
Genomic characterization of three unique
Dehalococcoides that respire on persistent
polychlorinated biphenyls
Shanquan Wanga,1, Kern Rei Chnga,b,1, Andreas Wilmb, Siyan Zhaoa, Kun-Lin Yangc, Niranjan Nagarajanb,2,
and Jianzhong Hea,2

Departments of aCivil and Environmental Engineering and cChemical and Biomolecular Engineering, National University of Singapore, Singapore 117576;
and bComputational and Systems Biology, Genome Institute of Singapore, Singapore 138672

Edited by James M. Tiedje, Michigan State University, East Lansing, MI, and approved June 13, 2014 (received for review March 15, 2014)

Fastidious anaerobic bacteria play critical roles in environmental
bioremediation of halogenated compounds. However, their char-
acterization and application have been largely impeded by dif-
ficulties in growing them in pure culture. Thus far, no pure culture
has been reported to respire on the notorious polychlorinated
biphenyls (PCBs), and functional genes responsible for PCB detox-
ification remain unknown due to the extremely slow growth
of PCB-respiring bacteria. Here we report the successful isolation
and characterization of three Dehalococcoides mccartyi strains
that respire on commercial PCBs. Using high-throughput meta-
genomic analysis, combined with traditional culture techniques,
tetrachloroethene (PCE) was identified as a feasible alternative
to PCBs to isolate PCB-respiring Dehalococcoides from PCB-enriched
cultures. With PCE as an alternative electron acceptor, the PCB-
respiring Dehalococcoides were boosted to a higher cell den-
sity (1.2 × 108 to 1.3 × 108 cells per mL on PCE vs. 5.9 × 106 to 10.4 ×
106 cells per mL on PCBs) with a shorter culturing time (30 d on
PCE vs. 150 d on PCBs). The transcriptomic profiles illustrated
that the distinct PCB dechlorination profile of each strain
was predominantly mediated by a single, novel reductive deha-
logenase (RDase) catalyzing chlorine removal from both PCBs
and PCE. The transcription levels of PCB-RDase genes are 5–60
times higher than the genome-wide average. The cultivation of
PCB-respiring Dehalococcoides in pure culture and the identifi-
cation of PCB-RDase genes deepen our understanding of organo-
halide respiration of PCBs and shed light on in situ PCB
bioremediation.

Polychlorinated biphenyls (PCBs) as priority persistent organic
pollutants (1) are ranked fifth on the US Environmental

Protection Agency Superfund Priority List of Hazardous Com-
pounds (2). PCBs were massively produced and sold as complex
mixtures (e.g., Aroclor 1260) for industrial uses, resulting in their
widespread distribution in sediments of lakes, rivers, and harbors
(2). Although the production of PCBs was banned in most
countries by the late 1970s, their persistence in nature and bio-
accumulation in food chains continue to pose a significant health
risk for humans (3). The pitfalls of the most commonly used
chemical methods for PCB remediation via dredging include risk
of leaking contaminants, identifying suitable disposal methods
for large quantities of contaminated soil, and the invasive and
disruptive impact on the surrounding ecosystem (4).
In as early as 1987, detoxification of PCBs through reductive

dechlorination by indigenous anaerobic bacteria was reported at
contaminated sites (5) and confirmed in laboratory studies (6),
opening up the possibility of an environmentally attractive in situ
microbial detoxification strategy. However, progress in this di-
rection has been slow due to the challenges involved in cul-
tivation of PCB-respiring bacteria. Correspondingly, to date,
only three bacterial strains showed PCB dechlorination activ-
ity, Dehalobium chlorocoercia DF-1 (7), Dehalococcoides mccartyi
195 (8), and D. mccartyi CBDB1 (9), none of which have been
shown to be capable of respiring on the commercial PCBs as is

needed for in situ PCB bioremediation and for identification of
key functional genes (10). On the other hand, several bacterial
genera have been implicated in PCB dechlorination, including
Dehalococcoides, Dehalogenimonas, and Dehalobacter (11–14),
and these serve as a rich environmental resource for isolation
and comparative study of the genes and processes underlying
organohalide respiration.
In this study, we report the successful isolation and charac-

