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Abstract Isotope fractionation has been used with
increasing frequency as a tool to quantify degradation
of chlorinated aliphatic pollutants in the environment.
The objective of this research was to determine if the
electron donor present in enrichment cultures prepared
from uncontaminated sediments influenced the extent
of isotope fractionation of tetrachloroethylene (PCE),
either directly, or through its influence on microbial
community composition. Two PCE-degrading enrich-
ment cultures were prepared from Duck Pond (DP)
sediment and were incubated with formate (DPF) or
H, (DPH) as electron donor. DPF and DPH were
significantly different in both product distribution and
extent of isotope fractionation. Chemical and isotope
analyses indicated that electron donors did not directly
affect the product distribution or the extent of isotope

Present Address:

Y. Dong

Energy and Bioscience Institute, University of Illinois-
Urbana Champaign, Urbana, IL 61801, USA

Y. Dong - E. C. Butler
School of Civil Engineering and Environmental Science,
University of Oklahoma, Norman, OK 73019, USA

R. P. Philp
School of Geology and Geophysics, University
of Oklahoma, Norman, OK 73019, USA

L. R. Krumholz ()

Department of Botany and Microbiology, University
of Oklahoma, Norman, OK 73019, USA

e-mail: krumholz@ou.edu

fractionation for PCE reductive dechlorination.
Instead, restriction fragment length polymorphism
(RFLP) and sequence analysis of the 16S rRNA clone
libraries of DPF and DPH identified distinct microbial
communities in each enrichment culture, suggesting
that differences in microbial communities were
responsible for distinct product distributions and
isotope fractionation between the two cultures. A
dominant species identified only in DPH was closely
related to known dehalogenating species (Sulfurospir-
illum multivorans and Sulfurospirillum halorespirans)
and may be responsible for PCE degradation in DPH.
Our study suggests that different dechlorinators exist
at the same site and can be preferentially stimulated by
different electron donors, especially over the long-
term (i.e., years), typical of in-situ ground water
remediation.

Keywords Tetrachloroethylene - Reductive
dechlorination - Microbial community composition -
Isotope fractionation - Electron donors

Introduction

Improper disposal and storage have led to widespread
contamination of ground water resources by chlori-
nated aliphatic contaminants, such as tetrachloroeth-
ylene (PCE). Due to their toxicity and suspected
carcinogenic properties, monitoring the remediation
of this group of contaminants has gained wide public
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and academic interest. In addition to the conventional
methods focusing on identification and quantification
of parent substrates and dehalogenated products,
compound specific isotope analysis (CSIA) has been
increasingly applied to monitor transformation of
chlorinated contaminants (Hunkeler et al. 1999;
Sherwood Lollar et al. 1999; Bloom et al. 2000;
Elsner et al. 2004; Aeppli et al. 2009; Morrill et al.
2009; Schmidt et al. 2010). Isotope ratio analysis of in
situ contaminants involves the use of enrichment
factors, generally obtained from lab-scale studies, to
quantitatively estimate the fraction of contaminants
transformed at a site (Elsner et al. 2005; Van
Breukelen et al. 2005; VanStone et al. 2005; Nijenhuis
et al. 2007). In order to avoid significant uncertainties
in this process, it is important to choose enrichment
factors appropriate for specific field sites and to
understand the factors that influence this parameter.
A variety of anaerobic bacteria are capable of
reductively dechlorinating PCE to less chlorinated
compounds, such as trichloroethylene (TCE), dichlo-
roethylene (DCE) isomers, vinyl chloride (VC) and/or
ethylene via dehalorespiration or cometabolism
(Bradley 2003; Bhatt et al. 2007). Different levels of
isotope fractionation have been reported during
microbial reductive dechlorination of PCE with
enrichment factors ranging from —0.42 to —16.8%o
(Hunkeler et al. 1999; Slater et al. 2001; Elsner et al.
2005; Nijenhuis et al. 2005; Cichocka et al. 2007; Lee
et al. 2007; Liang et al. 2007; Cichocka et al. 2008;
Dong et al. 2009). In addition to the differences among
dehalogenating species, the extent of isotope fraction-
ation during microbial metabolism is also influenced
by factors such as reaction pathways (e.g., aerobic vs.
anaerobic reactions) (Hirschorn et al. 2004, 2007),
structure of functional enzymes (Nikolausz et al.
2006), relative accessibility of the enzyme to the
substrate (Nijenhuis et al. 2005), and availability of
trace elements (e.g., iron for aerobic biodegradation of
toluene by Pseudomonas putida (Mancini et al. 2006)
and cobalt for reductive dechlorination of chlorinated
ethenes catalyzed by Vitamin B12 or its analogues as
coenzymes (Slater et al. 2003; Nijenhuis et al. 2005;
Cichocka et al. 2007)). In addition, the availability and
types of electron donors (Bruechert 2004; Hoek et al.
2006; Hoek and Canfield 2007) have also been shown
to influence the extent of isotope fractionation. There
are likely to be interactions among geochemical
parameters (e.g., electron acceptors and electron

@ Springer

donors) and the composition of the microbial com-
munity (Petrie et al. 2003; Gu et al. 2004; Freeborn
et al. 2005), so it is difficult to separate these factors
during field experiments. Our current knowledge
regarding isotope fractionation during microbial
reductive dechlorination has been mainly derived
from studies focused on isolated dehalogenating
bacteria or enrichment cultures without identified
microbial composition (Nijenhuis et al. 2005, 2008;
Cichocka et al. 2007; Lee et al. 2007; Liang et al.
2007), but whether changes in microbial communities
can affect isotope fractionation is not well understood.
The objective of this study is to evaluate whether the
major factors influencing isotope fractionation in a
dechlorinating enrichment are related to the electron
donor or whether they are specifically related to the
composition of the microbial community that is
present.

Materials and methods
Sources of chemical reagents

The following chemicals were obtained from Sigma-
Aldrich (St. Louis, MO): PCE (99%), TCE (99.5%),
cis-1,2-dichloroethylene (cis-DCE) (97%), trans-1,2-
dichloroethylene (trans-DCE) (98%), 1,1-dichloro-
ethylene (1,1-DCE) (99%) and 2,2,4,4,6,8,8-heptam-
ethylnonane (98%). Other chemicals were purchased
from Fisher Scientific (Pittsburgh, PA).

Preparation of enrichment cultures
and subcultures

Sediment-free enrichment cultures were developed
from microcosms constructed using anaerobic sedi-
ments from a local pond (Duck Pond, DP) adjacent to
the University of Oklahoma, Norman, OK, as previ-
ously described (Dong et al. 2009). No PCE or TCE
contamination has been reported at this site. During
sampling and storage, anaerobic conditions were
maintained by storing sediments in 1 L canning jars
with the headspace flushed with sterile N, and CO,
mixed gas (80:20, v:v). The jars were then quickly
closed with screw caps, sealed with vinyl tape and
stored at 4°C before use. After the initial incubation
period, subcultures were transferred (1:10, v/v) into
25 ml serum bottles containing 5 ml freshly prepared
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basal salts medium (Hurst et al. 2002) at intervals of
45-60 days by using N, flushed syringes. PCE
reductive dechlorination activity was maintained in
this way for more than 4 years. In both microcosms
and sediment-free enrichment cultures, 0.22 um
filter-sterilized anaerobic digester sludge from an
activated sludge unit at the Norman Wastewater
Treatment Plant, Norman, OK was added at a final
concentration of approximately 10% (v/v). The
soluble substrates in activated sludge (including
peptides, amino acids, vitamins, and other soluble
cell components) may act as sources of carbon,
nitrogen, and/or trace components for stimulation of
the growth of dechlorinating bacteria (Kastner 1991;
Stasinakis et al. 2004). H, was added as an electron
donor to DP-H, (DPH) enrichment cultures from
N,:H, (80:20, v:v). Based on the total amount of H,
added and its distribution between the aqueous and
gaseous phases (the Henry’s Law constant equals
191 x 1072 at 25°C) (Sangster 2003), the equilib-
rium aqueous concentration of H, was approximately
150 pM. Formate (10 mM) was used as the electron
donor for DP-formate (DPF) enrichment cultures.
Both enrichment cultures received 0.5 ml 50 mM
PCE stock solution prepared by dissolving PCE in
0.22 um filter sterilized 2,2,4,4,6,8,8-heptamethyl-
nonane. Bromoethanesulfonate (BESA) was added
(1 mM) to inhibit methanogenic Archaea from com-
peting for electron donors with dehalogenating Bac-
teria (Loeffler et al. 1997). The cultures were sealed
with Teflon-lined butyl rubber septa (West Pharma-
ceutical Services, PA) and incubations were held
static at room temperature in the dark unless
otherwise indicated. After about 10 transfers, the
enrichment cultures were inoculated into 120 ml
serum bottles containing 100 ml of the aqueous
medium described above, with PCE added from an
aqueous stock solution to a final concentration of
about 100 pM for kinetic and isotope experiments. In
order to assess whether microbial processes were
responsible for PCE reductive dechlorination in the
kinetic experiments, two bottles of each enrichment
culture were pasteurized at 85°C for 15 min after
inoculation, but before addition of PCE stock solution
(Ballerstedt et al. 2004) and products were quantified.

