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Introduction

Tetrachloroethene (PCE) and trichloroethene (TCE) are

An industrial complex in Wonju, contaminated with trichloroethene (TCE), was one of the
most problematic sites in Korea. Despite repeated remedial trials for decades, chlorinated
ethenes remained as sources of down-gradient groundwater contamination. Recent efforts
were being made to remove the contaminants of the area, but knowledge of the indigenous
microbial communities and their dechlorination abilities were unknown. Thus, the objectives
of the present study were (i) to evaluate the dechlorination abilities of indigenous microbes at
the contaminated site, (ii) to characterize which microbes and reductive dehalogenase genes
were responsible for the dechlorination reactions, and (iii) to develop a PCE-to-ethene
dechlorinating microbial consortium. An enrichment culture that dechlorinates PCE to ethene
was obtained from Wonju stream, nearby a trichloroethene (TCE)-contaminated industrial
complex. The community profiling revealed that known organohalide-respiring microbes,
such as Geobacter, Desulfuromonas, and Dehalococcoides grew during the incubation with
chlorinated ethenes. Although Chloroflexi populations (i.e., Longilinea and Bellilinea) were the
most enriched in the sediment microcosms, those were not found in the transfer cultures.
Based upon the results from pyrosequencing of 165 rRNA gene amplicons and qPCR using
TagMan chemistry, close relatives of Dehalococcoides mccartyi strains FL2 and GT seemed to be
dominant and responsible for the complete detoxification of chlorinated ethenes in the transfer
cultures. This study also demonstrated that the contaminated site harbors indigenous
microbes that can convert PCE to ethene, and the developed consortium can be an important
resource for future bioremediation efforts.
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many researchers have demonstrated that PCE and TCE
can be transformed under anaerobic conditions to ethene,
a nontoxic compound. However, lesser chlorinated

the most common groundwater contaminants in aquifers of
industrial and urban areas [3, 7, 27]. Since PCE and TCE are
listed as probable carcinogens by the International Agency
for Research on Cancer, and vinyl chloride (VC), an
intermediate in reductive dechlorination of PCE/TCE, is
proven as a human carcinogen, chlorinated ethenes in
groundwater aquifers are prior environmental contaminants
threatening human health. During the last two decades,

J. Microbiol. Biotechnol.

intermediates, such as cis-1,2-dichloroethene (cis-DCE) and
VC, can accumulate in the environment owing to their
slower degradation rates caused by constraints of the
microbial species responsible for their dechlorination [3,
27, 44]. Several bacterial species are known to dechlorinate
PCE to TCE or DCEs; however, the ability to dechlorinate
DCEs and VC to ethene is restricted to a few known
Dehalococcoides mccartyi strains [11, 12, 18-20, 30, 31, 34-36,



45, 46, 48]. Previous case studies also showed that reductive
dechlorination to ethene could be successfully applied to
contaminated sites [26, 32].

In Korea, chlorinated ethenes, especially TCE, are also
frequently detected in industrial and urban areas [1, 25].
An industrial complex in Wonju was one of the most
problematic sites in Korea, exhibiting TCE concentrations
exceeding the South Korean groundwater standard of
0.03 mg/1 since 1995. For the last two decades, remedial
trials including pump and treat, soil vapor extraction, and
bioventing were conducted to remove TCE from the site,
with limited success, and chlorinated compounds were still
detected in monitoring wells. Remediation failures have
been attributed to the hydrogeologic characteristics of
the fractured bedrock aquifers and a misjudgment of
the contamination source [1]. Reductive dechlorination
intermediates, namely cis-DCE and VC, were observed
downgradient in the groundwater and near the Wonju
stream, located nearby the industrial complex [1], suggesting
that native dechlorinating microorganisms are present but
their ability to convert these intermediates to ethene is not
known. Given the potential importance of the microbial
reductive dechlorination for site remediation, further
investigation into natural attenuation by indigenous
bacteria is important for predicting contaminant fate and
managing such sites [13]. The Korea Ministry of
Environment has reactivated remediation of the area, but
knowledge of the indigenous microbial communities and
their dechlorination abilities remains limited.