terization of three D. mccartyi strains (CG1, CG4, and CG5) that
metabolically dechlorinate the complex commercial PCB mix-
ture Aroclor 1260. This was made possible by the synergy of
high-throughput sequencing-based metagenomic and metatran-
scriptomic profiling with traditional culture techniques, to es-
tablish the viability of an alternate electron acceptor for bacterial
isolation from PCB-enriched cultures (12). Further genomic,
transcriptomic, functional, and biochemical characterization of
these isolates helped to identify and confirm novel genes en-
coding reductive dehalogenases (RDases) for catalyzing the PCB
dechlorination.
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Polychlorinated biphenyls (PCBs) as persistent organic pollu-
tants are widespread in the sediments of lakes, rivers, and
harbors. Although the PCB detoxification through microbial
reductive dechlorination has been extensively studied for more
than 20 y, the difficulty in cultivating PCB dechlorinators in
pure culture impedes further characterization, optimization,
and application in in situ bioremediation. By combining tra-
ditional culture techniques with next-generation sequencing
technology, this study reports the successful cultivation and
characterization of three PCB-respiring Dehalococcoides mccartyi
strains in pure culture and identification of their key functional
genes, which advances the PCB bioremediation and our under-
standing of organohalide respiration of PCBs.
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Results
Metagenomic Profiling Indicates the Feasibility of Using Tetrachloroethene
as an Alternative Electron Acceptor to Isolate PCB Dechlorinators. Con-
sistent with the challenges faced by other researchers, despite our
enrichment of three PCB-dechlorinating microbial communities
(CG-1, CG-4, and CG-5) (12), repeated attempts to enrich dechlo-
rinating bacteria as the dominant taxa through sequential transfers in
defined mineral medium amended with lactate and Aroclor 1260
were unsuccessful. Profiling of the bacterial communities in the
enrichments revealed that the relative abundance of putative
PCB dechlorinators (Dehalococcoides of Chloroflexi phylum)
only reached 11.1% (CG-1), 3.4% (CG-4), and 14.8% (CG-5)
(Fig. 1A), suggesting that further transfers were unlikely to be
useful for enriching them to dominance as is required for the
subsequent isolation process. Chloroethenes are known to
support the growth of Dehalococcoides (13) and so can poten-
tially serve as an alternative substrate for their enrichment.
However, this process also has drawbacks, with the possibility
of the obtained strain losing PCB dechlorination activity during
the enrichment process (13). Therefore, monitoring the transfer
process through genomic approaches can help to guide the en-
richment process and increase the odds. Kinetic characterization of
the three microbial communities, CG-1, CG-4, and CG-5, on dif-
ferent halogenated compounds (chloroethenes and chlorophenols)
indicated that all three cultures dechlorinate tetrachloroethene
(PCE) to trichloroethene (TCE), cis-dichloroethene (cis-DCE),

and trans-DCE without a lag phase (Fig. S1A), suggesting PCE as
a potential alternative electron acceptor. It turned out that after
a single culture transfer on PCE, the Dehalococcoides in cultures
CG-1, CG-4, and CG-5 became dominant with relative abundan-
ces of 85.2%, 44.2%, and 86.3%, respectively (Fig. 1A and Fig. S1B).
Polymorphism analysis of shotgun metagenomic sequencing data
from PCE- and PCB-fed mixed cultures mapped to the genome of
reference D. mccartyi 195 provided strong evidence that a single D.
mccartyi strain was dominant and retained during the transfers
of CG-4 and CG-5 (Fig. S1C; also seen in 16S rRNA gene se-
quencing). In contrast, Fig. S1C showed evidence of two strains in
equal abundance in PCB-fed culture CG-1 (indistinguishable by
16S rRNA gene sequencing), of which only one was enriched in the
PCE-fed culture. This was later confirmed through polymorphism
analysis via mapping to the genomes of the respective Dehalo-
coccoides isolate (Fig. S1D). Metabolic pathway analysis and
characterization of the family of RDase genes confirmed the re-
tention of key metabolic pathways and RDase genes during culture
transfer on PCE for CG-1, CG-4, and CG-5 (Fig. 1B and Dataset
S1A). Taken together, these results supported the feasibility of
using PCE as an alternative electron acceptor for enriching PCB-
dechlorinating Dehalococcoides. Indeed, after 10 serial transfers on
PCE, the relative abundance of Dehalococcoides accounted for
96.3%, 97.0%, and 91.0% of the total microbial communities in
culture CG-1, CG-4, and CG-5, respectively (Dataset S1B). Sub-
sequently, the cultures were subjected to serial dilution-to-extinc-
tions in defined mineral medium amended with peptidoglycan-
attacking antibiotic, ampicillin (which Dehalococcoides are resistant
to), and with acetate as a carbon source and H2 as an electron
donor. This resulted in successful isolation of three D. mccartyi
strains, CG1, CG4, and CG5, and the purity of each culture
was confirmed by multilocus sequence typing (MLST) target-
ing four housekeeping genes (16S rRNA, adk, atpD, and rpoB)
(Fig. S1E).