In order to test whether electron donors were
directly responsible for the different product distri-
bution and isotope fractionation in DPH and DPF,
cultures of DPH and DPF were incubated until the

PCE was completely transformed. Cultures (30 ml)
were transferred into N,/CO, flushed Falcon™
conical tubes and then centrifuged at 12,000xg at
4°C for 5 min. The cell pellets were washed with the
same anaerobic medium twice before being resus-
pended in 6 ml fresh medium containing the other
electron donor (i.e., formate for DPH and H, for
DPF). These cultures are called “DPH + formate”
and “DPF + H,”. Parallel controls were prepared by
inoculating DPF and DPH in the medium with the
same electron donor (formate for DPF and H, for
DPH) and they were called “DPH + H,” and
“DPF + formate”, respectively.

Analytical techniques

Concentrations of PCE, TCE and cis-DCE were
determined by manual injection headspace analysis
with a Shimadzu GC-17A equipped with a flame
ionization detector (GC/FID) and an Agilent GS-
GASPRO capillary column (30 m x 0.32 mm) J&W
Scientific, Folsom, CA, USA) (Liang et al. 2007). The
same method was used to measure the concentration of
methane to be sure that methanogenesis was com-
pletely inhibited. In addition, 1 ml of culture was
withdrawn and prepared for isotope analysis (Dong
et al. 2009) at each time point. Carbon isotope ratios
were measured against a CO, standard with aqueous
samples using an O.I. Analytical-Model 4560 purge
and trap system interfaced with a Varian 3410 GC with
Finnigan MAT 252 mass spectrometer (Kuder et al.
2005). The combustion reactor temperature was
940°C. The reactor was an alumina tube packed with
Ni and Pt wires, run with an auxiliary stream of
oxygen (1-2 V measured on the 44 detector cup).
Precision and accuracy of the isotope ratio measure-
ments were controlled by PCE standards and by
duplicates of the samples. For PCE standard assess-
ment, the stock solution (4 pg/l) was prepared from
pure phase PCE (Sigma-Aldrich, HPLC grade, purity
99.9%) of known isotopic composition identified by
conventional dual inlet bulk isotope ratio mass spec-
trometry (IRMS) after off-line combustion on CuO. At
least one such standard was run daily under the same
condition as for samples, and the reproducibility was
evaluated. The maximum standard deviations of the
lowest and the highest '*C of any standard run for a
specific sample set did not exceed 0.5%o, with most
values not exceeding 0.2%o. The analyte was also
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diluted to similar concentrations (i.e., in the range of
4 pg/l) to avoid potential problems due to different
loads of PCE from run to run (Sherwood Lollar et al.
2007). Meanwhile, a portion of the samples (about
30%) were measured in duplicate. The standard
deviation (n = 2) of these duplicate 5'3C values did
not exceed 0.6%o, and typically did not exceed 0.3%o
(Kuder et al. 2005; Liang et al. 2007). The extent of
isotope fractionation was then expressed as the bulk
enrichment factor (&,,1x), based on the Rayleigh Model
(Mariotti et al. 1981):

8"3C 4 1000 S
— (]000)

— 1
813Cy + 1000 (n)

where 6'°Cy and 6'°C are the standardized isotope
ratios measured at time zero and at different time
points, respectively; f is the fraction of parent
compound remaining at a given time (i.e. C/C).

DNA extraction and 16S rRNA gene analysis

Duplicate daughter cultures, inoculated with repli-
cates of cultures subject to isotope analysis, were
sacrificed when 70-80% of PCE had been trans-
formed. The cells were centrifuged at 13,000xg for
5 min. Cell pellets were then resuspended in sterile
PBS and the washing procedure was repeated.
Washed cells were stored at —20°C until DNA
extraction was performed. Total community DNA
was extracted using the Easy-DNA kit (Invitrogen,
Co., CA) according to the manufacturer’s instruc-
tions. Purity and concentration of extracted genomic
DNA were determined spectrophotometrically.
Bacterial 16S rRNA genes were amplified from
community DNA with primers 27F (5-AGAGTTTG
ACMTGGCTCAG-3) and 1492R (5-GGYTACC
TTGTTACGACTT-3') (Lane 1991). PCR amplifica-
tion was performed with the Tag DNA polymerase kit
(Fermentas Inc., MD). The reaction mixture (50 pl)
contained 2.5 mM MgCl,, 75 mM Tris—HCI (pH 8.8),
20 mM (NH,4),SOy, 0.01% (v/v) Tween 20, 0.4 uM of
each oligonucleotide primer, 1.25 U Tag polymerase
and 1 pl appropriately diluted template DNA (ca.
50 ng). Reaction mixtures were amplified in an
iCycler thermal cycler (Bio-Rad Laboratories, France)
under the following conditions: 95°C for 5 min, 30
cycles of denaturation at 95°C for 30 s, annealing at
52°C for 30 s and extension at 72°C for 90 s, with a
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final extension at 72°C for 20 min. PCR products were
separated and visualized by agarose gel (0.8%)
electrophoresis. The band corresponding to the prod-
uct (~1.4 kb) was excised and purified with the
GenCatch™ gel extraction kit (Epoch Biolabs, Inc.,
TX). Prior to cloning, the purified PCR product was
amplified for one cycle as described above with a final
extension at 72°C for 20 min. Afterwards, the PCR
products were cloned with a TOPO TA cloning kit
(Invitrogen Co., CA). A total number of 256 clones (98
for DPF and 148 for DPH) were randomly picked and
grown in 1 ml LB medium amended with 50 pg/ml of
ampicillin.

The 16S rRNA inserts from recombinant clones
were reamplified with M13 primers and then digested
independently with restriction endonucleases Mspl
and Alul (Fermentas Inc., MD). The digested frag-
ments were separated by agarose gel electrophoresis
(0.8%) and visualized by staining with ethidium
bromide and UV illumination. Restriction fragment
length polymorphism (RFLP) patterns for each
library were grouped visually. A total of 70 repre-
sentative clones (35 for each sample) were selected
based on distinct RFLP patterns, purified with the
GenCatch™ PCR Clean-up Kit (Epoch Biolabs, Inc.)
and sent to Oklahoma Medical Research Foundation
(OMRF) for sequencing using ABI 3730 capillary
sequencers. In cases where there were more than 3
replicates with similar RFLP patterns, two to nine
clones were sequenced to confirm that they repre-
sented identical species.