The objectives of the present study were to evaluate the
dechlorination abilities of indigenous microbes at the
Wonju site, to characterize which microbes and reductive
dehalogenase genes were responsible for the dechlorination
reactions, and to develop a PCE-to-ethene dechlorinating
microbial consortium.

Materials and Methods

Site Characterization and Sampling

The study area is an industrial complex in Wonju, which is
located in the north central part of South Korea. A diagram of the
industrial complex, groundwater flows, and the sampling location
are shown in Fig. S1 (modified from [1]). The dechlorination
intermediates (i.e., cis-DCE and VC) were observed in the
monitoring wells near the stream. Sediment samples were collected
from the Wonju stream using 50 ml conical tubes (BD Biosciences,
NJ, USA). The sampling location was possibly exposed to
chlorinated ethenes according to the previous observations [1].
The tubes were filled with the sediments and sealed to avoid
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exposure to air. Samples were stored for 10 days at 4°C. Then,
samples were homogenized and directly used for microcosm
setup in an anoxic chamber (Coy Laboratory Products Inc., Glass
Lake, MI, USA).

Microcosm Setup and DNA Extraction

Approximately 10 g of sediment was transferred to 160 ml glass
serum bottles containing 90 ml of sterile, anoxic medium (5 mM
sodium bicarbonate buffer, pH 7.2) [28]. Triplicate microcosms
were amended with 0.1 mM PCE (aqueous phase concentration)
or 0.1 mM TCE (aqueous phase concentration). Sterile hydrogen
gas (90 pmol) and 5 mM acetate were used as the electron donor
and carbon source, respectively. Triplicate heat-treated microcosms
(I5min at 121°C) served as controls. All microcosms were
incubated stationary, in the dark and at 25 °C, but were sampled
periodically to monitor chlorinated ethene concentrations. For the
measurements, 100 pl headspace samples were taken and
analyzed using a Hewlett-Packard 7890 A GC equipped with a
flame ionization detector and a HP-624 column (60 m by 0.32 mm;
film thickness, 1.8 um) (Agilent, CA, USA). All injections were
performed with a split ratio of 50:1. Helium was used as the
carrier gas with a flow rate of 3 ml/min. The inlet and detector
temperatures were 200°C and 300°C, respectively. The initial oven
temperature was kept at 60°C for 2 min, increased with a rate of
25°C/min to 200°C. Standard curves were prepared by measuring
the headspace samples of vials that contained known masses of
PCE, TCE, cis-DCE, VC, and ethene. Among nine replicate
microcosms, two PCE-amended microcosms were destructively
collected for DNA extraction after 30 days (maximum production
of cis-DCE, M1), 50 days (VC formation, M2), and 80 days (ethene
formation, M3). After all chlorinated ethenes were depleted,
genomic DNA from the PCE-to-ethene dechlorinating microcosm
(WJ-1, 120 days) and the TCE-to-ethene dechlorinating microcosm
(WJ-2, 90 days) was extracted using the PowerSoil DNA Isolation
Kit (MO Bio, CA, USA) according to the manufacturer’s
recommendations. Genomic DNA from the initial sediments was
also extracted to investigate microbial community shifts during
the incubation.

Enrichment of the Dechlorinating Consortium with Serial Transfers
and Selective Substrates

After all chlorinated ethenes were completely converted to
ethene, the cultures were transferred to fresh medium (2% (v/v))
using disposable syringes and 21-gauge needles. Anoxic mineral
salts medium (reduced, 30 mM bicarbonate-buffered, sterilized,
pH 7.2-7.3) was prepared in 160 ml serum bottles and the
medium was amended with 0.1 mM PCE (aqueous phase) and
vitamins [28, 29]. For 1* to 4™ transfer cultures, 90 pmol of sterile
hydrogen gas and 5 mM acetate were used as the electron donor
and carbon source, respectively. Anoxic, filter-sterilized ampicillin
solution (1 mg/ml) was added to the 3™ transfer cultures to inhibit
growth of susceptible bacteria and selectively enrich Dehalococcoides
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populations [28]. For the 5" transfer cultures, 5 mM lactate, 5 mM
formate, and 5 mM propionate were also tested to discover the
optimal substrate for the dechlorinating consortium. To inhibit
methanogens, 2 mM of 2-bromoethanesulfonate (BES) was added to
the 6™ transfer cultures. After the 6™ transfer, lactate was used as
the electron donor and carbon source. During the transfers, 1 ml
of supernatant was collected from each culture and filtered
(0.25 pm pore size). Genomic DNA was extracted from the filter
using the PowerSoil DNA Isolation Kit as described above.

