:
pentachloronitrobenzene, BioAug: D. ethenogenes strain 195 mixed culture.
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Figure 2-7. Quantification of 7 putative rdh genes in Anacostia River microcosms after 135 days of
incubation based on relative intensity of rdh gene amplicons. Putative rdh gene amplicons correspond
to the following D. ethenogenes strain 195 and Dehalococcoides sp. CBDB1 genes: rdh 02 (DET0235
and cbhdb_A243), rdh 03 (DET0302 and cbdb_A237), rdh 07 (DET1171 and chdb_A1092), rdh 08
(DET1519 and cbdb_A1575), rdh 09 (DET1522 and cbdb_A1570), rdh 10 (DET1535 and
cbdb_A1595), and rdh 11 (DET1538 and chdb_A1627). D. ethenogenes strain 195 DNA was used as
a positive control to confirm primer specificity. ED: electron donor, TeCB: tetrachlorobenzene,
PCNB: pentachloronitrobenzene, BioAug: D. ethenogenes strain 195 mixed culture.
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Figure 2-8. qPCR assay of 4 putative rdh genes in Anacostia River microcosms after 135 days of
incubation. Amount of rdh gene is calculated relative to the average amount of rdh gene in ED
control set as 1. Putative rdh gene amplicons correspond to the following D. ethenogenes strain 195
and Dehalococcoides sp. CBDB1 genes: rdh 01 (DET0180 and cbdb_A187), rdh 04 (DET0306 and
cbdb_A1495), rdh 06 (DET0318 and chdb_A1588), and rdh 12 (DET1545 and chdb_A1638). ED:
electron donor, TeCB: tetrachlorobenzene, PCNB: pentachloronitrobenzene, BioAug: D. ethenogenes
strain 195 mixed culture.

Quantification of rdh genes by gPCR. The relative amount of four rdh genes in Anacostia
River microcosms was measured (Fig. 2-8) to verify the semi-quantitative data based on the PCR
band intensity assay (Fig. 2-6). Since rdh 05 primers designed for conventional PCR assay
(Table 2-1) generated high background noise, we could not measure the amount of rdh 05 by
using SYBR green-based qPCR (data not shown). The patterns of four rdh genes based on
different treatment were the same or similar to those based on PCR band intensity analysis. In
particular, the relative amount of rdh 04 gene in PCNB amended microcosms was approximately
two orders of magnitude higher than that in TeCB amended microcosms (Fig. 2-8).

rdh gene-based phylogenetic analysis. The two putative rdh genes 04 and 05 amplified from
haloprimer amended and/or bioaugmented microcosms were sequenced and compared with
relevant rdh genes in D. ethenogenes strain 195, Dehalococcoides sp. strain CBDB1, and
Dehalococcoides sp. strain BAV1. Since the amplified regions of the two different rdh genes 04
and 05 partially overlapped in the highly homologous iron-sulfur cluster binding motif region,

44



we were able to generate a phylogenetic tree of these two rdh gene PCR products. Excluding
primer regions, 61 bp of DNA sequences were aligned and used to generate a phylogenetic tree
(data not shown). The rdh gene DNA sequences split into two groups, rdh 04 and 05, and each
branch was further split into two subgroups, rdh genes from Pinellas subgroup and from Cornell
subgroup with high bootstrap support. The same branching patterns were observed when 193 bp
of rdh 04 and 105 bp of rdh 05 DNA sequences were analyzed separately by neighbor joining
analysis (data not shown). All rdh genes of haloprimer amended microcosms grouped with rdh
genes from the Pinellas subgroup. The rdh 04 gene fragment (1993 bp) amplified from PCNB
amended microcosms was 100% identical to cbdb_A1495 in strain CBDBL1, excluding two
ambiguous base pairs. The rdh 05 gene fragments (105 bp) from PCNB or TeCB amended
microcosms were 100% identical to cbdb_A88 in strain CBDB1 or DehaBAV1_0104 in strain
BAV1. In the bioaugmented microcosms we could only detect rdh genes of the Cornell
subgroup, although 16S rRNA analysis showed the presence of both bioaugmented Cornell
subgroup and indigenous Pinellas subgroup Dehalococcoides sp. in these cultures. The rdh 04
gene fragments (193 bp) from bioaugmented or bioaugmented plus PCNB-treated microcosms
were 100% identical to DET0306 in strain 195, while the 105 bp rdh 05 gene fragments from
bioaugmented or bioaugmented plus PCNB-treated microcosms were 100% identical to
DETO0311 in strain 195.