All the sequences were aligned with Clustal W,
visually examined and adjusted to allow maximal
alignment by referring to representative bacterial
sequences from the Ribosomal Database Project II
(RDP) (Cole et al. 2005). Clones were grouped into
Operational Taxonomic Units (OTUs) at a level of
sequence similarity >97%. Possible chimera were
checked with Bellerophon software (Huber et al.
2004) and Pintail (Ashelford et al. 2005), and chimera
were excluded from the phylogenetic analysis. In
order to assess whether the clone libraries developed
were representative of the microbial communities in
DPH and DPF, saturation of OTUs was analyzed to
estimate microbial diversity of the two PCE-degrad-
ing enrichment cultures by using an extrapolation
method (Colwell and Coddington 1994) with the
program SigmaPlot. Phylogenetic affiliations of the
sequences of approximately 1.4 kb were estimated by
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BLAST and the classification function in Greengenes
(DeSantis et al. 2006). Neighbor joining trees were
constructed with ARB (Ludwig et al. 2004).

GenBank accession numbers

Sequences determined in this study have been
deposited into the GenBank database and the acces-
sion numbers are under GQ377111-GQ377131.

Results

Effect of electron donors on reaction products
and bulk enrichment factors

Over 4 years, both DPH and DPF cultures were
transferred into fresh medium about 25 times to keep
their PCE reduction activity. DPH maintained its
capacity to transform PCE to cis-DCE (Fig. 1a), while
DPF lost its capacity to transform TCE to cis-DCE
after about 2.5 years (about 15 transfers) (Fig. 1b).
Since 1,1-DCE and trans-DCE never exceeded 3% of
the initial concentration of PCE during initial analy-
ses, these two compounds were not included during
subsequent chemical analyses. Isotope fractionation
was measured after DPF lost its capacity to transform
TCE to cis-DCE. In our previous study (Liang et al.
2007), although transformation rates in duplicate
samples varied considerably, there was no statistically
significant difference in & values calculated from a
single microcosm (six data points) versus pooled
duplicate microcosms (11 sampling points). There-
fore, for the enrichment cultures in this study, only one
of two replicate bottles was measured for isotope
fractionation at each time point. The results showed
that compared to DPH (epux = —1.98 £ 0.16%o0),
much stronger isotope fractionation was observed in
DPF (epux = —10.29 £ 0.47%0) (Fig. 2).

No difference in product distribution was observed
between DPH and DPH + formate (Fig. 1a, a’), or
between DPF and DPF + H, (Fig. 1b, b’). While
small differences in &, values between DPH and
DPH + formate (Fig. 2a), and between DPF and
DPF + H, (Fig. 2b) were observed, there was a
general trend of weak isotope fractionation in DPH
and DPH + formate versus stronger isotope fraction-
ation in DPF and DPF + H, (Fig. 2). For the control
samples (DPF + formate and DPH + H,), both

product distribution and dechlorination rates were
similar to their parent cultures (DPF and DPH) (data
not shown).

Influence of microbial community composition
on isotope fractionation during microbial
reductive dechlorination

Molecular analysis was performed to identify the
potential dechlorinating species in the two cultures.
DNA was extracted from DPF and DPH to construct
clone libraries of nearly full-length bacterial 16S
rRNA genes. Archaeal clone libraries were not
constructed because all known dechlorinators belong
to the domain Bacteria. As expected, | mM treatment
with BESA completely inhibited methanogenic reac-
tions but did not change the dechlorinating capacity
and dechlorination rates (data not shown), confirming
that Bacteria were more important than methanogenic
Archaea (Loeffler et al. 1997) in the cultures studied
here.

RFLP analysis was performed on a total of 256
clones of the 16S rRNA clone libraries developed for
DPF and DPH. Subsequent sequencing of representa-
tive RFLP groups indicated the presence of 11 OTUs
in DPF and 10 OTUs in DPH. The phylogenetic
affiliation of OTUs and their closest sequence matches
are shown in Tables 1 and 2. As shown in Fig. 3, the
observed accumulation of OTUs was fitted to a
Michaelis—Menten Equation curve by using non-linear
regression (Gu et al. 2004) and bacterial richness was
calculated and expressed as N, (Fig. 3). The max-
imum numbers for bacterial richness (number of
different OTUs) are 14 for DPF and 10 for DPH.
Therefore, the OTUs identified by RFLP and sequenc-
ing in this study accounted for approximately 79% and
close to 100% of the expected maximum number of
OTUSs (Npax) for DPF and DPH, respectively.

Taxonomic classification showed that both cultures
include Bacteroidetes, Firmicutes and Proteobacteria,
Spirochaetes and some unidentified species were only
detected in DPF (Tables 1, 2). The phylogenetic
relationship of these 16S rRNA gene clone sequences
and their close relatives and type strains are illustrated
in Fig. 4. The only identical OTUs shared by DPF and
DPH were members of Bacteroidetes (Table 2;
Fig. 4), while the other OTUs varied between these
two enrichment cultures, although they were devel-
oped from the same source. In comparison, no
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Fig. 1 PCE reductive
dechlorination. Panels 100
(a) and (b) show reductive
dechlorination in DPH and 80 4
DPF, respectively. Panels 9 —— PCE
(a’) and (b’) show reductive 3 60 1 +. T(-:Ence
dechlorination in 8 —— 1 DoE
DPH + formate and 40 1 1 —&— transDCE
DPF + H,, respectively. —O— pasteurized control
The pasteurized controls in 20 1 (b)
(a) and (b) show PCE 0
Z;ngemr?tlon tf.or up t(t) 9 0 3 6 12 15 500 3 6 9 12 50
ays (negative controls). . .
Data points are average Time (days) Time (days)
values and error bars
indicate the standard
deviation of triplicate 100
samples
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’o\?
~ 60 -
(8]
<
S 4|
20 -
0
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crc,

Fig. 2 Isotope fractionation during microbial reductive
dechlorination of PCE in DPH and DPH + formate (a) and
DPF and DPF + H, (b). The solid and dashed curves are
Rayleigh Model fits. The coefficients of determination (R®) for

dominant species was observed in DPF, but an OTU
classified as Sulfurospirillum species accounted for
63% of the clone library for DPH.

Discussion

Negligible PCE and TCE reductive dechlorination
in the pasteurized controls (Fig. 1) indicates that
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Rayleigh Model fits range from 0.95 to 0.98. About 30% of the
samples were measured in duplicate and the error bars show
the standard deviation for duplicate measurements. Some error
bars are too small to be visible

dechlorination in these cultures was due to microbial
activity rather than indirect reductive dechlorination
by extracellular agents (e.g., porphyrins, metallopro-
teins, or proteins) (Novak et al. 1998) that has been
observed in some systems.

When we took bacteria from cultures grown for
long periods with either formate or H, as the electron
donor (i.e., DPF and DPH, respectively), then added
these bacteria to serum bottles containing the opposite
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Table 1 Phylum level distribution of clones from DPF and DPH

DPF

DPH

Number of sequenced clones* Fraction® (%)

Number of sequenced clones*

Fraction® (%)

Firmicutes 11 43.2 7 7.6
Proteobacteria
J-Proteobacteria 6 17.9 1 0.8
&-Proteobacteria ND ND 9 63.0
Spirochaetes 3 6.0 ND ND
Bacteroidetes 9 29.9 12 28.6
Unidentified 2 3.0 ND ND

ND denotes not detected

* The number of sequences is the sum of all the successfully sequenced clones in one phylum/class; chimeras have been deleted

° The fraction is the percentage of clones classified to each phylum/class among the total number of clones picked in a clone library

electron donor (i.e., DPF + H, and DPH + formate,
respectively) and immediately spiked with PCE, there
were no dramatic changes in product distributions or
epuik values (Figs. 1, 2). This differs from previous
studies in which electron donors and their concentra-
tions were reported to influence isotope fractionation
during microbial metabolism (e.g., dissimilatory sul-
fate reduction) (Bruechert 2004; Hoek and Canfield
2007), possibly by induction of different electron
donor flow pathways (e.g., complete or incomplete
oxidation) or rates of electron transfer along the
electron transport chains (Bruechert 2004). Instead,
the results reported here suggest that the electron
donors may have indirectly influenced product distri-
butions and &, values by selecting, over long time
periods, for bacteria or communities that metabolize
PCE differently.