454 Pyrosequencing

To prepare PCR products of suitable length for pyrosequencing,
primer sets targeting the V1 to V3 region of bacterial 165 rRNA
genes (533 bp) [8] and the VC reductase (vcrA) genes (441 bp) [5,
36] were used. Eight-nucleotide-long barcodes with a common
linker (AC for bacterial 16S rRNA genes and CA for vcrA genes)
were inserted into each primer set to distinguish the samples. PCR
amplifications and pyrosequencing were performed by Chunlab
(http://www.chunlab.com; Seoul, Korea). The amplification of
bacterial 16S rRNA genes for pyrosequencing was performed as
previously described [8]. For the amplification of vcrA genes, a
touchdown PCR was performed to improve the amplification
specificity. The reaction mixture (50 ul) contained the same
ingredients as the reaction mixture for the 165 rRNA gene
amplification, except the addition of 1.5 mM of MgCl,. Amplification
used the following conditions: (i) an initial denaturation step of
94°C for 3 min; (ii) 10 cycles of denaturation, annealing, and
extension (94°C for 45 sec followed by 64°C to 55°C for 30 sec,
with an extension step at 72°C for 1 min); (iii) another set of 25
cycles of denaturation, annealing, and extension (94°C for 45 sec
followed by 55°C for 30 sec, with an extension step at 72°C for
1 min); and (iv) the final extension of 72°C for 7 min. During the
first 10 cycles, the temperature of each annealing step was
decreased by 1°C every cycle. The PCR products were purified
using the QIAquick PCR purification kit (Qiagen, CA, USA). The
amplicon pyrosequencing was performed using a 454/Roche GS-
FLX Titanium Instrument (Roche, NJ, USA).

Sequence Analysis

The obtained sequences (179,716 sequences for sediment
microcosms and 2,496 sequences for the 7" transfer cultures) were
screened for the sequences with 0 to 2 primer mismatches and 0
ambiguous base calls (Ns), and separated by sample-specific
barcodes using the Ribosomal Database Project II (RDP)
[4, 10].
Sequences shorter than 300 nucleotides, with an Average Quality

pyrosequencing pipeline  (http://rdp.cme.msu.edu/)
Score of less than 20, were removed. After the quality control,
chimeric sequences were removed using the Mothur software
package [42]. Bacterial 165 rRNA sequences obtained from
pyrosequencing were aligned and clustered (i.e., complete linkage
clustering) at 3% sequence dissimilarity cut-off using the RDP
pyrosequencing pipeline. Representative sequences for each
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operational taxonomic unit were classified through Classifier and
SeqMatch through the RDP website. Notable genera were selected
if their relative abundances were over 1% after incubation. The
165 rRNA gene sequences of Dehalococcoides populations were
aligned with previously characterized sequences of D. mccartyi
isolates [6, 18, 19, 35, 36, 45] as reference sequences using MUSCLE
[14]. The average length of the aligned and trimmed sequences
was 350 bp. Using the sequence alignments, phylogenetic trees
were constructed for cultures WJ-1 and WJ-2 with MEGA4 [47].
For the phylogenetic tree inference, a neighbor-joining algorithm
and a bootstrapping test (1,000 replicates and 64,238 random
seeds) were used.