Discussion

We monitored the bacterial communities mediating dechlorination of weathered PCBs in
Anacostia River sediment microcosms in order to understand how different bioremediation
treatments affected the rates of dechlorination and the dechlorinating community. Both PCNB
amendment and bioaugmentation increased PCB dechlorination rates, while more limited PCB
dechlorination was observed in other treatments, including microcosms amended with the TeCB
haloprimer (Fig. 2-1, Krumins et al., 2009). Furthermore, enhanced PCB dechlorination activity
stimulated by PCNB treatment, bioaugmentation, or PCNB plus bioaugmentation was observed
in these Anacostia River sediment microcosms even after 415 days of incubation (Krumins et al.,
2009). The different treatments thus resulted in sustained shifts in the dehalogenation activity of
the sediment microcosms.

To complement the phylogenetic approach used previously (Krumins et al., 2009), we used DNA
sequences of major DGGE bands to generate a phylogenetic tree (Fig. 2-2) and developed
TRFLP and nested PCR-DHPLC methods (Fig. 2-3) to identify the key members of the bacterial
community believed to be responsible for reductive dechlorination. DGGE analyses based on
nested PCR approach provided high resolution of the Chloroflexi community and nested PCR
with group-specific primers was able to increase the detection limit of low population density
Dehalococcoides species, representing less than 1% of the total TRFLP signal intensity (Fig. 2-
5). Nested PCR-DGGE analysis effectively distinguished between haloprimer-activated
indigenous species and D. ethenogenes strain 195 used for bioaugmentation (Fig. 2-2A). The
haloprimer-activated indigenous species belonged to the Pinellas subgroup of the
Dehalococcoides, which includes known dechlorinating Dehalococcoides strains, such as FL2,
CBDB1, and BAV1 (Bedard, 2008). Interestingly, previous work on tetrachloroethene
dechlorination monitored by reductive dehalogenase genes tceA, vcrA and bvcA also suggested
the presence of the Pinellas subgroup in PCE-enriched Anacostia River sediments (Himmelheber
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et al., 2007). The close relationship between this indigenous Pinellas subgroup and PCB
dechlorination activity can be inferred by the greater extent of PCB dechlorination observed in
the PCNB amended microcosms (Krumins et al., 2009).

Phylogenetic analyses targeting 16S rRNA genes (Figs. 2-2 and 2-4), however, could not
explain the differences in the PCB dechlorination activity observed in the two different
haloprimer treatments. The 16S rRNA genes of Chloroflexi species are highly conserved and do
not correspond with different dechlorination substrate specificities (Hendrickson et al., 2002;
Duhamel et al., 2004; He et al., 2005; Kube et al., 2005; Sung et al., 2006). For this reason, Band
1 (Fig. 2-2A) could include multiple strains that have different dehalogenation activities, but
carry identical lengths and GC contents in the V3 region of their 16S rRNA genes. This may be
the same reason why Chloroflexi-specific TRFLP data only showed one peak, which includes
multiple strains that carry an identical Mnll restriction enzyme site in their 16S rRNA gene
sequences (Fig. 2-4A). It should be noted that reductive dehalogenase (rdh) genes are frequently
associated with mobile genetic elements (Rhee et al., 2003; Kube et al., 2005; Seshadri et al.,
2005). Therefore, a focus on only Chloroflexi spp. may thus miss other species involved in PCB
dechlorination.