Analysis of 16S rRNA genes reveals distinct
microbial community composition in DPF and DPH.
The percentages listed in Table 2 may not represent
the actual microbial abundance in the enrichment
cultures because different factors (e.g., potential PCR
bias, cloning bias, and variable copy numbers of 16S
rRNA genes in different bacteria) may result in
deviation from the actual population distribution
(Becker et al. 2000; Acinas et al. 2004). However,
the absence of certain OTUs in one culture or the other
indicates that electron donors significantly affected the
microbial community composition in DPF and DPH
(Table 2; Fig. 4). Although Bacteroidetes have been
widely observed in microbial communities capable of
reductively dechlorinating chlorinated ethylenes or
PCBs (Boyle et al. 1999; Richardson et al. 2002), no

isolates belonging to this phylum have been identified
as dechlorinators. In addition, this phylum is known
for fermentation of a variety of carbohydrates and
simple sugars to produce smaller fatty acids and
bicarbonate (Madigan et al. 2006). Thus, Bacteroide-
tes species detected in both cultures may act as
fermenters and provide small organic molecules or H,
for growth of dehalogenating bacteria.

Other than Bacteroidetes spp., no OTUs were
shared by DPF and DPH, suggesting that different
dehalogenating bacteria are responsible for PCE
reductive dechlorination in the two cultures. DPHAOI1,
the dominant sequence detected in DPH but not
detected in DPF, was grouped within the Sulfurospir-
illum spp. of e-proteobacteria (Table 2; Fig. 4). This
sequence is 95% identical to S. multivorans and
S. halorespirans strain PCE-M2, which reductively
dechlorinates PCE to cis-DCE via dehalorespiration
(Neumann et al. 1994; Luijten et al. 2003). It is
reported that H, and formate can serve as electron
donors for Sulfurospirillum spp. (e.g., S. deleyiamum,
S. cavolei, S. multivorans and S. halorespirans strain
PCE-M2) (Luijten et al. 2003), which is consistent
with the nutrient conditions in DPH and its subculture
DPH + formate. In addition, both S. multivorans
and S. halorespirans weakly fractionate during PCE
reductive dechlorination (e = —0.42 to —1.33%o)
(Nijenhuis et al. 2005; Liang et al. 2007; Cichocka
et al. 2008), close to the observed isotope fractionation
(epuik = —1.98 to —3.23%0) in DPH. Although we
cannot rule out the possibility that other dehalogen-
ating bacteria are responsible for PCE reductive
dechlorination in DPH, the above results provide
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Table 2 Phylogenetic summary of DPH and DPF based on clone library construction and sequence analysis*

DPF DPH Phylogenetic Closest GenBank match® Identity®
- . - group (%)

OTU®  Fraction” (%) OTU Fraction (%)

DPF03 254 DPHCO1 10.8 Bacteroidetes Porphyromonadaceae bacterium JN18, DQ168658.1 99
DPF25 4.5 DPHBO03 16.0 Bacteroidetes Clone E48, EU864431.1 98
- - DPHB02 0.8 Bacteroidetes Clone A25BS8, EF644518.1 99
- - DPHB06 0.8 Bacteroidetes Paludibacter propionicigenes AB078842.2 95
DPFO1 1.5 - - Clostridia Clone PL-38B5 98
DPF04 23.9 - - Clostridia Clostridium sticklandii, 1.04167.1 97
DPF06 14.9 - - Clostridia Anaerofilum pentosovorans, X97852 98
DPF35 1.5 - - Clostridia Clone 9, FJ534955.1 98
- - DPHAO07 0.8 Clostridia Clone Er-LLAYS-35, EU542503-1 97
- - DPHEO6 1.7 Clostridia Clostridium pascui, X96736.1 99
- - DPHBO7 0.8 Clostridia Clone 49, FJ534994.1 93
DPF18 1.5 - - Mollicutes Clone M011_60, EU014057 98
- - DPHAO5 4.2 Bacilli® Clone mlel-9, AF280848.1 98
DPF02 17.9 - - 0- Desulfovibrio desulfuricans Essex 6, AF192153.1 99

Proteobacteria
- - DPHGO5 0.8 0- Desulfovibrio sp., AJ133797.1 98
Proteobacteria

- - DPHAO1 63.0 e-Proteobacteria  Sulfurospirillum deleyianum, AB368775.1 97
DPF05 6.0 - - Spirochaetes Spirochaeta sp. Buddy; AF357916 99
DPF29 1.5 - - Unclassified Clone CLONG36, DQ478740.1 99
DPF33 1.5 - - Unclassified Clone E1, EU864437.1 99

*DNA was extracted from about the 20th generation enrichments when about 80% PCE had been transformed, and clone libraries

were constructed using bacterial primers 27F and 1492R

* The clones belonging to the same OTUs (>97% in identity) detected in both samples are listed in the same row

® Fraction (%) indicates the percentage of each OTU among the total number of clones picked from one clone library

¢ Type strains with >95% similarity to DPF or DPH clones are listed; If no type strains are closely related to the DPF or DPH clones,

the closest uncultured clones in database are included

4 Values of identity in 16S rRNA gene sequences were determined by BLAST

¢ Specific OTU does not exist in this clone library

" DPHAO5 was classified as Bacilli by Classification package in Greengenes (http://greengenes.lbl.gov) but as unclassified by

Classifier in RDP (http://rdp.cme.msu.edu/classifier/classifier.jsp)

strong evidence that Sulfurospirillum related species
are most likely responsible for PCE reductive dechlo-
rination in DPH.

Different OTUs belonging to Clostridia were
detected in both cultures (Table 2). Some species
belonging to this class (e.g., Desulfitobacterium spp.,
Dehalobacter spp. and Clostridium bifermentans
DPH-1) have been shown to dechlorinate chlorinated
ethenes or chlorinated aromatic compounds (Fig. 4;
Table 3) (Wild et al. 1996; Holliger et al. 1998; Chang
et al. 2000; Villemur et al. 2006). Three OTUs from
DPF (DPF35, DPHAO7 and DPF18), were closely

@ Springer

related to chlorobenzene, polychlorinated dioxin and
dichlorophenol (DCP) dechlorinating consortia clones
(Fig. 4) while other OTUs belonging to this phylum
(DPFO1, DPF04, DPF06, DPHEO6 and DPHBO07)
were not closely related to any known dehalogenating
species. Hence, the possible contribution of Clostridia
to dechlorination in DPF cannot be ruled out.

The J-proteobacteria include some known dechlo-
rinators, including Desulfuromonas spp., Desulfomo-
nile tiedjei, Desulfovibrio spp., Geobacter lovleyi and
Trichlorobacter thiogenes (Loeffler et al. 2003).
Analysis of species closely related to the OTUs
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Fig. 3 Observed and estimated richness (OTUs) in DPF and DPH. The maximum richness (N,,x) was estimated by non-linear
regression of observed accumulation data to a Michaelis—Menten equation

Fig. 4 Phylogenetic tree of 99% DPF01
2 ylog Municipal Wastewater Treatment Plant Clone 060D02_8_SD_P93 (CR933310.1)
16S rRNA gene clone 999 (s:}whta%p sed}mﬁlnt cc‘.flgnla 56129(‘{\}(758597-1)
sequences (indicated by 91% 5 g(,j%,é’of,“"’s’c 5;76:3(6 1
lostridium pascuj A
bOIdf ac.e type) of DPF’ DPH Clostridiurr? peptidovorans (.&F156796.1)
and their close relatives and PHE06
. . Anaerofilum pentosovorans (X97852.1)
type strains. Calculation BPFOG " o (XBO11.1
: 79% naerofilum agile ( 11.1)
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used as the out-group. The Desulfitobacterium sp Viet-1 (AF357919.1)
b h d 80% Desulfitobacterium dehalogenans (L28946.13
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PP TCE-dechlorinating microbial community clone 11H (AY217231.1) IS
1,000 bootstrap analyses. 60"/510 E Dggggg 8
PR 60%
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759 DPF02 23
Desulfomonile tiedjei (AM086646)
_ Geobacter lovleyi (AY914177) %]
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Paludibacter propionicigenes (AB078842.2)