The wvcrA gene sequences were aligned and clustered (ie.,
complete linkage clustering) at 90% sequence similarity using
Mothur [42]. To exclude the sequences containing stop codons, the
representative sequences were translated to amino acid sequences
using the six-frame translation in the website of BCM search
Launcher (http://searchlauncher.becm.tmc.edu/seq-util/Options/
sixframe.html). The selected sequences were subjected to BLAST
and a phylogenetic tree was constructed as described above with
the known VC dehalogenases [5]. All the 16S rRNA and vcrA gene
sequences have been deposited in the Short Read Archive, under
the accession number SRP007971.

Quantitative Real-Time PCR

Genomic DNA was extracted as above from the original
sediments (WJI), the PCE-to-cis-DCE-dechlorinating microcosm
(M1), the cis-DCE-to-VC-dechlorinating microcosm (M2), and the
VC-to-ethene-dechlorinating microcosm (M3), and after all
chlorinated ethenes were depleted (WJ-1). SYBR Green assays
were performed to quantify the total numbers of bacterial and D.
mccartyi 16S rRNA genes and reductive dehalogenase genes (i.e.,
tceA, bucA, and vcrA) using the ViiA 7 Real-Time PCR System
(Applied Biosystems, CA, USA). All SYBR Green assays used the
Power SYBR Green PCR Master Mix (Applied Biosystems). Each
20 ul reaction mixture contained 1x SYBR Green Master Mix,
primers (300 nM each), and 2 pl of template DNA. Amplifications
were performed under the following conditions: (i) an initial
denaturation step of 94°C for 10 min, (ii) 40 cycles of 15 sec at 94°C
and 1 min at 60°C, and (iii) the melting curve analysis (95°C for
15 sec, 60°C for 1 min, a slow ramp of 0.05°C/sec to 95°C, and
95°C for 15 sec). TagMan assays were also performed to confirm
the SYBR Green quantification results. Each 20 pl reaction mixture
contained 1x TagMan Universal PCR Master Mix (Applied
Biosystems), primers and probe (300nM each), and 2ul of
template DNA. Amplifications were performed under the same
thermocycling conditions, excluding the melting curve analysis.
The quantifications were conducted using the primer and probe
sets targeting bacterial 16S rRNA genes [16, 39], D. mccartyi 16S
rRNA genes [18], and dehalogenase genes [21, 39] (Table S1).
Calibration curves were established using 10-fold serial dilutions
of plasmid DNA solutions containing a D. mccartyi strain FL2 165
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Fig. 1. Dechlorination of chlorinated ethenes in the microcosms using sediment sample.
Culture WJ-1 (A) was amended with PCE and culture W]-2 with TCE (B). M1, M2, and M3 indicate the periods, when samples were taken for DNA

extraction.

rRNA gene and a fceA, bucA, or vcrA gene fragment [17]. Gene
copy numbers (per gram of sediment) were calculated as

previously described [39].

Results

Dechlorination Activities of Sediment Microcosms and
Enriched Dechlorinating Consortium

In the sediment microcosms, PCE was completely
converted to ethene within 80 days (Fig. 1A; culture WJ-1)
and TCE was converted to ethene within 50 days (Fig. 1B;
culture WJ-2). An average of 500 umol/bottle methane was
produced in both enrichment cultures (data not shown);
however, no inhibitory effects on reductive dechlorination
were noted, indicating that the microcosms were not
electron donor-limited.

Dechlorinating cultures derived from the WJ-1 microcosm
have been transferred every 3—4 months and maintained
their dechlorinating abilities for over 3 years. All transfer

cultures exhibited 10-14-day lag periods before

dechlorination started. During the dechlorination process,
TCE and cis-DCE were not detected, while VC accumulated.
VC was then dechlorinated to ethene and all VC had been
consumed after 120 days of incubation. Apparently, the
VC-to-ethene step was rate-limiting, as had been observed
previously [40]. The substrate test in the 5% transfer
cultures demonstrated that the cultures receiving 5 mM
lactate had dechlorinated most of the chlorinated ethenes
to ethene within 120 days. During the same period, VC was
the most abundant product in the cultures with Hy+acetate
or formate, whereas TCE accumulated in the cultures
amended with propionate (Table 1). Therefore, lactate was
selected as the substrate for the further transfers.
Methanogenesis did not seem to inhibit the dechlorination
processes in the sediment microcosms (i.e., WJ-1 and WJ-2
cultures). However, as methanogens became more abundant
through serial transfers, electron donor limitation affected
the extent of reductive dechlorination. After methanogens
were eliminated using 2 mM BES in the 6™ transfer cultures,
the production of methane ceased (data not shown).

