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Abstract: Whether the concentration of sclected genetic biomarkers coutd be correlated to the rate of trichloroethylene (TCE) reductive
dechlorination was investigated. Samples from a pilot-scale aquifer that had been bicaugmented with a halorespiring mixed culture to
promote bioremediation of a chlorinated solvent source zone were used for this purpose. Dechiorination rates were determined in batch

microcosms, and real-time quaatitative polymerase chain reaction (gPCR) analyses were used to estimate the concentration of phyloge-
netic 16S rRNA for total Bacteria and for Dehalococcoides spp., and the catabolic gene fced and its expressed mRNA. The first-order
dechlorination rate coefficient (k') obtained from the mixed culture used to bioaugment the pilot scaie aquifer ranged from
: 0.033 to 0.662 1", Samples collected from the source zone showed the highest & value (0.03 h™' £0.011; n=6) as well as the highest
| concentration of the biomarkers tested: 2.2 = 0.5 X 107 genes/ plL for total Bacteria, 1.97% 0.1 X 107 genes/ uL. for Dehalococcoides spp.;
: 9.6+ 1.2 X 10° genes/ L for feed; and 1.44 % 0.2 X 10" geves/ pk for the tceA mRNA. Apparently, the inoculated halorespirers thrived
near the dense nonaqueous phase liquid, which is important to enhance source zone remediation. Surprisingly, the strongest biomarker
correlation (F2=0.86) with TCE dechlorination: rate coefficients (k') was obtained with the universal blomarker for total Bacteria. No
significant corretations (p>>0.05) were obtained between &’ and the concentration of specific biomarkers for Dehalococcoides 165 rRNA

unreliable.
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(rF2=0.02), the tced gene (#=0.40), or its transcriptome (MRNA) (r2=0.11). Therefore, although gPCR is an important tool to verify the
presence and distribution of halorespirers, its use to estimate dechlorination rates based on the tested biomarker concentrations was
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introduction

The remediation of aquifers contaminated with chlorinated soi-
vents such as tetrachloroethene (PCE), wichloroethylene (FTCE),
dichloroethylene (DCE), and vinyl chloride {VC} is a significant
chaltenge for industry and state and lederal government (Stroo
et al. 2003). Bioremediation and monitored natural attenuation
(MNA) are among the most cost-effective approaches to manage
soil and groundwater contamination by such hazardous pollutants.
However, these environmental biotechnologies are not universally
applicable and may be marginally effective whea the necessary
microbial catabolic capacity is not present or expressed. Thus,
regulatory and public approval of bioremediation and MNA re-
quires extensive site characterization and documentation ol con-
taminant degradation, which can be a labor-intensive process that
is subject to considerable uncertainty.

Modecular microbial ecology techniues such as quantitative
polymerase chain reaction {gPCR) might offer simple and rela-
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tively inexpensive evidence that desirable microbiological pro-
cesses are operating, and characterize their spatial distribution to
enhance MNA performance assessment. For example, naphtha-
iene catabolic gene frequency {nah) was found to be a good in-
dicator of polyaromaiic hydrocarbon (PAH) biodegradation
(Fleming et al. 1993). Similarly, Fe (III} reduction activity was
correlated to the expression of 168 rRNA from the iron-reducing
bacterium Geobacter suifurreducens (Chin et al, 2004). Direct
carrelations between levels of mercuric reductase {merd)-specific
rranscripts and Hg {II) volatilization rates have also beea ob-
served (Jeffrey et al. 1996; Nazaret et al. 1994). Molecular tech-
niques have also been used to assess reductive dechlorination
(Loffler et al. 2000; Hendrickson et al. 2002; Holmes et al. 2006;
He et al. 2003a,b; Duhamel et al. 2004; He et al. 20035; Lu et al.
2006; Ritalahti et af. 2000),