The 16S rRNA based community analysis suggests that the two different haloprimers enriched
the same Pinellas-type Dehalococcoides community even though their PCB dechlorination
activities were different. This apparent discrepancy can be explained by analyzing putative rdh
genes, which effectively differentiated rdh gene patterns between the TeCB and PCNB treated
microcosms; two of the monitored rdh genes (rdh 04 and rdh 05) were abundant in PCNB
treated microcosms, but not in TeCB treated microcosms (Fig. 2-6). This semi-quantitative data
was confirmed by gPCR (Fig. 2-8), which clearly distinguished the difference in the amount of
the rdh 04 gene in microcosms amended with PCNB vs. TeCB (Fig. 2-8).

The rdh 04 and rdh 05 genes were detected in PCNB amended microcosms with or without
bioaugmentation with D. ethenogenes strain 195, while strain 195 was not detected in PCNB
amended microcosms without bioaugmentation (Fig. 2-2A). Therefore, we can assume that the
rdh 04 and rdh 05 genes detected in PCNB amended microcosms without bioaugmentation are
most likely from the enriched indigenous Dehalococcoides spp. The phylogenetic analysis based
on the DNA sequences of rdh 04 and rdh 05 genes also supports that these two rdh genes
amplified from PCNB amended microcosms without bioaugmentation derived from indigenous
Dehalococcoides spp., since their sequences group with rdh genes of Pinellas subgroup. In
contrast, the two rdh gene homologs detected in the bioaugmented microcosms grouped with rdh
genes of the Cornell subgroup, supporting that these two rdh genes originated from
bioaugmented D. ethenogenes strain 195.

Previously, it was found that multiple rdh genes were simultaneously transcribed during
dechlorination (Waller et al., 2005) and protein segments of cbdb_A80 and cbdb_A84 were
detected in a culture of Dehalococcoides sp. strain CBDB1 spiked with 1,2,3- and 1,2,4-
trichlorobenzene (Adrian et al., 2007). Cbdb_A88 (rdh 05) was also one of the three reductive
dehalogenase protein fragments detected in a culture of Dehalococcoides sp. strain CBDB1
growing on 2,3-dichlorophenol (Morris et al., 2007). However, the transcription of all 32
putative rdh genes, including cbdb_A1495 (rdh 04) and cbdb_A88 (rdh 05), was observed in a
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culture of Dehalococcoides sp. strain CBDB1 spiked with 1,2,3- or 1,2,4-trichlorobenzene,
suggesting a complex transcriptional response (Wagner et al., 2009).

The presence and amount of genes in environmental samples have been used as molecular
markers to assess their related activity, such as dechlorinating genes for monitoring
dehalogenation of chlorinated ethenes (Fung et al., 2007; Futamata et al., 2007; Behrens et al.,
2008; Rahm and Richardson, 2008; Carreon-Diazconti et al., 2009). Since no known rdh gene
involved in PCB dechlorination has been identified to date, further study on these two rdh genes
(rdh 04 and rdh 05) may help in developing methods to monitor PCB dechlorinating bacteria. It
is also necessary to clarify the relationship between these two rdh genes and PCB dechlorination,
whether they are directly involved or merely present in the genome of the PCB dechlorinating
species and thus co-enriched.

With the high resolution molecular tools applied here, we demonstrated the presence of two or
more Dehalococcoides strains (strain 195 and an indigenous Dehalococcoides Pinellas subgroup
species) and two putative rdh genes (rdh 04 and rdh 05) in PCB dechlorinating microcosms. We
expect our results to support the future development of in situ bioremediation approaches for the
treatment and detoxification PCB contaminated sediments.
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3. PCB Dechlorination Pathways in Biostimulated/Bioaugmented Anacostia River
Sediment Microcosms

(Du, S, Park J-W, Zhen, H, Rodenburg LA, Krumins V, Kerkhof LJ, Haggblom MM and Fennell
DE. 2011. PCB Dechlorination Pathways in Biostimulated/Bioaugmented Anacostia River
Sediment Microcosms, unpublished)