Table 1. Total mass of chlorinated ethenes that remained in the transfer cultures amended with different substrates.

Chlorinated ethenes and ethene after 120 days (umol)

Injected PCE
Substrates
(nmol) PCE TCE cis-DCE vC ETH
H,+acetate 43.4 2.0 0 0 25.2 44
Lactate 37.1 0 0 0 4.1 23.8
Formate 42.3 4.6 2.4 0.7 32.6 0.3
Propionate 40.7 0 21.6 3.6 1.3 0
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Fig. 2. Changes in relative abundance of major populations in response to the dechlorination enrichment.

The relative abundances are the mean values of duplicate samples. The genera with the dots on the left side are known PCE/TCE dechlorinators

from previous studies. Error bars indicate the standard deviations of the relative abundances for the duplicate sample.

Bacterial Community Shifts During the Dechlorination
Process

The duplicate DNA samples of the original sediment
(WJI) and the dechorinating microcosms WJ-1 and WJ-2
yielded 67,031 16S rRNA gene sequences that passed
quality control and chimera removal. The sequence
analysis demonstrated that the microbial community of the
original WJI sediment was significantly different from the
two microcosms WJ-1 and WJ-2 (Fig. 2). Since the microbial
communities of the duplicate samples were almost
identical to each other, the means of the relative
abundances of the duplicate samples were selected as the
representative value for each genus. Members of the genera
Geobacter, Desulfuromonas, and Dehalococcoides seemed
responsible for reductive dechlorination in both WJ-1 and
W]J-2 microcosms. In addition, the relative abundances of
Dehalococcoides populations increased remarkably by 515-
and 638-fold in cultures W]-1 and WJ-2, respectively. Only
one Dehalococcoides 165 TRNA gene sequence was found in
both WIJI replicates (0.002% of total sequences), whereas
265 and 134 sequences of Dehalococcoides populations were
observed in WJ-1 (1.0% of total sequences) and WJ-2 (1.2%
of total sequences), respectively. However, the most
dominant enriched populations were not the previously
characterized dechlorinating groups but two clades of
Chloroflexi: the described genera closest to them are
Longilinea and Bellilinea. In addition, three other Chloroflexi
populations, relatives of Levilinea, Leptolinea, and Aerolinea,
also increased during the incubation. Together they
comprised 20% of the total sequences.

J. Microbiol. Biotechnol.

Identification and Sequence Analysis of Dehalococcoides
Populations

Among the obtained Dehalococcoides sequences (i.e., 400
sequences from WJI, WJ]-1, and WJ-2), a large portion of the
Dehalococcoides sequences (80.4% for WJ-1 and 89.5% for
W]J-2) were highly related to the three D. mccartyi strains
GT, FL2, and BAV1 (99% rRNA gene sequence identity).
However, 19.6% of sequences for WJ-1 and 10.5% for WJ-2
showed 98% or less sequence similarity to the known
D. mccartyi sequences (Fig. S2), and 11.6% of the Dehalococcoides
sequences for WJ-1 and 4.2% for WJ]-2 were even more
dissimilar, with 97% similarity to the known sequences.
The sequences fell into three groups: Group 1A contains
sequences most similar to those of D. mccartyi strain BAV1,
Group 1B sequences resembled those of D. mccartyi strain
GT and strain FL2, and Group 2 sequences formed a
novel cluster (95-97% sequence similarity to the known
D. mccartyi 165 rRNA genes).