Previous research has yielded mixed results regarding the
potential to correlate dechlorination activity to dehalorespiver
biomarker concentrations. Encouraging early results include re-
ports of TCE dechlorination activity increasing with the presence
of 165 rRNA from Dehalococcoides spp. {Loffler et al. 2000,
Hendrickson et al. 2002) and its catabolic dehalogenase genes
(Ritalahti et al, 2006; Holmes, et al. 2006). On the other hand, Lu
et al, (2006} did not find a significant correlation between the
concentration of Dehalococcoides spp. (phylogenetic) 165 rRNA
and dechiorination activily. Dehalococeoides was targeted in that
stucly because it is the only genus known to reductively dechlori-
nate PCE and TCE beyond DCE to VC and ethane (He et al.
2003a,b; Cupples et al. 2003; Mayamo-Gatell et al. 2001). How-
ever, the genus-level phylogenetic probe used in that study cannot
discern the potential to dechlorinate different chloroorganic elec-
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tron acceptors used by different Dehalococeoides species, let
alone the expression of such activity (Ritalahti et ai. 2006). Thus,
Dehaloeoceoides strain-specific reductive dehalogenase (RDase)
genes were later identified and used to assess dechlorination ac-
tivity, according to their assigned function. These include tetra-
chloroethylene reductive dehalogenase {pced) for PCE to TCE
{Rahm et al. 2006; Fung et al. 2007), trichloroethylene reductive
dehalogenase (fceA) for TCE 1o dichlorocthene, vinyl chloride
reductase dehalogenase (bved and verd) for VO to ethene (Rahm
et al. 2006; He et al. 2005; Holscher et al. 2003; Krajmalnik-
Brown et al. 2004; Magnusen et al. 2000; Miiller et al. 2004;
Sung et al. 2006}, hydrogenases (H,ases) for hydrogen substrate
utilization, and several others respiration-associated oxidoreduc-
tase genes (Rahm et al. 2006). These catabolic biomarkers
complemented existing 165 rRNA gene-based approaches to
more comprehensively assess the physiological activity of Deha-
lococcoides spp. in enriched cultures. Nonetheless, the usefulness
of such biomarkers to directly estimate in situ dechlorination rates
was not evaluated.

The estimation of in situ dechlorination rates is important to
decrease the risk of selecting MNA as a remedial action because
the degradation rate is an important determinant of plume Jength
and longevity, and thus, the likelihood and duration of exposure.
Rahm and Richardson (2008) recently explored the correlation
between the concentration of Dehalococcoides 165 TRNA, for-
mate dehydrogenase (F'dh), the hydrogenase (Mjase) Fup, and
reductive dehalogenases (Tzed, PeeA, and DET1545) genes with
dechlorination rates in a mixed culture containing Dehalococ-
coides ethenogenes strain 195, A significant correlation was found
with the catabolic biomarkers tested at lower PCE feeding rates
(1.5-4.8 wmol/1./h), but not at higher PCE feeding rates
(4.8-9.2 wmol/L/h}. Thus, the applicability and limitations of
biomarker-rate correlations for forensic analysis of bioremedia-
tion and MNA require further study.

This paper compares the usefulness of PCR-based 165 rRNA
phylogenetic biomarkers (for total Bacteria and Dehalococcoides
spp.), the catabolic fced gene, and its transcribed mRNA to quan-
titatively query for the presence of dehalorespiring organisms in a
near field scale aquifer system, and to test the potential for these
halorespirer biomarkers to infer on TCE dechlorination rates.

Material and Methods

Mathematical Analysis of Dechlorination Rates

Fate-and-transport models that are used to predict the extent to
which contamination will spread and estimate the time required to
achieve cleanup goals often describe dechlorination kinetics as a
first-order decay process with respect to the contaminant concen-
tration {C):

ac _

==k 1
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where k'=first-order rate coefficient (in this case, for reductive
dechiorination). This first-order kinetic assumption was then used
as it is usually an appropriate simplification to describe dechlori-
nation n aquifers for two reasons: {1) mass transfer limitations
that could be rate-limiting are often first-order (Fickian) processes
{Simoni et al. 2001); and (2) the target pollutants are ofien present
at fower concentrations than the corresponding Monad’s half
saturation coefficient (Ks), which results in first-order kinetics,

Specifically, in this case we can ignore C in the denominater of
Monod's equation, obtaining a lingar {first-order) equation:

IC kXC kX
ﬁ:-— z—-(*)c when C <€ Ks (2)
dt Ks+C Ks

Here, k=maximum specific substrate utilization rate (g substrate/
g cells/day} and X =active microbial concentration (g cells/L), de-
termined as the specific biomarker concentration. Thus, when
mass transport is not rate limiting, &* can be explained in terms of
Monod’s parameters. Specifically, a comparison of Egs. (1) and

{2) reveals that
k
kel =X 3
(Ks) (3)

Thus, &' is directly proportional to the concentration of the active
biomass, estimated by the concentration of specific biomarkers
{X), which is the basis for the postulated correlation. This analysis
reflects that &' is not a constant, but a coefficient that can vary in
time and space due to microbial population shifts and changes in
environmental conditions (Alvarez and Hlman 2005).

Microcosms

Dechlorination rates were initially obtained from a dechlorinating
culture developed from an anaerobic methanogenic consortivm
that had shown dechlorination activity for over 9 years in the
laboratory (Zheng et al., 2001). This culture is capable of rapid
and complete dechlorination of PCE 1o ethene (240 pmol/L/day)
and was previously used for bioangmentation of a PCE source
zone (Adamson et al. 2003; Da Silva et al. 2006). This culure
{150 mL) was transferred anaerobically to 250 mL serum botties
{Wheaton, Ringoes, N.J.) inside an anaerobic chamber (Coy,
Grass Lake, Mich.) and then capped with Teflon stoppers and
aluminum crimps (Sigma-Aldrich, St. Louis). Three ten-fold di-
lutiens were made (1071, 1072, and 1073 nsing anaerobic sterile
synthetic groundwater (Zheng et al. 2001). Prior to addition of
TCE (Sigma-Aldrich, 99+ %), the microcosms were purged with
an anaerobic gas mixture (5% H,, 20% CO,, balanced Nj) for
30 min to purge any trace of chlorinated compounds and provide
hydrogen as the electron donor. The initial concentration of TCE
{1 mg/L) was selected to be smaller than Ks {which has com-
monly been reported to range between 10 and 108 mg/L; Barrio-
Lage et al. (1987), Neumann et al. (1996), Sponza (2001)] to
validate the first-order kinetics assumption [Eq. (2)], and o en-
sure easy monitoring as TCE degrades. To discern volatilization
losses, a sterile microcosm (negative control) was used, The con-
centration of TCE was measured over time.

Determination of k'

Values of &' were determined in batch microcosms sceded with
samples from a pilot aquifer tank (i1 m> volume) used to dem-
onstrate dense nonaqueous phase liquid (DNAPL) source zone
bioremediation {Adamson et al. 2003; Da Sitva et al. 2006). This
tank had been bicaugmented with a mixed culture capable of
dechlorinating PCE to ethene (Adamson et al. 2003; Da Silva
et al. 2006}, and dilutions from this culture were also used 1o
estimate &' values. For all microcosms, a plot of In(C) versus time
linearized the data, and k' was determined as the siope of the
best-fitting line (with its associated standard error) using linear
regression.
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Fig. 1. Sample locations in agnifer tank sinwdating DNAPL source zone bioremediation

Serial dilutions of the dechlorinating culture were first used
to determine the lowest dilution that resulted in measurable
dechlorination over a 4 day incubation period (pure culture or
ten-fold difution) and discern the lowest rate that could be reliably
measured and be statistically discernible from control losses.
Samples that showed dechlorination activity (i.e., significantly
lower final TCE concentrations than in abiotic controls, at the
95% significant level) were used to evaiuate whether k' was cor-
related with X.

The pilot tank (Fig. 1) consisted of a metal tank (5.49 m long,
2.13 m wide, 1.83 m high) open to the atmosphere and packed
with fine masonry sand (from a quarry in New Caney, Tex.).
Mutltiple internal sampling or injection points were installed using
1.3 or 0.6 cm inner diameter stainless steel tubing, piaced during
the packing of the system. The tank was fed continuousty using a
source of potable water supply that consisted of a mix of surface
water and groundwater. | L PCE (99+% Sigma-Aldrich, St.
Louis) was injected 30 cm below surface to establish a DNAPL
source zone. Hydrogen releasing compound (HRC, Regenesis,
San Clemente, Calif.) was added continuously in the mfluent of
the tank as a prehydrofized (diluted) mixture consisting of
50:50 v/v HRC: deionized water. The tank was bioaugmented
after 120 days of operation by adding I3 L of the anaerobic
dechlorinating consortium, directly into the source zone, as de-
scribed elsewhere (Da Silva et al, 2006).