Distinct Dechlorination Pathways and PCB-Dependent Growth in Pure
Cultures. The isolates, strains CG1, CG4, and CG5, were con-
firmed to have retained the same PCB dechlorination activity as
their respective parent enrichment cultures (12), for which abi-
otic controls showed no obvious difference from the original
Aroclor 1260 after 6 mo of incubation (Fig. 2A). To further
characterize their dechlorination specificities, the cultures were
inoculated into medium amended with eight PCB congeners
(234-234-CB, 234-245-CB, 236-245-CB, 245-245-CB, 2345-234-
CB, 2345-236-CB, 2345-245-CB, and 2356-245-CB) representing
54.8 mol % of PCBs in Aroclor 1260. The three strains remove
chlorines predominantly from meta- and para-positions but with
markedly distinct specificities (Fig. S2 A and B). Strain CG1
mainly removes 33′-meta-chlorines from 23456-, 2345-, 2346-,
and 234-chlorophenyl rings (Fig. S2 A and B) of PCB congeners
in Aroclor 1260, resulting in the accumulation of 245-245-CB,
236-245-CB, 2356-24-CB, 245-24-CB, 236-24-CB, 246-24-CB,
and 245-25-CB (Fig. 2A). A limited amount of chlorine removal
was observed at 55′-meta- and 44′-para-positions. In contrast, the
chlorine-attacking preference for strain CG4 was found to be
44′-para > 55′-meta > 33′-meta (Fig. S2A), removing flanked
para-chlorines from 2345-, 2346-, and 245-chlorophenyl rings
and flanked meta-chlorines from 23456-, 2345-, 245-, and 234-
chlorophenyl rings (Fig. 2A). Finally, strain CG5 showed the
most extensive PCB dechlorination activity (Fig. S2 A and B),
removing chlorines primarily from the 33′- and 55′-meta-posi-
tions of 2345-, 234-, 235-, 236-, and 245-chlorophenyl rings (Fig.
2A) and flanked para-chlorines from 2345-, 2346-, and 245-
chlorophenyl rings.
To investigate whether PCBs and PCE support the growth of

strain CG1, CG4, and CG5, cell numbers were quantified along
with the reductive dechlorination of Aroclor 1260 (Fig. 2B) and
PCE (Fig. 2C) using quantitative real-time PCR (qPCR). After
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Fig. 1. Metagenomic profiling of the enrichment process in medium with
lactate as the sole carbon source. (A) Enrichment of Dehalococcoides (Dhc, in
red) from PCB dechlorinating cultures via a single transfer with PCE as an
alternative electron acceptor. Stacked bar graph depicts microbial commu-
nity compositions (obtained by Illumina sequencing of 16S rRNA genes) at
the phylum level. See Fig. S1B for corresponding graphs at the genus level.
(B) Retention of potential rdhA gene fragments when changing the electron
acceptor from PCBs to PCE in culture CG-1 (58 fragments), CG-4 (15 frag-
ments), and CG-5 (33 fragments). FC, fold change of normalized meta-
genomic read abundance between PCB-fed and PCE-fed cultures.
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150 d of incubation, the cell density of strains CG1, CG4, and
CG5 increased 8.2-, 12.0-, and 16.2-fold to 5.9 × 106, 6.8 × 106,
and 10.4 × 106 cells per mL, respectively, with 23.7, 27.7, and
83.6 μM chlorine removal from PCBs (Fig. S2C). Compara-
tively, the increase of cell numbers in PCE-fed pure cultures was
much higher, i.e., 37.9-, 31.4-, and 28.0-fold to 1.3 × 108, 1.2 × 108,
and 1.3 × 108 cells per mL with 1.1, 1.4, and 1.4 mM chlorine
removed in cultures CG1, CG4, and CG5, respectively. The av-
erage cell growth of the three isolates on PCE was 1.0 × 1014 cells
per mole of chlorine removed. This is comparable with that for
PCBs, i.e., 2.1 × 1014 cells per mole of chlorine removed. No
growth was observed in the control bottles without PCBs/PCE
amendment (Fig. 2 B and C).