Abstract

The predominant dechlorination pathways for weathered polychlorinated biphenyls in
microcosms of Anacostia River, Washington, DC sediment were deduced using a tandem
quadrupole Gas Chromatography Mass Spectrometry (GC-MS/MS) system that identified 209
PCB congeners in approximately170 chromatographic peaks. PCB dechlorination pathways
were also determined for freshly spiked Aroclor 1254 in activity enrichments from these
microcosms, and in a mixed culture containing Dehalococcoides ethenogenes strain 195 which
had been used as a bioaugmentation agent. The dechlorination pathways for two predominant
sediment PCB congeners found in Anacostia sediments and in Aroclor 1254— PCBs 118 (245-
34) and 170 (2345-234) were also assessed in activity enrichments from the microcosms.
Dechlorination of weathered PCBs occurred mainly at the meta- and para- positions. The
preferential substrate for dechlorination of PCBs in Anacostia microcosms were PCBs with
substitution patterns 34, 234-, 2345- and 2346-. Congeners containing the chlorine substitution
groups 236- and 2356- showed no detected dechlorination in weathered sediments, but were
dechlorinated by sub-cultures of the microcosms amended with fresh Aroclor 1254. The mixed
culture containing D. ethenogenes strain 195 exclusively dechlorinated PCBs containing doubly-
flanked chlorines at the meta- and para- positions. The pathways of PCB congener
dechlorination were variable between replicates, this variability was mirrored in the predominant
phylotypes of the dechlorinating bacterial community as detected by denaturing gradient gel
electrophoresis, and the heterogeneity appeared more pronounced when strain 195 had been
bioaugmented to the sediment.

Introduction

Polychlorinated biphenyls (PCBs) include 209 individual congeners each with a different
chlorination status. PCBs were manufactured for industrial use primarily as technical mixtures of
congeners (including Aroclors). Despite the prohibition of PCB production in the 1970s, PCBs
are still widely present in the environment because of their persistence and relative resistance to
degradation. PCB accumulation in aquatic sediments has caused extensive public health
concerns and the remediation of PCB-contaminated sediment has become a regulatory priority
over the years. In contrast to conventional dredging, in situ bioremediation is an attractive
alternative for treating PCB-impacted sediments because of potential for cost savings and
minimization of the disturbance to the surrounding environmental system.

We previously examined biostimulation and bioaugmentation for enhancing dechlorination of
low concentration historical PCBs in microcosms developed using sediments from the Anacostia
River, Washington DC (Krumins et al., 2009). The Anacostia River is a freshwater tidal river in
the Potomac River Drainage Basin and is classified as a warm-water stream with mean
temperatures ranging from 3°C in January to 26°C in August, and summer temperatures of 18°C
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to 32°C (SRC and NOAA, 2000). The lower Anacostia River, near the Washington Naval Yard,
has been used as a site for a validation study of active sediment capping technologies (Reible et
al., 2006). PCB concentrations in Anacostia sediment reported from previous engineering
studies ranged from 0.4 to 9.1 mg/kg, and the congener profiles suggest mixtures of Aroclors
(Horne Engineering Services, Inc., 2003). We previously reported average total PCB
concentrations for all initial time point samples in sediment microcosms developed from
Anacostia River sediments of 2.1 + 1.4 mg/kg dry weight (mean + 1standard deviation). Distinct
from other well-studied river/estuarine systems which often have a single documented
predominant Aroclor contaminant, the complex array of congeners in Anacostia River sediments
which are present at relatively low concentrations arise from a weathered mixture of urban and
industrial sources. The congener profile of PCBs in Anacostia River sediment is closest to the
profile of Aroclor 1254.

It is expected that the mixed array of congeners present in Anacostia River sediment originating
from multiple sources may have selected for diverse dechlorinating microbial populations. We
previously reported that reductive dechlorination of weathered, low-level PCBs was
differentially enhanced in microcosms of Anacostia River sediments under different treatment
conditions (Krumins et al., 2009; see Accomplishments Section 1) including biostimulation with
alternate halogenated compounds and bioaugmentation with a mixed culture containing
Dehalococcoides ethenogenes strain 195. Further, different native dechlorinating bacteria and
dehalogenase genes were enhanced in response to different treatments (Park et al., 2011; see
Results and Discussion Section 2).