Groundwater (GW) samples were collected from the bioaug-
mented tank after 240 days of operation to assess the spatial dis-
tribution and concentration of the biomarkers and estimate their
correlation with dechlorination rates. Four locations along the
Experimental Controfled Release System (ECRS) were used to
collect the samples {Fig. 1): upgradient from the source, DNAPL
source zene, downgradient from the source, and the effluent line.
Viton tubes (Cole-Parmer, Vernon Hills, 111.) were attached to a
100 mL gas tight syringe and used to pufl the GW samples from
the sampling wells. GW samples were pulled from the water table
and transferred directly to | L. glass bottles previousty capped
with Teflon septa and aluminum crimper and purged with anaero-
bic gas mix (3% H,, 20% CO,, batanced N,). Once in the labo-

ratory, aliquots of 150 ml. were transferred anaerobically inside
the anaerobic chamber Coy to 250 mL serum bottles and capped
as described earlier. The remaining 850 mL of the samples col-
lected were used for DNA and mRNA extraction.

We recognize that most subsurface microorganisms live at-
tached to surfaces rather than in groundwater (Lehman et al
2001). Thus, this sampling effort was not comprehensive, Never-
thetess, the quantification of specific biomarkers in groundwater
samples yielded valuable insight into the bioremediation pro-
cesses that may develop near chlorinated solvent DNAPLs.

TCE Analysis

TCE (99+%, Sigma-Aldrich) concentrations in aqueous samples
were determined using headspace analysis as described previ-
ously in Zheng et al. (2001). Briefly, 100 L of headspace sample
was injected directly into a GC HP3890 (Hewlett Packard, Ram-
sey, Minn.) equipped with a flame ionized detector. Standards
were prepared by adding TCE in methanol to serum bottles
(250 mL) containing deionized water (150 mL).

DNA and mRNA Extraction

DNA and mRNA were extracted from all the samples at the be-
ginning of the experiment (time zero) using MoBio kits (Mo Bio
Laboratories, Inc., Carlsbad, Calif.) according to the manufactur-
er’s protocols. Approximately 850 mlL of GW samples were fil-
tered through a 0.22 wm nylon membrane filter (Osmonics Inc.,
Minnetonka, Minn.} secured in a 47 mm glass microanalysis filter
holder assembly (Fisher Scientific, Mt. Holly, Pa.) equipped with
a vacuum pump {Gast Manufacturing Inc., Benton Harbor,
Mich.). The membrane filters were used as a matrix for DNA/
RNA extraction using the MoBio PowerSoil kit according to
manufacturer’s  instructions. A bead-beating device {Mini
Beadbeater-8, Biospee, Bartlesville, Okla.) was utilized for cell
lysis. The concentration and purity of the DNA and mRNA was
measured (Asgy/ Azgg) using a spectrophotometer (Amersham Bio-
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Tabte 1. Primers and Probe Used to Estimate Biomarker Concentrations

Target biomarker

Sequence

Reference

Total bacteria (165 TRNA)

BACTI1369F 5'CGGTGAATACGTTCYCGG

Beller et al. 2002

PROK1492R 5'GGWTACCTTGTTACGACTT
TMI389F FAM-5'CTTGTACACACCGCCCGTCY -BHQ

Dehalococcoides spp.