Quantification of Dehalococcoides mccartyi 16S rRNA
and Reductive Dehalogenase Genes

During the cis-DCE-to-ethene reductive dechlorination
(M2 to WJ-1), quantification using SYBR Green chemistry
resulted in 200-fold higher vcrA gene (known to be up-
regulated in response to TCE, cis-DCE, and VC) abundances
compared with D. mccartyi 165 TRNA gene abundances for
the same sample (Table 3). This discrepancy was unexpected,
because D. mccartyi strains are known to have one 16S
rRNA gene and one of fceA (in response to TCE and cis-
DCE), bucA (in response to DCEs and VC), or vcrA genes
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Fig. 3. qPCR results (TagMan assays) for total bacterial 165 rRNA, Dehalococcoides mccartyi 16S rRNA, and dehalogenase genes
(tceA, bucA, verA) at each dechlorination stage (WJI, initial sediment; M1, PCE-to-cis-DCE dechlorination; M2, cis-DCE-to-VC
dechlorination; M3, VC-to-ethene dechlorination; WJ-1, after all chlorinated ethenes were depleted).

Error bars indicate the standard deviation of the triplicate amplification. Dotted lines indicate “detected but not quantifiable.”

per genome [31, 39, 49]. To validate the results produced by
the SYBR Green chemistry, TagMan assays were performed
for the same DNA samples. Both detection methods (i.e.,
SYBR Green and TaqMan) did not show significant
differences (i.e, not exceeding 4-fold) in quantifying
bacterial and D. mccartyi 165 rRNA genes (Table 3).
However, TagMan chemistry showed the expected 1:1 ratio
of dehalogenase (i.e., sum of tceA, bucA, and vcrA) to
D. mccartyi 165 rRNA genes for all DNA samples (Fig. 3).

Over the course of PCE-to-ethene reductive dechlorination
(M1 to M3), the TagMan qPCR results demonstrated that
there was no significant change in the number of bacterial
16S rRNA genes (1.59 x 10° to 1.70 x 10° copies/g) (Fig. 3).
During the same period, the number of D. mccartyi 16S
rRNA, tceA, and vcrA genes increased 3-fold (2.67 x 10° to
8.92 x 10° copies/g), 41-fold (2.11 x 10° to 8.76 x 10* copies/g),
and 15-fold (4.20 x 10*to 6.53 x 10° copies/g), respectively
(Fig. 3). Although bucA genes were more abundant than
other reductive dehalogenase genes in the WJI sediment
(1.95 x 10° copies/g) and the M1 microcosm (1.80 x 10
copies/g), the number of bucA genes decreased slightly
during the incubation period (1.60 x 10° copies/g).

Phylogenetic Analysis of VC Reductase Genes

Since vcrA genes were possibly involved in VC-to-ethene
dechlorination in the enrichment cultures, those amplicons
were sequenced and analyzed. After quality filtering, 1,417

and 1,427 sequences were obtained from WJ-1 and W]J-2,
respectively. Among the sequences, 1,410 sequences from
W]J-1 sequences were clustered together, but 1,342 sequences
from WJ-2 clustered into two clusters, the smaller one
comprising 83 sequences. The phylogenetic tree at amino
acid level showed that most of the sequences were highly
close to previously known reductive dehalogenases (Fig. S3).
The BLAST results also showed that the representative
vcrA gene sequences were identical (99-100% sequence
similarity) to the reductive dehalogenase genes from
D. mccartyi strain GT (YP_003463052), VS (YP_003330719),
and KB-1 (ABA64549).

Microbial Community Analysis of 7" Transfer Cultures
Owing to the elimination of methanogens using BES in
the 6" transfer cultures, methanogenesis no longer affected
the reductive dechlorination process. After complete
detoxification of chlorinated ethenes in the subsequent
transfer (i.e., 7% transfer cultures), the microbial community
of the non-methanogenic dechlorinating consortium was
analyzed using 454 pyrosequencing (Table 2). As expected,
Dehalococcoides populations were predominant in the
culture. The overall community compositions between
technical replicates (Rep #1 and Rep #2) were similar but
the relative abundances differed slightly. Most of the
Dehalococcoides sequences obtained from pyrosequencing
and Sanger sequencing were >99% identical to D. mccartyi
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Table 2. Bacterial community composition at the genus level,
and the relative abundances of major genera (% of total).