The dechlorination pathway resulting from microbial dehalogenation could have an impact on
sediment toxicity and on subsequent treatment needed to fully restore a site. Therefore, the
delineation of the effect of differing treatments and, thus, dechlorinator population shifts on the
dechlorination pathway is desired. PCB dechlorination pathways for different treatments was
not reported by Krumins et al. (2009), since that study utilized gas chromatography-electron
capture detection (GC-ECD) for the analysis of PCB congeners. GC-ECD is incapable extensive
detection of less chlorinated congeners and co-eluting congeners can often not be resolved.
Krumins et al. (2009) reported results from 72 chromatographic peaks, representing 159 PCB
congeners and determined mol % increases or decreases in homolog groups. To fully describe
the effect of biostimulation and bioaugmentation on PCB dechlorination pathways in Anacostia
River sediments, we developed a congener specific PCB analytical method resolving 170 peaks
representing 209 PCB congeners using a tandem gas chromatography-mass spectrometry (GC-
MS-MS) system. This technique allowed enhanced identification and quantification of individual
PCB congeners that could be used to explore the pattern of dechlorination in Anacostia sediment
microcosms.

Successful development of in situ bioremediation for PCB-contaminated sediment requires site-
specific knowledge of the diversity, abundance and selective activities of the in situ
dechlorinating microbial communities. In theory, maximal PCB dechlorination could be
achieved by combining the bacterial strains capable of accomplishing specific dechlorination
pathways. Therefore, species-specific and treatment-specific dechlorination pathway studies are
desired for the successful design of bioremediation of PCB impacted site. Here we demonstrate
a combined approach of assessing PCB dechlorination pathways via a congener specific PCB
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analysis and monitoring of the dechlorinating bacteria that are stimulated or have been added
under different conditions. Therefore in the current study we determined the ability of the
Anacostia River bacterial community to dechlorinate commercial PCB mixtures; delineated the
treatment-specific dechlorination pathways; and characterized dechlorination specificity related
to known PCB dechlorination processes.

Experimental Methods

Anacostia River sediment microcosms. The details for the construction of the Anacostia
River sediment microcosms were previously published (Krumins et al 2009). Briefly,
microcosms were constructed using 200 mL sediment recovered from the Anacostia River
capping site control plot (Reible et al., 2006). The following treatments were run in triplicate:
unamended live and killed (autoclaved for 40 min at 121°C on three successive days) controls;
electron donor only control; stimulation with alternate halogenated electron acceptors
(haloprimers) tetrachlorobenzene (TeCB), pentachloronitrobenzene (PCNB), or PCB 116
(2,3,4,5,6-pentachlorobiphenyl); bioaugmentation with a mixed culture containing
Dehalococcoides ethenogenes strain 195; and biostimulation with PCNB plus bioaugmentation.
An electron donor mixture containing lactate, propionate, acetate, and butyrate was added to all
microcosm treatments (exclusive the live and killed controls) to a concentration of 1 mM each.

Microcosms were sampled as described by Krumins et al. (2009). For the current study
preserved, unextracted Anacostia microcosm samples collected at Day 0 and Day 135 together
with new samples (~ 6 g wet weight) collected at Day 1000 using the same sampling technique
(Krumins et al. 2009), were air dried and extracted for PCBs. The samples were analyzed for the
dechlorination pathway study using a GC-MS-MS congener-specific analytic method. The dry
weight of the sediment was noted and the mass of each congener was normalized to the sediment dry
weight. An additional 1 mL sample was also collected from each microcosm on Day 1000 for
molecular analysis.

Aroclor 1254 dechlorination activity tests of Anacostia River sediment microcosms.

Aroclor 1254 was loaded on 0.25 g of a dried, previously autoclaved reference sediment (Fennell
et al., 2004) to achieve a target concentration of 5 ppm (wet weight basis). Specifically, 150 puL
of an Aroclor 1254 stock solution of 1000 ppm in toluene was added onto the reference sediment
which had been placed into a 60 mL serum bottle. To remove the toluene, the solvent soaked
sediment was allowed to air dry for four days. Before autoclaving (40 min at 121°C), 0.5 mL
Milli-Q water was added into the 60 mL serum bottle to moisturize the sediment, and the bottles
were sealed with a Teflon®-backed septum and crimped with an aluminum crimp cap. The
autoclaved serum bottles were then purged with sterile anoxic nitrogen for 30 min and placed in
a disposable gloved bag under a stream of anoxic nitrogen gas.