Dhe1200F 5'-CTGGAGCTAATCCCCAAAGCT

He et al. 2003a,b

Dhel271R 5'-CAACTTCATGCAGGCGGG

Dhe1240

5 -FAM-TCCYCAGTTCGGATTGCAGGCTGAA-TAMRA

tceA {also mRINA)

TeeAL270F 5'-ATCCAGATTATGACCCTGGTGAA

Johnson et al. 2005

TeeA1336R 5'-GCGGCATATATTAGGGCATCET

TeeA1204

5'-FAM-TGGGCTATGGCGACCGCAGG-TAMRA

Bacteriophage A

Forward 5 ACGCCACGCGGGATG

Beller et al. 2002

Reverse 5'AGAGACACCGAAACGCCGTTC
Probe TET-5' ACCTGTGGCATTTGTGCTGCCG-TAMRA

Luciferase

Forward TACAACACCCCAACATCTTCGA

Johnson et al. 2005

Reverse GGAAGTTCACCGGCGTCAT
Probe VIC-CGGGCGTGGCAGGTCTTCCC-6-TAMRA

sciences, Model Ultraspec 2100 Pro, Piscataway, N.1.). DNA and
complimentary DNA {(cDNA) were stored at ~75°C (Isotemp
Basic, Fisher Scientific, Pittsburgh, Pa.).

Real-Time Quantitative PCR and Reverse-Transcriptase
PCR

Real-time quantitative PCR {(qRT-PCR) analyses were performed
{0 estimate the concentrations of total bacteria (165 1RNA), De-
halococcoides spp., TCE dehalogenase {tceA), and mRNA (rceA)
genes. Each PCR reaction mix contained 1 X Tagman PCR Mas-
ter Mix (Applied Biosysterns, Foster City, Calif.); 0.5 M for-
ward and reverse primers, 0.25 uM probe, 2 pL. sample DNA or
¢DNA, and sterile DNAase-free water to make up a final volume
of 25 wL. Primers and probe used in this work (Table 1) were
obtained from Integrated DNA Technologies (Coralville, Iowa).
PCR reactions were performed using a Sequence Detector (Model
ABI 7500, Applied Biosystems) with the following temperature
conditions: 50°C for 2 min, followed by 95°C for 10 min and
40 cycles at 95°C for 15 s, and 60°C for 1 min.

The extracted mRNA was immediately reverse-transcribed
(RT-PCR) mto ¢DNA using Tagman Reverse-transcription re-
agents kit (Applied Biosystems) according to the manufacture’s
protocol. To avoid DNA contamination in the RNA analysis,
RNAse-free DNAse was added {DNAse kit, Promega, Madison,
Wis.) in all mRNA extractions prior o RT-PCR. Each 50 pL
reaction volume contained 8 wL of mRNA and 0.5 pM of the
tceA or the internal standard luciferase reverse primer. The reac-
tion mixture was incubated for 30 min at 55°C followed by
5 min at 95°C. Reactions were performed at 55°C to increase the
stringency of primer-template binding and therefore improve RT-
PCR specificity (Freeman et al. 1996; Fuchs et al. 1999). After
RTI-PCR, the concentration of cDNA was measured in the real-
time PCR ABI Prism 7000 Sequence Detection System {Applied
Biosystems), gRT-PCR reactions were prepared as described ear-
lier using 2 ulL ¢DNA as template. Luciferase (1 mg/ml;
Promega) was used as the internal standard to account for the
variability during the RT-PCR step as described elsewhere
(Johnson et al. 2005). The recovery for the internai mRNA ranged
from 3.1 to 5.3%.

The biomarkers concentrations in each sample were estima-

ted using Gene/wL=[(pg DNA/WL)/(5.3X 10° bp/genome)]
% (9.1257 X 10™ bp/ g DNA) X (genes/genome) This equation
assumes the size of the Escherichia coli genome 5.3 % 10" base
pairs (bp)] used as the standard in the calibration curves and there
are approximately 9.12576<10" bp/pg of DNA (htep://
www.genomesonline.org), and that there was 1 gene copy per
genome (http://rendb.cme.msu.edu). Calibration curves were pre-
pared using (log DNA concentration versus a set ¢ycle threshold
value} ten-fold serial dilutions of pure culture genomic DNA of
E. coli or plasmid DNA carrying either a cloned Dehalococcoides
165 tRNA gene or tceA of Dehalococcoides sp. stram FL2
(Ritalahti et al. 2006). Calibration curves (10'-10'%) yielded r?
values of 0.998 or greater. The limits of detection for the biom-
arkers tested were 2 copies/pl. for Bacteria 168 1RNA,
15 copies/ pl. for Dehalococcoides spp. 168 tRNA, 2 copies/ L
for rced, and 2 copies/ulL for its mRNA.