0.10

detected in DPF and DPH (Clone DPF02 and DPHGO05
are closely related to Desulfovibrio spp.) suggest
that they may contribute to the dehalogenating
enrichments in one of two ways. First, it is possible

Dehalococcoides ethenogene 195 (AF004928.1)

that members of the J-Proteobacteria may dechlori-
nate. Some Desulfovibrio species (e.g., Desulfovibrio
sp. strain TBP-1 and strain SF3) are known to
reductively dechlorinate halogenated contaminants,
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Table 3 Product distribution and enrichment factors for stable carbon isotope fractionation during microbial PCE reductive

dechlorination
Bacteria/enrichments Product Enrichment factor (g, %o) Reference®
DPF consortia TCE —10.29 to —13.44 This study
Desulfitobacterium Viet 1 —16.7 Cichocka et al. (2008)
Anaerobic microcosms —10.68 to —16.78 Dong et al. (2009)
DPH consortia cis-DCE —1.98 to —3.23 This study
Sulfurospirillum multivorans —0.42 £+ 0.08 Cichocka et al. (2008) and
Nijenhuis et al. (2005)
—1.33 £ 0.13 Liang et al. (2007)
Desulfitobacterium sp. strain PCE-S —5.18 to —5.4 Cichocka et al. (2008) and
Nijenhuis et al. (2005)
Desulfuromonas michiganensis strain BB1 NS Cichocka et al. (2008)
—1.39 £ 0. 21 Liang et al. (2007)
Sulfurospirillum halorespirans —0.46 Cichocka et al. (2008)
Geobacter lovleyi strain SZ NS Cichocka et al. (2008)
Anaerobic microcosms —2.15 to —3.1 Dong et al. (2009)
Dehalococcoides ethenogenes strain 195* Ethene —6.0 Cichocka et al. (2008)
BDI —7.11 £ 0.72 Liang et al. (2007)
KB-1 consortium —2.6to —5.5 Slater et al. (2001)

NS not significant

% Dehalococcoides ethenogenes strain 195 contains a PCE reductive dehalogenase (PCE-RDase) transforming PCE to TCE and a
TCE Reductive dehalogenase (TCE-RDase) degrading TCE to ethene (Magnuson et al. 1998)

including 2,4,6-tribromophenol and 2-chlorophenol
(Boyle et al. 1999; Sun et al. 2000). In this study, the
clone DPFO02 is closely related to a clone from a TCE-
dechlorinating microbial community (Fig. 4) based on
16S rRNA sequence, which suggests that this species
might be involved in PCE reductive dechlorination in
DPF. Second, Desulfovibrio species may form syn-
trophic associations with dechlorinating bacteria.
Some Desulfovibrio spp. (e.g., Desulfovibrio sp. strain
SULF1, Desulfovibrio fructosivorans and Desulfovib-
rio desulfuricans) can also produce hydrogen by
transformation of organic compounds added to the
medium, which can be transferred to dehalogenating
bacteria and thus support microbial reductive dechlo-
rination (Drzyzga et al. 2001; He et al. 2007).

Members of Spirochaetes were only detected in
DPF. The absence of dechlorinating species in this
phylum and the capacity to ferment carbohydrates to
acetate or ethanol by many species belonging to this
class (Canale-Perola 1984) suggest that the functions
of these OTUs in DPF may be similar to those of
Bacteroidetes.

@ Springer

Chemical, isotope and microbial community anal-
yses suggested that the different extent of isotope
fractionation in DPF and DPH prepared from the same
sediment might be due to the stimulation of unique
dechlorinating communities in the presence of differ-
ent electron donors. This may explain why differences
in levels of isotope fractionation have been observed
for the same enrichment culture in prior studies (e.g.,
TCE dechlorination by KB-1) (Bloom et al. 2000;
Slater et al. 2001), or in cultures that were incubated
with different electron donors (e.g., butyric acid versus
ethanol for PCE dechlorination by TP microbial
consortia) (Slater et al. 2001). In this study, a Sulfuro-
spirillum relative is proposed to be the dechlorinator in
DPH. While it is not clear which species was respon-
sible for PCE reductive dechlorination in DPF, we
suggest that one of several possible microbial groups
including a species affiliated with Desulfitobacterium
or Desulfovibrio could act as the dechlorinator(s) in
DPF. These results suggest that multiple dechlorinat-
ing bacteria are likely present at a given site and
preferential growth of one or more of these species is
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likely influenced by electron donor. Microbial com-
munities, in turn, could strongly influence the &gy
values measured during PCE reductive dechlorination.

Considering the observed product distribution and
the corresponding extents of isotope fractionation, our
results (strong isotope fractionation in TCE-producing
DPF, versus weak isotope fractionation in cis-DCE-
producing DPH) are consistent with the general trend
that has been reported for microbial PCE transforma-
tion by different isolates, enrichment cultures and
microcosms (Table 3). This might be due to the
different structure of functional enzymes or mecha-
nisms of enzymatic reactions. To the best of our
knowledge, there have been no reports on character-
ization of PCE reductive dehalogenases in TCE-
producing dehalogenating bacteria. However, indirect
evidence of potential structural differences between
the reductive dehalogenase involved in transforming
PCE to TCE (PCE reductive dehalogenase) and the
one producing lower dechlorinated products (e.g., cis-
DCE) (TCE reductive dehalogenase) can be derived
from the study on a two-component enzyme pathway
of Dehalococcoides ethenogenes 195 (Magnuson et al.
1998). These two dehalogenases responded to the
inhibition by 1-iodopropane and iodoethane in differ-
ent ways, suggesting their substrate binding pockets to
be different sizes (Magnuson et al. 1998).

Others (Cichocka et al. 2008; Hunkeler et al. 2008)
have illustrated quantitatively how &, values can
significantly influence estimates of biodegradation at
contaminated sites using a modified Rayleigh Model.
Therefore, it is recommended that microcosms be
developed from site-specific sediment and ground water
to determine appropriate &,y values to be applied at that
particular site. Based on this study, identifying final
products of reductive dechlorination and performing
microbial community analysis can provide information
for choosing representative &, values for biodegrada-
tion monitoring. In addition, &, values should be
periodically re-measured in long-term bioremediation
projects to account for the influence of shifts in
microbial community structure over time. This is
especially important for in-situ remediation approaches
that involve addition of electron donors (e.g., molasses,
whey and hydrogen release compounds).

Acknowledgments We thank Tomasz Kuder and Janel
McMahon from the School of Geology and Geophysics at
the University of Oklahoma (OU) for assistance in isotope

analyses. Funding was provided by the OU School of Civil
Engineering and Environmental Science and Department of
Botany and Microbiology. The OU Graduate College also
provided funding through a Robberson Research Grant to Y. D.