Genomic and Transcriptomic Characterization of the Isolates.Whole-
genome shotgun sequencing and targeted finishing experiments
were used to obtain closed genome sequences for all three
D. mccartyi strains, to aid in their further characterization. Although
CG4 and CG5 have similar sized genomes (1.38 Mb and 1.36
Mb) and number of predicted protein-coding ORFs (1,421 vs.
1,413), CG1 has a larger genome (1.47 Mb) and correspondingly
more ORFs (1,557) (Fig. 3A). Phylogenetic analysis showed that
strains CG1, CG4, and CG5 clustered into distinct D. mccartyi
subgroups (Victoria, Cornell, and Pinellas) represented by pre-
viously sequenced strains VS (15), 195 (16), and CBDB1 (17),

respectively (Fig. 3B). Overall, the three genomes were orga-
nized in a fashion similar to other sequenced D. mccartyi strains
but with significant pockets of differences concentrated in spe-
cific genomic regions (Fig. 3C and Fig. S3A). Some of these were
in addition to the two high-plasticity regions (HPRs) (15) flank-
ing both sides of the Ori that were observed in all three genomes
(Fig. 3C). Strikingly, the majority of the genes in these strain-specific
regions coded for proteins with unknown function (Dataset S1C),
whereas the HPRs were enriched in RDases (Fig. 3C).
Characterization of full-length RDase homologous (rdhA)

genes in the strain genomes revealed 35, 15, and 26 rdhA genes in
CG1, CG4, and CG5, respectively, and all except for 3 of these
have a corresponding rdhB gene encoding putative RDase mem-
brane anchor proteins (within 70 bp of the 3′ end). Phylogenetic
analysis of all 192 rdhA genes present in the three isolates and in
D. mccartyi strain 195, CBDB1, VS, GT, and BAV1 (Fig. S3B)
showed the presence of divergent clades of rdhA genes within each
strain, suggesting that they may have been acquired from a diverse
pool of available rdhA genes or originated from gene fragment
recombinations rather than arising from duplication and muta-
genesis events after a single acquisition. Furthermore, a higher
tendency for Dehalococcoides of the same subgroup to share sim-
ilar rdhA genes was observed (Fig. S3B), which may imply a shared
evolutionary relationship between subtype specification and rdhA
gene acquisition/divergence.
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To identify the genes responsible for PCB and PCE de-
chlorination, transcriptomic (PCE-fed pure cultures) and meta-
transcriptomic (PCB-fed mixed cultures) analyses as well as
qPCR (PCE- and PCB-fed pure cultures) using specific primers
for each rdhA gene were used. Surprisingly, we found that the
most highly transcribed rdhA genes were identical when cultures
were fed with either PCBs or PCE, i.e., RD17 for CG1 (RD-
CG1-17, 1,306,532–1,308,046 on the genome), RD1 for CG4
(RD-CG4-1, 64,056–65,504 on the genome), and RD1 for CG5
(RD-CG5-1, 64,583–66,031 on the genome), suggesting that the
same dominant rdhAs were involved in chlorine removal from
both PCBs and PCE (Fig. 4 A and B). The second most highly
transcribed RD-CG5-20 (1,240,912–1,242,399 on the genome)
gene in the PCE-fed pure culture CG5 shared over 93% simi-
larity (in a 1.5-kbp region) with the pceA gene of D. mccartyi 195,
indicating that RD-CG5-20 may also be involved in PCE de-
chlorination. Transcriptomic and metatranscriptomic analyses
(with the exception of PCB-fed mixed culture CG-1) are largely
in concordance with the qPCR results (Fig. S3C). Transcriptomic
analysis for PCB-fed mixed culture CG-1 was complicated by the
presence of two similar Dehalococcoides strains in the culture
and the inability to deconvolute their respective contributions to
the sequence data. Overall, the transcription levels of RD-CG1-

17, RD-CG4-1, and RD-CG5-1 genes were much higher than
the genome-wide average (5–60 times) (Fig. S3C) and among the
top 10 highly transcribed genes (Dataset S2) in nearly all cul-
tures, confirming the active metabolic role of dechlorination in
these cultures.
To further confirm that dechlorination of PCBs and PCE was