Bacteriophage & (500 bp, Sigma-Aldrich, St. Louis} was used
as an internal standard. The bacteriophage A was added in the
samples prior 1o DNA extraction for the determination of DNA
efficiency recovery (Befler et al. 2002). Bacteriophage M recover-
ies lower than 100% were normalized to the fraction recovered.
The DNA recovery ranged from 0.2 to 1.1%. Such low DNA
recovery from natural systems is commonly reported (Mygind et
al, 2003; Zhou et al. 1996) and are probably due to the binding of
sample impurities {e.g., humic acids) that interfere with the activ-
ity of Tug polymerase during PCR analysis (Porteus et al. 1997},

Results and Discussion

Dechlorination Rates

The dechiorination rate coefficients obtained from the culture di-
lutions ranged from 0.033+0.00t4 h™* (ten-fold dilution; n=10)
1o 0.662 h™! (undiluted culture; which removed all the TCE
withiz 14 h) {Table 2). Due to the relatively short incubation pe-
riod for determining rates {4 days}, TCE removal in the 100-fold
dilution was not statistically discernible from the controls {abiotic
Josses). Thus k'=0.03 h™! (half-life of about 1 day) was the lower
limit for reliable activity measurements by this rapid incubation
approach. TCE metabolites (DCE and VC) were both occasion-
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Table 2. Dechiorination Rate Coefficients Measured in the Microcosms

Microcosms k' nh
Culture dilutions

Undiluged 0.662
107! 0.033
1072 ND
1077 ND
Pilot aquifer tank

Upgradient 6.014
DNAPL source zone (.030
Downgradient ND
Effluent 0.014

Note: ND=siguificant dechlorination activity (assessed per TCE removal
relative to abiotic controls) was not observed during the 4-day degrada-
tion assay.

ally detected in some samples at concentrations approaching their
detection limits (1.3 pM/L). These were unstable metabolites
(rapidly degraded) and were not considered for correlations.

All samples from the bioaugmented pilot aquifer tank {except
for cne downgradient sample) exhibited significant TCE dechlo-
rination activity relative to abiotic controls (Table 2). The highest
dechiorination activity (k'=0.03 k™' £ 0.011; n=6) was measured
in the microcosm prepared with a sample collected at source
zone, at the same tank location where the halorespiring consor-
tium had been injected 12 months earlier. This result corroborates
previous studies showing that the added bacteria can thrive at the
vicinity of the DNAPL, which is important to enhance source
zone remediation (Adamson et al. 2003; Da Silva et al. 2006),

Biomarker Correlations

The correlations between the concentrations of these biomarkers
(X} and the corresponding &' values are presented in Fig. 2.

The universal bacterial biomarker for total Bacteria showed
the strongest correlation (+*=0.86) with TCE dechlorination rate
coefficients (Fig. 2), yielding the ounly correlation that was signifi-
cant at the 95% confidence level. This was unexpected because
this biomarker targets many species incapable of dechlorinating
TCE. Even though the genus Dehalococcoides is the only one
known to dechlorinate TCE to ethane, its phylogenetic biomarker
yielded a weaker correlation (r2=0.02). This may reflect that the
presence of Dehalococcoides spp. does not guarantee the expres-
sion of their dehalogenase genes, and corroborates the lack of
significant correlation between dechlorination activity and the
concentration of Dehalococeoides 165 rRNA genes reported by
Lu et al. {2006).