References

Acinas SG, Marcelino LA, Klepac-Ceraj V, Polz MF (2004)
Divergence and redundancy of 16S rRNA sequences in
genomes with multiple rrn operons. J Bacteriol 186:
2629-2635. doi:10.1128/JB.186.9.2629-2635.2004

Aeppli C, Berg M, Cirpka OA, Holliger C, Schwarzenbach RP,
Hofstetter TB (2009) Influence of mass-transfer limita-
tions on carbon isotope fractionation during microbial
dechlorination of trichloroethene. Environ Sci Technol
43:8813-8820. doi:10.1021/Es901481b

Ashelford KE, Chuzhanova NA, Fry JC, Jones AJ, Weight-
man AJ (2005) At least 1 in 20 16S rRNA sequence
records currently held in public repositories is estimated
to contain substantial anomalies. Appl Environ Micro-
biol 71:7724-7736. doi:10.1128/AEM.71.12.7724-7736.
2005

Ballerstedt H, Hantke J, Bunge M, Werner B, Gerritse J, An-
dreesen JR, Lechner U (2004) Properties of a trichloro-
dibenzo-p-dioxin-dechlorinating mixed culture with a
dehalococcoides as putative dechlorinating species. FEMS
Microbiol Ecol 47:223-234. doi:10.1016/S0168-6496(03)
00282-4

Becker S, Boger P, Ochlmann R, Ernst A (2000) PCR bias in
ecological analysis: a case study for quantitative Taq
nuclease assays in analyses of microbial communities.
Appl Environ Microbiol 66:4945-4953. doi:10.1128/
AEM.68.9.4486-4494.2002

Bhatt P, Kumar MS, Mudliar S, Chakrabarti T (2007) Bio-
degradation of chlorinated compounds—a review. Crit
Rev Environ Sci Technol 37:165-198. doi:10.1080/
10643380600776130

Bloom Y, Aravena R, Hunkeler D, Edwards E, Frape SK
(2000) Carbon isotope fractionation during microbial
dechlorination of trichloroethene, cis-1,2-dichloroethene,
and vinyl chloride: implications for assessment of natural
attenuation. Environ Sci Technol 34:2768-2772. doi:
10.1021/es991179k

Boyle AW, Phelps CD, Young LY (1999) Isolation from
estuarine sediments of a Desulfovibrio strain which can
grow on lactate coupled to the reductive dehalogenation
of 2, 4, 6-tribromophenol. Appl Environ Microbiol
65:1133-1140. doi:10.1099/00207713-46-4-1010

Bradley PM (2003) History and ecology of chloroethene bio-
degradation: a review. Bioremediat J 7:81-109. doi:
10.1080/713607980

Bruechert V (2004) Physiological and ecological aspects of
sulfur isotope fractionation during bacterial sulfate
reduction. In: Amend JP, Edwards KJ, Lyons TW (eds)
Sulfur biogeochemistry, Special Paper 379. Geological
Society of America, Boulder

Canale-Perola E (1984) The spirochetes. In: Krieg NR, Holt JG
(eds) Bergey’s manual of systematic bacteriology. Wil-
liams and Wilkins, Baltimore, MD, pp 38-79

@ Springer


http://dx.doi.org/10.1128/JB.186.9.2629-2635.2004
http://dx.doi.org/10.1021/Es901481b
http://dx.doi.org/10.1128/AEM.71.12.7724-7736.2005
http://dx.doi.org/10.1128/AEM.71.12.7724-7736.2005
http://dx.doi.org/10.1016/S0168-6496(03)00282-4
http://dx.doi.org/10.1016/S0168-6496(03)00282-4
http://dx.doi.org/10.1128/AEM.68.9.4486-4494.2002
http://dx.doi.org/10.1128/AEM.68.9.4486-4494.2002
http://dx.doi.org/10.1080/10643380600776130
http://dx.doi.org/10.1080/10643380600776130
http://dx.doi.org/10.1021/es991179k
http://dx.doi.org/10.1099/00207713-46-4-1010
http://dx.doi.org/10.1080/713607980

442

Biodegradation (2011) 22:431-444

Chang YC, Hatsu M, Jung K, Yoo YS, Takamizawa K (2000)
Isolation and characterization of a tetrachloroethylene
dechlorinating  bacterium, Clostridium  bifermentans
DPH-1. J Biosci Bioeng 89:489-491. doi:S1389-1723(00)
89102-1[pii]

Cichocka D, Siegert M, Imfeld G, Andert J, Beck K, Diekert G,
Richnow H-H, Nijenhuis I (2007) Factors controlling the
carbon isotope fractionation of tetra- and trichloroethene
during reductive dechlorination by Sulfurospirillum sp.
and Desulfitobacterium sp. strain PCE-S. FEMS Micro-
biol Ecol 62:98-107. doi:10.1111/j.1574-6941.2007.
00367.x

Cichocka D, Imfeld G, Richnow H-H, Nijenhuis I (2008)
Variability in microbial carbon isotope fractionation of
tetra- and trichloroethene upon reductive dechlorination.
Chemosphere 71:639-648. doi:10.1016/j.chemosphere.
2007.11.013

Cole JR, Chai B, Farris RJ, Wang Q, Kulam SA, McGarrell
DM, Garrity GM, Tiedje JM (2005) The Ribosomal
Database Project (RDP-II): sequences and tools for high-
throughput rRNA analysis. Nucleic Acids Res 33:D294—
D296. doi:10.1093/nar/gki038

Colwell RK, Coddington JA (1994) Estimating terrestrial
biodiversity through extrapolation. Philos Trans R Soc
Lond B Biol Sci 345:101-118. doi:10.1098/rstb.1994.
0091

DeSantis TZ, Hugenholtz P, Larsen N, Rojas M, Brodie EL,
Keller K, Huber T, Dalevi D, Hu P, Andersen GL (2006)
Greengenes, a chimera-checked 16S rRNA gene database
and workbench compatible with ARB. Appl Environ
Microbiol 72:5069-5072. doi:10.1128/AEM.03006-05

Dong Y, Liang X, Krumholz LR, Philp RP, Butler EC (2009)
The relative contributions of abiotic and microbial pro-
cesses to the transformation of tetrachloroethylene and
trichloroethylene in anaerobic microcosms. Environ Sci
Technol 43. doi:10.1080/15320380902962346

Drzyzga O, Gerritse J, Dijk JA, Elissen H, Gottschal JC (2001)
Coexistence of a sulphate-reducing Desulfovibrio species
and the dehalorespiring Desulfitobacterium frappieri
TCELl in defined chemostat cultures grown with various
combinations of sulfate and tetrachloroethene. Environ
Microbiol ~ 3:92-99.  doi:10.1046/j.1462-2920.2001.
00157.x

Elsner M, Haderlein SB, Kellerhals T, Luzi S, Zwank L, Angst
W, Schwarzenbach RP (2004) Mechanisms and products
of surface-mediated reductive dehalogenation of carbon
tetrachloride by Fe(II) on goethite. Environ Sci Technol
38:2058-2066. doi:10.1021/es034741m

Elsner M, Zwank L, Hunkeler D, Schwarzenbach RP (2005) A
new concept linking observable stable isotope fraction-
ation to transformation pathways of organic pollutants.
Environ Sci Technol 39:6896-6916. doi:10.1021/es
0504587

Freeborn RA, West KA, Bhupathiraju VK, Chauhan S, Rahm
BG, Richardson RE, Alvarez-Cohen L (2005) Phyloge-
netic analysis of TCE-dechlorinating consortia enriched
on a variety of electron donors. Environ Sci Technol
39:8358-8368. doi:10.1021/es048003p

Gu AZ, Hedlund BP, Staley JT, Strand SE, Stensel HD (2004)
Analysis and comparison of the microbial community
structures of two enrichment cultures capable of

@ Springer

reductively dechlorinating TCE and cis-DCE. Environ
Microbiol ~ 6:45-54.  doi:10.1046/j.1462-2920.2003.
00525.x

He J, Holmes VF, Lee PKH, Alvarez-Cohen L (2007) Influence
of vitamin B12 and cocultures on the growth of De-
halococcoides isolates in defined medium. Appl Environ
Microbiol 73:2847-2853. doi:10.1128/AEM.02574-06

Hirschorn SK, Dinglasan MJ, Elsner M, Mancini SA, La-
crampe-Couloume G, Edwards EA, Lollar BS (2004)
Pathway dependent isotopic fractionation during aerobic
biodegradation of 1,2-dichloroethane. Environ Sci Tech-
nol 38:4775-4781

Hirschorn SK, Dinglasan-Panlilio MJ, Edwards EA, Lacrampe-Co-
uloume G, Sherwood Lollar B (2007) Isotope analysis as a
natural reaction probe to determine mechanisms of biodegra-
dation of 1,2-dichloroethane. Environ Microbiol 9:1651-1657.
doi:EMI1282[pii]10.1111/j.1462-2920.2007.01282.x

Hoek J, Canfield DE (2007) Controls on isotope fractionation
during dissimilatory sulfate reduction. In: Dahl C, Fried-
rich CG (eds) Microbial sulfur metabolism. Springer, New
York, pp 273-283