454 Pyrosequencing
Rep #1 Rep #2
Genus N =p 906) (N =Ii,174)

Dehalococcoides (Chloroflexi) 62.9 56.2
Treponema (Spirochaetes) 9.1 11.3
Thermovirga (Synergistetes) 5.4 7.0
Pseudoramibacter (Firmicutes) 35 35
Fulvivirga (Bacteroidetes) 32 3.3
Thermodesulfobium (Firmicutes) 0.6 2.0
Nitritalea (Bacteroidetes) 15 14
Others 13.8 15.2
Sum 100.0 100.0

Pyrosequencing was performed using technical duplicates.

strain GT and strain BAV1.

Discussion

The present study showed that the Wonju River
sediment contained bacterial populations that dechlorinate
PCE and TCE to ethene, and that the genera comprising
known dechlorinators, namely Geobacter, Desulfuromonas,
and Dehalococcoides, grew significantly during the
incubation, making them candidates responsible for the
dechlorination process. In particular, only one of the 16S
rRNA gene sequences (0.002% of the total) assigned to
Dehalococcoides was detected in the amplicon library from
the original sediment, but remarkably increased up to 265
sequences (1% of the total) after enrichment with PCE, H,,
and acetate. Through the transfers for over 3 years, a
non-methanogenic dechlorinating microbial consortium

dominated by Dehalococcoides was selectively enriched with
the capacity for complete detoxification of chlorinated
ethenes.

In the sediment microcosms, Chloroflexi populations
(i.e., Longilinea and Bellilinea) were the most enriched but
not found in the transfer cultures. Nevertheless, the
enrichment of Chloroflexi populations in the sediment
microcosms deserves mention because they were becoming
the most dominant members during the incubation. Five
Chloroflexi populations grew 2-3 fold, but more
importantly, they accounted for 20% of all sequences.
Among them, two of the clades, Longilinea- and Bellilinea-
like, showed by far the dominant populations in the
microcosms. Both Chloroflexi populations were not found
in the transfer cultures, suggesting that their growth in the
microcosms could be related to sediment-associated
substrates. The transfers under the laboratory condition
were not successful to keep the Chloroflexi populations
and did not provide evidence to link the growth of
Chloroflexi and their actual function. However, investigations
on the roles of those populations are still required to get a
better understanding of the whole dechlorination processes
by complex microbial consortia in the field [22, 23, 37, 43].

There are two notable features in the detected
Dehalococcoides populations. Although 90% of the sequences
were >99% identical to those of strains BAV1, FL2, and GT,
10% seemed to be novel, with 95-98% sequence similarity
to any known D. mccartyi strains. This possibly means that
they are different species, since 16S rRNA cut-off at the
species level is <98.5% to previously known groups [9, 15].
However, detailed analysis of these sequences revealed
that these sequence dissimilarities were generated by
sequencing errors, mostly insertion and deletion errors
(Fig. S4). Sequencing errors, caused during either PCR or
pyrosequencing itself, have been demonstrated using mock

Table 3. Quantification of bacterial 165 rRNA genes, Dehalococcoides mccartyi 16S rRNA genes, and vcrA genes using two detection

chemistries: TagMan and SYBR Green.

Bacterial 165 rRNA genes Dehalococcoides mccartyi 16S TRNA genes vcrA genes
TagMan SYBR Green TagMan SYBR Green TagMan SYBR Green
AVE/g STD AVE/g STD AVE/g AVE/g STD AVE/g STD AVE/g STD

WIJI 2.05E+08 1.79E+07 7.54E+08 4.49E+07 2.89E+05 1.26E+04 1.34E+05 6.52E+03 4.88E+04 1.06E+04 9.61E+04 5.57E+03
M1 1.59E+08 1.63E+07 8.31E+07 2.77E+06 2.67E+05 2.78E+04 5.60E+05 1.71E+04 4.20E+04 3.32E+03 8.61E+04 3.72E+03
M2 1.92E+08 8.99E+06 6.34E+08 2.78E+07 1.34E+06 3.40E+04 246E+06 242E+05 8.69E+05 6.70E+04 4.67E+08 5.09E+07
M3 1.70E+08 6.69E+06 1.13E+08 9.31E+06 8.92E+05 4.23E+04 1.18E+06 4.50E+04 6.53E+05 1.83E+04 2.03E+08 1.16E+07
WJ-1 5.20E+07 4.79E+06 1.89E+08 5.14E+06 5.03E+05 1.75E+04 7.77E+05 3.30E+04 4.00E+05 1.02E+04 1.72E+08 5.36E+06