To initiate the activity test, the original microcosms selected for the activity test (i.e., live
control; electron donor only; tetrachlorobenzene; PCB 116; pentachloronitrobenzene (PCNB);
bioaugmented with mixed culture containing Dehalococcoides ethenogenes strain 195; and
PCNB plus bioaugmentation) were opened under an anoxic nitrogen headspace in a disposable
glovebag and stirred thoroughly. 10 mL of sediment slurry was removed from each replicate
microcosm using a sterile wide mouth glass pipette and this inoculum was transferred to the
sterile 60 mL serum bottle containing the Aroclor 1254 amended sediment. Next, 20 mL of
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anaerobic minimal medium (Zinder, 1998) was added via a sterile glass syringe. The constructed
microcosms were stirred, re-capped and then amended according to the protocol of Krumins et
al. (2009).The activity tests were and incubated at 26°C in the dark.

Activity test samples were collected on days 0, 30, 60, 90, 120, 150, 180, 310 and 470 witha 1
mL sterile syringe were analyzed for the PCB dechlorination pathway study using the GC-MS-
MS congener-specific analytic method.

PCB congener pathway sub-cultures. To confirm the dechlorination pathway of individual
PCB congeners in Aroclor 1254, activity sub-cultures were established using inocula from
individual activity tests from selected treatments. A 2 mL aliquot of sediment slurry from each
selected Aroclor 1254 activity test was transferred to a sterile, anoxic 20 mL serum bottle
containing the reference sediment which had been amended with one of the PCB congeners
found in abundance in Aroclor 1254—i.e., either PCB 118 (245-34) or PCB 170 (2345-234) in
the same manner as described for Aroclor 1254. Seven mL of anaerobic minimal medium
(Zinder, 1998) was then added, and the serum vial was capped with a sterile Teflon®-backed
septum under a sterile anoxic nitrogen gas headspace and crimped with an aluminum crimp cap.
The target concentration of each individual congener in the pathway sub-culture was 3 ppm. The
selected treatments from which activity sub-cultures were constructed included: live control; the
TeCB-amended treatment; the PCNB-amended treatment; and the PCNB plus mixed culture
containing D. ethenogenes strain 195 amended treatment. The sub-cultures were prepared in
triplicate for each treatment and incubated at 26°C in the dark. Samples from Days 0, 90 and 220
were collected using a 1 mL sterile syringe. Chemical analysis of the spiked individual
congeners as well as their potential products utilized the GC-MS-MS PCB congener-specific
analytical method.

Aroclor 1254 activity test with a mixed culture containing Dehalococcoides ethenogenes
strain 195. A mixed culture containing Dehalococcoides ethenogenes strain 195 was grown at
25°C on PCE and butyric acid as described previously (Liu and Fennell, 2008). 1 g dry sterile
sediment (Fennell et al., 2004) was added to a sterile 160 mL bottle. The sediment was wetted by
adding 0.1 mL of 1000 mg/L Aroclor 1254-acetone stock solution. The organic solvent was
evaporated overnight and the bottles were sealed with a sterile Teflon®-coated gray butyl rubber
stopper and crimped with an aluminum crimp cap. Next, the bottles were purged for 20 min with
sterile, anoxic 80% nitrogen/20% carbon dioxide gas and autoclaved (40 min at 121°C). 100 mL
of mixed culture was transferred to each bottle under anoxic and sterile conditions. The final
concentration of Aroclor 1254 was 1 ppm. Butyric acid was added as an electron donor to a final
concentration of 100 uM on days 0, 48, 87 and 143. 50 pL of a 50 g/L of fermented yeast extract
solution was provided as a nutrient source and spiked on days 0 and 48. A vitamin stock solution
was added at set up for all treatment groups (Fennell et al., 2004).Three sets of triplicate bottles
were established at 25°C. One set of bottles received Aroclor 1254 as the sole halogenated
substrate, the second set of bottles received 1,2,3,4-TeCB (as a known growth substrate for strain
195) at a final concentration of 25 uM on days 0 and 48 and the third set of bottles was
autoclaved at 121°C for 1 hr on each of three consecutive days to serve as a killed control. All
bottles were inverted and shaken in the dark at 120 rpm and sampled periodically over more than
200 days.
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Consequently, the deduced pathways from these various sub-culture studies established from
Anacostia sediment microcosms with different amendments could be compared with the study of
dechlorination of Aroclor 1254 with the bioaugmented Dehalococcoides ethenogenes strain 195
alone.