Hoek J, Reysenbach A-L, Habicht KS, Canfield DE (2006)
Effect of hydrogen limitation and temperature on the
fractionation of sulfur isotopes by a deep-sea hydrother-
mal vent sulfate-reducing bacterium. Geochim Cosmo-
chim Acta 70:5831-5841. doi:10.1016/j.gca.2006.07.031

Holliger C, Hahn D, Harmsen H, Ludwig W, Schumacher W,
Tindall B, Vazquez F, Weiss N, Zehnder AJ (1998) De-
halobacter restrictus gen. nov. and sp. nov., a strictly
anaerobic bacterium that reductively dechlorinates tetra-
and trichloroethene in an anaerobic respiration. Arch
Microbiol 169:313-321. doi:10.1007/s002030050577

Huber T, Faulkner G, Hugenholtz P (2004) Bellerophon: a
program to detect chimeric sequences in multiple
sequence alignments. Bioinformatics 20:2317-2319. doi:
10.1093/bioinformatics/bth226

Hunkeler D, Aravena R, Butler BJ (1999) Monitoring micro-
bial dechlorination of tetrachloroethene (PCE) in
groundwater using compound-specific stable carbon iso-
tope ratios: microcosm and field studies. Environ Sci
Technol 33:2733-2738. doi:10.1021/es981282u

Hunkeler D, Meckenstock RU, Sherwood-Lollar B, Schmidt
TC, Wilson JT (2008) A guide for assessing biodegrada-
tion and source identification of organic ground water
contaminants using compound specific isotope analysis
(CSIA). US Environmental Protection Agency, Ada, OK

Hurst CJ, Crawford RL, Knudsen GR, Mclnerney MJ, Stet-
zenbach LD (2002) Manual of environmental microbiol-
ogy. ASM Press, Washington, DC

Kastner M (1991) Reductive dechlorination of tri- and tetra-
chloroethylenes depends on transition from aerobic to
anaerobic conditions. Appl Environ Microbiol 57:
2039-2046

Kuder T, Wilson JT, Kaiser P, Kolhatkar R, Philp P, Allen J
(2005) Enrichment of stable carbon and hydrogen isotopes
during anaerobic biodegradation of MTBE: microcosm
and field evidence. Environ Sci Technol 39:213-220. doi:
10.1021/es040420e

Lane DJ (1991) 16S/23S rRNA sequencing. In: Stackebrandt
E, Goodfellow M (eds) Nucleic acid techniques in bac-
terial systematics. Wiley, Chichester, UK


http://dx.doi.org/S1389-1723(00)89102-1[pii]
http://dx.doi.org/S1389-1723(00)89102-1[pii]
http://dx.doi.org/10.1111/j.1574-6941.2007.00367.x
http://dx.doi.org/10.1111/j.1574-6941.2007.00367.x
http://dx.doi.org/10.1016/j.chemosphere.2007.11.013
http://dx.doi.org/10.1016/j.chemosphere.2007.11.013
http://dx.doi.org/10.1093/nar/gki038
http://dx.doi.org/10.1098/rstb.1994.0091
http://dx.doi.org/10.1098/rstb.1994.0091
http://dx.doi.org/10.1128/AEM.03006-05
http://dx.doi.org/10.1080/15320380902962346
http://dx.doi.org/10.1046/j.1462-2920.2001.00157.x
http://dx.doi.org/10.1046/j.1462-2920.2001.00157.x
http://dx.doi.org/10.1021/es034741m
http://dx.doi.org/10.1021/es0504587
http://dx.doi.org/10.1021/es0504587
http://dx.doi.org/10.1021/es048003p
http://dx.doi.org/10.1046/j.1462-2920.2003.00525.x
http://dx.doi.org/10.1046/j.1462-2920.2003.00525.x
http://dx.doi.org/10.1128/AEM.02574-06
http://dx.doi.org/EMI1282[pii]10.1111/j.1462-2920.2007.01282.x
http://dx.doi.org/10.1016/j.gca.2006.07.031
http://dx.doi.org/10.1007/s002030050577
http://dx.doi.org/10.1093/bioinformatics/bth226
http://dx.doi.org/10.1021/es981282u
http://dx.doi.org/10.1021/es040420e

Biodegradation (2011) 22:431-444

443

Lee PKH, Conrad ME, Alvarez-Cohen L (2007) Stable carbon
isotope fractionation of chloroethenes by dehalorespiring
Isolates. Environ Sci Technol 41:4277-4285. doi:10.1021/
€s062763d

Liang X, Dong Y, Kuder T, Krumholz LR, Philp RP, Butler EC
(2007) Distinguishing abiotic and biotic transformation of
tetrachloroethylene and trichloroethylene by stable carbon
isotope fractionation. Environ Sci Technol 41:7094-7100.
doi:10.1021/es070970n

Loeffler FE, Ritalahti KM, Tiedje JM (1997) Dechlorination of
chloroethenes is inhibited by 2-bromoethanesulfonate in
the absence of methanogens. Appl Environ Microbiol
63:4982-4985

Loeffler FE, Cole JR, Ritalahti KM, Tiedje JM (2003) Diver-
sity of dechlorinating bacteria. In: Haggblom MM, Bos-
sert ID (eds) Dehalogenation: microbial processes and
environmental applications. Kluwer, Norwell, MA,
pp 53-87

Ludwig W, Strunk O, Westram R, Richter L, Meier H,
Yadhukumar, Buchner A, Lai T, Steppi S, Jobb G, Forster
W, Brettske I, Gerber S, Ginhart AW, Gross O, Grumann
S, Hermann S, Jost R, Konig A, Liss T, Lussmann R, May
M, Nonhoff B, Reichel B, Strehlow R, Stamatakis A,
Stuckmann N, Vilbig A, Lenke M, Ludwig T, Bode A,
Schleifer KH (2004) ARB: a software environment for
sequence data. Nucleic Acids Res 32:1363-1371. doi:
10.1093/nar/gkh293

Luijten MLGC, de Weert J, Smidt H, Boschker HTS, de Vos
WM, Schraa G, Stams AJM (2003) Description of Sulf-
urospirillum halorespirans sp. nov., an anaerobic, tetra-
chloroethene-respiring  bacterium, and transfer of
Dehalospirillum multivorans to the genus Sulfurospirillum
as Sulfurospirillum multivorans comb. nov. Int J Syst Evol
Microbiol 53:787-793. doi:10.1099/ijs.0.02417-0

Madigan MT, Martinko JM, Brock TD (2006) Brock biology
of microorganisms. Pearson Prentice Hall, Upper Saddle
River, NJ

Magnuson JK, Stern RV, Gossett JM, Zinder SH, Burris DR
(1998) Reductive dechlorination of tetrachloroethene to
ethene by a two-component enzyme pathway. Appl
Environ Microbiol 64:1270-1275

Mancini SA, Hirschorn SK, Elsner M, Lacrampe-Couloume G,
Sleep BE, Edwards EA, Lollar BS (2006) Effects of trace
element concentration on enzyme controlled stable iso-
tope fractionation during aerobic biodegradation of tolu-
ene. Environ Sci Technol 40:7675-7681. doi:10.1021/
es061363n

Mariotti A, Germon JC, Hubert P, Kaiser P, Letolle R, Tar-
dieux A, Tardieux P (1981) Experimental determination
of nitrogen kinetic isotope fractionation: some principles;
illustration for the denitrification and nitrification pro-
cesses. Plant Soil 62:413—430

Morrill PL, Sleep BE, Seepersad DJ, McMaster ML, Hood ED,
Le Bron C, Major DW, Edwards EA, Lollar BS (2009)
Variations in expression of carbon isotope fractionation of
chlorinated ethenes during biologically enhanced PCE
dissolution close to a source zone. J Contam Hydrol
110:60-71. doi:10.1016/j.jconhyd.2009.08.006

Neumann A, Scholz M, Diekert G (1994) Tetrachloroethene
metabolism of Dehalospirillum  multivorans. ~Arch
Microbiol 162:295-301. doi:10.1007/BF00301854