There was no significant correlation (p>10.05) between k' and
the concentration of the catabolic gene fced (#*=0.40) or its ex-
pression as measured by its mRNA (reed) (P=0.11) (Fig. 2).
Rahm and Richardson (2008) demonstrated that correlations be-
tween PCE respiration rates with the biomarkers Fdh, Haase,
TeeA, or PceA were only achieved when an highly enriched cul-
ture was fed PCE at £.5 to 4.8 mol/L/h but not when fed at a
bigher rate of 4.8—9.2 pwmol/L/h. Predictive quantitative correla-
tions between catabolic gene concentrations and biotransforma-
tion rates for other compounds have been reported for some
bacteria (Chin et al. 2004; Fleming et ai. 1993), but not for others
(Tseng et ab. 1994; Lee et al. 2006). In our case, the absence of a
direct relationship between fceA concentration and rates of
dechlorination activity could be due to the fact that other RDase
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Fig. 2. Corelation between dechlorination rate (k') and the
concentration of biomarkers (X) in copies/mL: 165 rRNA (A);
Dehalococcoides spp. (B); tceA (C); and mRNA (tced) (D). Circles
(ditutions of the culture used for bivaugmentation; crosses ECRS
upgradient; triangles ECRS source zone; diamonds ECRS down-
gradient; and squares ECRS effluent.

genes not tested in this work were responsible for the activity,
such as Dehalococecoides spp. verA or non-Dehalococcoides
spp. reductases (Seshadri et al. 2005; Christiansen et al. 1998;
Schurmacher et al. 1997). For example, a study reported that most
of the RDase genes detected in field samples (>50%) were not
associated with Dehalococcoides spp. (Ritalahti et al. 2006). It
remains to be determined whether more reliable correlations be-
tween biomarker concentrations and dechlorination rates may be
achievable through characterizing TCE RDase gene sequences
from a wider range of bacteria and considering the diversity of
this gene for the development of new degenerate primers-probe
(biomarker) sets.

This study evaluated the usefulness of dechlorination-
associated biomarker genes (i.c., phylogenetic and catabolic)
available in the literature as a potential tool te estimate TCE
dechlorination rates in environmental samples, Overall, none of
the halorespirer biomarkers tested yielded a significant correlation
with TCE dechlorination rates.

We recognize that in addition to the possibility that genes that
were not targeted were responsible for some dechlorination, there
may be numerous site-specific factors that could confound the
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correlation between biodegradation rates and the concentration of
specific degraders (reflected by the concentration of specific
biomarkers). These include factors seldom present in lab experi-
ments with enriched cultares, such as bioavailability and mass
transfer Jimitations, nutrients and electron acceptor influx, redox
conditions, suboptimal pH or temperature, and the presence of
inhibitory compounds. For example, Johason et al. (2005) dem-
onstrated that the level of fceA expressicon is independent of the
concentration of chlorinated ethenes, electron donor (hydrogen},
and electron acceptors (fumarate, sulfate, nitrate, etc.) but highly
dependent on incubation temperature. Thus, future work is needed
to investigate how hydrogeologic and geochemical factors affect
rate-biemarker correlations. Whether the temporal and spatial
scales under consideration could influence the usefulness of such
correfations may also be worthwhile to explore because phyloge-
netic and catabolic biomarkers may experience long-term enrich-
ment as a result of bacterial growth on the target pollutant (i.c.,
bioremediation), making it plausible for some DNA-based bio-
markers to be correlated to dechlorination activity over the large
temporal and spatial scales that are relevant to MNA.

Conclusions

There is a growing need for improved performance assessment
and biodegradation rate estimation for monitored natural attenua-
tion and bioremediation of aquifers contarsinated with recalcitrant
pollutants. The use of molecular approaches to establish correla-
tions with specific biomarker concentrations (X} counld represent a
potential breakthrough to estimate A and characterize its spatial
distribution in a cost-effective and reliable manner. In this work,
however, no statistically significant correlations were found be-
tween first-order dechlorination rate coefficients (k'} and the con-
centration of Dehalococcoides spp. or its dehalogenase fceA
catabolic gene and its transcriptome (mRNA). Overall, the results
suggest that gPCR-based analyses of genetic biomarkers might be
useful to establish that specific dechlorinating organisms are
present, and that their concentrations are higher in the treatment
zone compared to background samples, which is an important line
of evidence to demonstrate that bioremediation is working. How-
ever, the concentration of these biomarkers may not satisfactorily
correlate with instantaneous dechlorination rates, due to the high
uncertainty that would be associated with such rate predictions.
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