Extraction of PCBs. The microcosm samples from days 0 and 135 analyzed in the present
study were the replicates of samples collected previously, but which had been stored at -20°C
(Krumins et al., 2009). Additional samples were collected on Day 1000. Sediment slurries
removed from the microcosms were allowed to air dry for 24-48 h before being extracted in a
Dionex ASE 200 Accelerated Solvent Extractor (Dionex, Bannockburn, IL, USA) following
EPA Method 3545. PCB surrogate standards consisting of PCB 14, 23, 65, 166 were added into
the dried sediment immediately before the extraction. The ASE extraction method was as
previously described (Krumins et al., 2009) except that the extraction solvents were changed to a
mixture of methylene chloride:hexane (25:75 volume:volume (v:v)) instead of using hexane
alone. The extracts from the ASE were solvent exchanged to hexane and then reduced to 1 mL
under a gentle nitrogen gas purge. The extract was fractionated using a 2.5% water-deactivated
Florisil ® column, with 35 mL of petroleum ether eluting the PCB fraction. The extract was
reduced to ~ 3 mL using a rotary evaporator and was further concentrated to ~ 0.5 mL under a
nitrogen gas purge. Internal standards PCBs 30 and 204 were injected into the samples prior to
instrumental analysis.

The activity test and sub-culture samples were extracted using the method described previously
(Krumins et al., 2009). Briefly, 4 mL diethyl ether was added to 7 mL screw-cap vials where the
samples (1 mL) were collected, and then amended with 100 pL of PCB surrogate standards
(deuterated PCB 65 and PCB159). The samples were shaken overnight and then centrifuged
before the solvent was decanted to clean 7 mL vials. The extraction was repeated twice and all
the extracts were combined. Sodium sulfate was added to remove water and the solvent volume
was reduced under gentle nitrogen flow. Solvent exchange was made by adding 3 mL of hexane
after the extract volume had been reduced to about 3 mL. The solvent-exchanged extracts were
further concentrated to 1 mL under nitrogen and a Florisil® clean-up was performed as
described above.

GC/MS/MS analysis of PCBs. Congener specific analysis of all 209 PCB congeners was
conducted using a tandem quadrupole mass spectrometry (GC-MS-MS) system (Waters Quattro
Micro GC) and following a method modified slightly from EPA Method 1668A. A 30 m
Supelco SP-Octyl, fused silica capillary column (30 m x 250 pum i.d. x 0.25 pm film thickness),
with helium as the carrier gas at a constant flow rate of 0.8 mL min™, was used for the congener
separation. The MS-MS operating parameters for the determination of PCBs are presented in
Table 3-1. To achieve maximum sensitivity, the two most abundant isotopes M*and [M + 2],
were monitored and the total ion current (TIC) was used for quantification with the aim of
achieving maximum sensitivity. The instrument provides detection limits similar to an Electron
Capture Detector, while also allowing the unequivocal identification of more PCB congeners.
PCB dechlorination and dechlorination pathways were investigated through identification and
quantification of historical PCB congeners and potential dechlorination products eluting from the
GC-MS-MS system. This method theoretically could separate the 209 PCB congeners into
approximately 170 peaks. Approximately 117 chromatographic peaks representing
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Table 3-1. GC-MS-MS operating parameters for the determination of PCBs. The MS
operating conditions were the following: the temperature of the transfer line was held at
250°C during the chromatographic run. El source is operated at 200°C with an electron
energy of 70 eV and a trap current of 100 A. The MRM mode was operated at an argon
collision gas pressure of 3.0 x 10 mBar.