There were no significant differences in 165 rRNA gene results as previously reported [17], but notable differences were found in vcrA gene results (bold numbers with

underlines). Considering that TagMan assays are more accurate and more sensitive [17], the SYBR Green method overestimated the number of vcrA genes.
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community studies [2, 38, 41]. Although determining
which sequences have errors (especially for substitutions)
in thousands of sequences obtained from environmental
samples is difficult, it is required in order to exclude
suspicious sequences and avoid erroneous interpretations.
The second notable feature is that all the recovered
Dehalococcoides 165 rRNA gene sequences belong to the
Pinellas group (i.e., strains BAV1, FL2, and GT), but the
number of buvcA genes did not increase during the
dechlorination processes, although Dehalococcoides possessing
bucA genes (i.e., strain BAV1 type) were more abundant
than other Dehalococcoides populations in the initial
sediment (WJI). Considering that D. mccartyi strain VS
(Victoria group) and strain GT (Pinellas group) are known
to have one wcrA gene in their genomes, it was also
interesting that there were no VS-type 165 rRNA gene
sequences in the enrichment cultures. This observation
suggests that GT-type vcrA genes were responsible for the
complete detoxification of chlorinated ethenes in the
enrichment cultures.

D. mccartyi strains are documented to have one 165 rRNA
gene and one of tceA, bucA, or vcrA genes per genome [31,
39, 49]. In a previous study, qPCR using the SYBR Green
method showed that the sum of dehalogenase gene copies
was 1-2 orders of magnitude higher than the D. mccartyi
165 rRNA genes [33]. Possible explanations that Maphosa
et al. [33] suggested can be summarized as follows: (i) the
specific 165 rRNA primer set could not capture all the
responding Dehalococcoides populations, (ii) the primer sets
targeting vcrA genes amplified similar reductive dehalogenase
genes in Dehalococcoides populations that had many copies
in their genome, and these populations grew selectively,
(iii) undiscovered dechlorinating populations containing
vcrA genes might exist, and (iv) vcrA genes might be
transferred to other microorganisms by horizontal gene
transfer and those populations grew more favorably. In the
present study, qPCR using SYBR Green also showed
similar results; the qPCR results showed the expected 1:1
ratio of dehalogenase (i.e., sum of fceA, bucA, and vcrA) to
165 rRNA genes in the early, PCE-, and TCE-dechlorinating
stages of the study, but at the stage where cis-DCE and VC
removal occurred, the ratio grew to higher than 100:1.
Previously, it was known that the SYBR Green method
overestimated the number of D. mccartyi 165 rRNA genes
in groundwater samples (not in laboratory pure and mixed
culture samples) and the TagMan method was recommended
to achieve sensitive and accurate quantifications [17]. Since it
was also possible that the SYBR Green method overestimated
dehalogenase genes, the TagMan method was applied for
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the same DNA samples to compare with the SYBR Green
results. The TagMan assays showed the expected 1:1 ratio
in all samples (Table 3). This implies that the unexpected
ratio between dehalogenase genes and 16S rRNA genes
from SYBR Green assays may not be true and may result in
misled interpretations. The accurate results might not be
far away from the 1:1 ratio, based upon the current
detection technologies.

This study showed that indigenous microbes at the
Wonju site were capable of converting PCE to ethene,
which is one of the key requirements for bioremediation.
The developed dechlorinating consortium can also be an
important resource for bioaugmentation. The remaining
needs are to show that growth of indigenous dechlorinating
populations (and rates) can be enhanced in an economical
manner and to evaluate that the physical and chemical
conditions of the site are suitable for the enhanced reductive
dechlorination.
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