Nijenhuis I, Andert J, Beck K, Kaestner M, Diekert G, Rich-
now H-H (2005) Stable isotope fractionation of tetra-
chloroethene  during reductive dechlorination by
Sulfurospirillum multivorans and Desulfitobacterium sp.
strain PCE-S and abiotic reactions with cyanocobalamin.
Appl Environ Microbiol 71:3413-3419. doi:10.1128/
AEM.71.7.3413-3419.2005

Nijenhuis I, Nikolausz M, Koeth A, Felfoeldi T, Weiss H,
Drangmeister J, Grossmann J, Kaestner M, Richnow H-H
(2007) Assessment of the natural attenuation of chlori-
nated ethenes in an anaerobic contaminated aquifer in the
Bitterfeld/Wolfen area using stable isotope techniques,
microcosm studies and molecular biomarkers. Chemo-
sphere  67:300-311. doi:10.1016/j.chemosphere.2006.
09.084

Nikolausz M, Nijenhuis I, Ziller K, Richnow H-H, Kaestner M
(2006) Stable carbon isotope fractionation during degra-
dation of dichloromethane by methylotrophic bacteria.
Environ Microbiol 8:156-164. doi:10.1111/j.1462-2920.
2005.00878.x

Novak PJ, Daniels L, Parkin GF (1998) Rapid dechlorination
of carbon tetrachloride and chloroform by extracellular
agents in cultures of Methanosarcina thermophila.
Environ Sci Technol 32:3132-3136. doi:10.1021/e
$9710691

Petrie L, North NN, Dollhopf SL, Balkwill DL, Kostka JE
(2003) Enumeration and characterization of iron(IIl)-
reducing microbial communities from acidic subsurface
sediments contaminated with uranium(VI). Appl Environ
Microbiol 69:7467-7479. doi:10.1128/AEM.69.12.7467-
7479.2003

Richardson RE, Bhupathiraju VK, Song DL, Goulet TA,
Alvarez-Cohen L (2002) Phylogenetic characterization of
microbial communities that reductively dechlorinate TCE
based upon a combination of molecular techniques.
Environ Sci Technol 36:2652-2662. doi:10.1021/
es0157797

Sangster J (2003) Henry’s Law constants for compounds stable
in water. In: Fogg P, Sangster J (eds) Chemicals in the
atmosphere: solubility, sources and reactivity. Wiley,
England

Schmidt KR, Augenstein T, Heidinger M, Ertl S, Tiehm A
(2010) Aerobic biodegradation of cis-1,2-dichloroethene
as sole carbon source: stable carbon isotope fractionation
and growth characteristics. Chemosphere 78:527-532.
doi:10.1016/j.chemosphere.2009.11.033

Sherwood Lollar B, Slater GF, Ahad J, Sleep B, Spivack J,
Brennan M, MacKenzie P (1999) Contrasting carbon
isotope fractionation during biodegradation of trichloro-
ethylene and toluene: implications for intrinsic bioreme-
diation. Org Geochem 30:813-820. doi:10.1016/S0146-
6380(99)00064-9

Sherwood Lollar B, Hirschorn SK, Chartrand MMG, La-
crampe-Couloume G (2007) An approach for assessing
total instrumental uncertainty in compound-specific car-
bon isotope analysis: implications for environmental
remediation studies. Anal Chem 79:3469-3475

Slater GF, Lollar BS, Sleep BE, Edwards EA (2001) Vari-
ability in carbon isotopic fractionation during biodegra-
dation of chlorinated ethenes: implications for field
applications. Environ Sci Technol 35:901-907

@ Springer


http://dx.doi.org/10.1021/es062763d
http://dx.doi.org/10.1021/es062763d
http://dx.doi.org/10.1021/es070970n
http://dx.doi.org/10.1093/nar/gkh293
http://dx.doi.org/10.1099/ijs.0.02417-0
http://dx.doi.org/10.1021/es061363n
http://dx.doi.org/10.1021/es061363n
http://dx.doi.org/10.1016/j.jconhyd.2009.08.006
http://dx.doi.org/10.1007/BF00301854
http://dx.doi.org/10.1128/AEM.71.7.3413-3419.2005
http://dx.doi.org/10.1128/AEM.71.7.3413-3419.2005
http://dx.doi.org/10.1016/j.chemosphere.2006.09.084
http://dx.doi.org/10.1016/j.chemosphere.2006.09.084
http://dx.doi.org/10.1111/j.1462-2920.2005.00878.x
http://dx.doi.org/10.1111/j.1462-2920.2005.00878.x
http://dx.doi.org/10.1021/es971069i
http://dx.doi.org/10.1021/es971069i
http://dx.doi.org/10.1128/AEM.69.12.7467-7479.2003
http://dx.doi.org/10.1128/AEM.69.12.7467-7479.2003
http://dx.doi.org/10.1021/es0157797
http://dx.doi.org/10.1021/es0157797
http://dx.doi.org/10.1016/j.chemosphere.2009.11.033
http://dx.doi.org/10.1016/S0146-6380(99)00064-9
http://dx.doi.org/10.1016/S0146-6380(99)00064-9

444

Biodegradation (2011) 22:431-444

Slater GF, Sherwood Lollar B, Lesage S, Brown S (2003)
Carbon isotope fractionation of PCE and TCE during
dechlorination by vitamin B12. Ground Water Monit
Remediat 23:59-67

Stasinakis AS, Thomaidis NS, Mamais D, Lekkas TD (2004)
Investigation of Cr(VI) reduction in continuous-flow
activated sludge systems. Chemosphere 57:1069-1077.
doi:10.1016/j.chemosphere.2004.08.020

Sun B, Cole JR, Sanford RA, Tiedje JM (2000) Isolation and
characterization of Desulfovibrio dechloracetivorans sp.
nov., a marine dechlorinating bacterium growing by
coupling the oxidation of acetate to the reductive
dechlorination of 2-chlorophenol. Appl Environ Microbiol
66:2408-2413

Van Breukelen BM, Hunkeler D, Volkering F (2005) Quanti-
fication of sequential chlorinated ethene degradation by

@ Springer

use of a reactive transport model incorporating isotope
fractionation. Environ Sci Technol 39:4189-4197. doi:
10.1021/es048973¢

VanStone N, Przepiora A, Vogan J, Lacrampe-Couloume G,
Powers B, Perez E, Mabury S, Sherwood Lollar B (2005)
Monitoring trichloroethene remediation at an iron per-
meable reactive barrier using stable carbon isotopic
analysis. J Contam Hydrol 78:313-325. doi:10.1016/
j-jeonhyd.2005.05.013

Villemur R, Lanthier M, Beaudet R, Lepine F (2006) The
Desulfitobacterium  genus. FEMS  Microbiol Rev
30:706-733. doi:10.1111/j.1574-6976.2006.00029.x

Wild A, Hermann R, Leisinger T (1996) Isolation of an
anaerobic bacterium which reductively dechlorinates tet-
rachloroethene and trichloroethene. Biodegradation
7:507-511. doi:10.1007/BF00115297


http://dx.doi.org/10.1016/j.chemosphere.2004.08.020
http://dx.doi.org/10.1021/es048973c
http://dx.doi.org/10.1016/j.jconhyd.2005.05.013
http://dx.doi.org/10.1016/j.jconhyd.2005.05.013
http://dx.doi.org/10.1111/j.1574-6976.2006.00029.x
http://dx.doi.org/10.1007/BF00115297

	Impacts of microbial community composition on isotope fractionation during reductive dechlorination of tetrachloroethylene
	Abstract
	Introduction
	Materials and methods
	Sources of chemical reagents
	Preparation of enrichment cultures and subcultures
	Analytical techniques
	DNA extraction and 16S rRNA gene analysis
	GenBank accession numbers

	Results
	Effect of electron donors on reaction products and bulk enrichment factors
	Influence of microbial community composition on isotope fractionation during microbial reductive dechlorination

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