Functions  PCBs Start End Parent lon Daughter  Dwell Collision
time time (m/z) lon (m/z)  (secs) Energy
(min) (min) (ev)

1 Mono-PCB 15 32 188+190 153 0.05 15

2 Di-PCB 15 32 222+224 152 0.05 15

3 Tri-PCB 23 42 256+258 186 0.05 15

4 Tetra-PCB 32 55 289.9+291.9 220 0.05 23

5 Penta-PCB 34 65 323.9+325.9 254 0.05 25

6 Hex-PCB 49 75 359.8+361.8  289.90 0.05 25

7 Hepta-PCB 58 75 393.8+395.8  323.90 0.05 22

8 Octa-PCB 64 76 429.8+431.8 360.0 0.05 22

9 None-PCB 69 77 463.7+465.7  394.0 0.05 22

10 Deca-PCB 77 90 497.7+499.7 428 0.05 22

approximately 153 PCB congeners were consistently detected in our samples from Anacostia
River.

A calibration standard solution with a full suite of 209 PCB congeners was prepared from five
PCB congener solutions purchased from AccuStandard (New Haven, CT). Deuterated PCB
congeners purchased from C D N Isotopes (Quebec, Canada) were used as surrogate (PCBs 65
and 159) and internal (PCBs 30 and 116) standards. Average percent recoveries (£SD)
determined by GC/MS/MS for PCBs d65 and d159 were 81 + 16 and 73 = 15% respectively. The
mole percent (mol %) of the resolved PCB congeners was computed based on the molar
concentration of each congener (normalized to sediment dry weight) divided by the sum of the
molar concentrations of all detected congeners. Lab blanks were run with each batch of
extractions to check for contamination from the laboratory or equipment. PCB masses in the
three trip blanks and in the laboratory blanks were less than 5% of the masses in samples. Thus,
the data were not blank corrected.For replicate samples, an average + one standard deviation mol
% was reported. The extent of dechlorination of a specific congener was expressed as the change
in mol % at any time with respect to the initial mol % on day 0.

Molecular Analyses. For microcosms, DNA was extracted from 0.3 grams of sediment and for
activity tests and subcultures DNA was extracted from the solids (collected by centrifugation at
16,000 g) from 1 mL of sediment slurry using the PowerSoil™ DNA Isolation Kit (MoBio
Laboratories Inc., Carlsbad, CA). Nested PCR was performed to amplify the DNA of the
putative dechlorinating community, and resulting DNA products were analyzed by denaturing
gradient gel electrophoresis (DGGE) (see section 1.1). First, DNA samples extracted from
microcosms were amplified with primers 338F (Lane, 1991) and Chl1101R targeting a 790 bp
region of the Chloroflexi 16S rRNA gene (Park et al., 2011; see Section 2). The resulting PCR
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products were purified using the UltraClean™ PCR Clean-Up Kit (MoBio Laboratories Inc.,
Carlsbad, CA), and these PCR products were then re-amplified using general bacterial PCR
primers 341F-GC and 534R (Muyzer et al., 1993). All PCR reaction mixtures contained 10 mM
Tris—HCI (pH 8.3 at 25 °C), 2.5 mM MgCl,, 0.25 mM deoxynucleotide triphosphates, 10
picomole of each primer, and 1 U of Taq DNA polymerase. The temperature profile for nested
PCR with 338F and Chl1101R was 94 °C for 5 min followed by 35 cycles of 94 °C for 20 sec,
55 °C for 45 sec, and 72 °C for 45 sec. A final extension step was carried out for 7 min at 72 °C,
after which the DNA was stored at 4 °C. General bacterial PCR conditions were as described
previously (Park and Crowley, 2006).

Samples of PCR product (20 uL) were mixed with 2x DGGE dye and loaded onto 8%
polyacrylamide gels in 1x Tris-a