catalyzed by the same RDases, in vitro assays were conducted
with crude cell lysates from PCE-fed pure cultures that com-
pletely dechlorinated PCE to TCE and DCEs. The crude cell
lysates in bottles spiked with Aroclor 1260 yielded the same
dechlorination profiles as those observed in the active cul-
tures (Fig. S4A). In the in vitro assay bottle amended with PCE
or 2345-245-CB, the rate of chlorine removal from PCE was
two times the rate for the PCB congener (Fig. S4B). Purified
RD-CG1-17, RD-CG4-1, and RD-CG5-1 from native PAGE gels
were also shown to be capable of removing chlorines from both
2345-245-CB and PCE in in-gel dechlorination assays (Fig. S4C),
confirming their role in both PCB and PCE dechlorination.
These three RDases were then designated pcbA1 (RD-CG1-17),
pcbA4 (RD-CG4-1), and pcbA5 (RD-CG5-1) with pcbA4 and
pcbA5 sharing 97% amino acid identity (Fig. S3B). These RDase
genes can serve as potential biomarkers for assessing PCB
dechlorination activities.
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Discussion
Studies pertaining to characterization of PCB-respiring bac-
teria and subsequent identification of RDase genes have been li-
mited due to difficulties in isolating these fastidious bacteria and
challenges in generating sufficient biomass for characterizing
RDase genes. Here we used high-throughput genome and tran-
scriptome sequencing and integrated analyses to establish that
PCB-dechlorinating Dehalococcoides could be enriched and iso-
lated by using PCE as an alternative electron acceptor, provid-
ing an opportunity for further characterization of the genomes
and RDase genes of the isolates. Dechlorinating bacteria rarely
grow on agar plates, and isolation is normally achieved by en-
riching the bacteria to dominance in a mixed culture and then
via serial dilution-to-extinctions (18–20). This strategy has been
ineffective for isolating PCB-dechlorinating bacteria because their
relative abundance in PCB-fed enrichment cultures remained at
a low level (11, 14). The dechlorinating bacteria failed in growth
competition with other bacteria in PCB-fed cultures due to their
low cell densities resulting from the extremely low bioavailability
of PCBs (10, 14). To circumvent this problem, we previously used
TCE and vinyl chloride instead of PCBs to enrich and isolate
PCB-dechlorinating bacteria from culture AD14 (13). Even though
we obtained two Dehalococcoides isolates from the culture, the
two strains did not show PCB dechlorination activity, possibly as
a result of loss of PCB-dechlorinators or PCB RDase genes during
the enrichment process. The technical difficulties in differentiat-
ing highly similar bacterial strains present in the same culture fur-
ther confounds the challenge in isolation of PCB-dechlorinating
bacteria, e.g., as observed in PCB-fed mixed culture CG-1 where
the two D. mccartyi strains have identical 16S rRNA gene sequence
(12). The use of high-throughput genomic approaches in this study
was key to confirming that PCE is an appropriate alternative to
PCBs, to enrich PCB-dechlorinating bacteria without activity

loss. Capitalizing on those advantages, three PCB-dechlorinating
D. mccartyi strains were successfully isolated via a five-step pro-
cedure: (i) transfer of the culture on Aroclor 1260 to enrich PCB-
dechlorinating bacteria and to phase out other halorespiring
microbes incapable of growing on PCBs, (ii) substrate screening
to identify PCE as an alternative to PCBs and metagenomic pro-
filing to check whether PCB-dechlorinating bacteria had been
highly enriched after a single transfer on PCE, (iii) continuous
culture transfers on PCE to enrich the PCB-dechlorinating bac-
teria to become dominant, (iv) metagenomic analyses to confirm
the persistence of PCB-dechlorinating bacteria and rdhA genes
during culture transfers before proceeding with isolation process,
and (v) verification of PCB dechlorination activity in pure
cultures and further genomic and transcriptomic character-
ization. The overall procedure shows the synergy of genomic
approaches with traditional culture techniques for isolation of
PCB-dechlorinating Dehalococcoides and may also be appli-
cable to other hard-to-isolate bacteria.
The capability of bacteria to grow on the halogenated com-

pounds is critical for their in situ bioremediation. For example,
the biostimulation and bioaugmentation of chlorinated ethenes
at contaminated sites have been successfully implemented by
using the obligate organohalide respiring bacteria (21). However,
among the identified PCB-dechlorinating bacteria of Dehalo-
coccoides,Dehalobium,Dehalogenimonas, andDehalobacter genera,
no microorganisms that metabolically dechlorinate commercial
PCBs have been obtained in pure culture. To our knowledge, this
study is the first documentation that Dehalococcoides in pure
culture couple their growth with extensive dechlorination of
complex commercial PCBs. The meta- and para-dechlorination
specificities of these isolates could help to relieve dioxin-like
toxic effects of PCBs in the environment. The less-chlorinated
products are susceptible to complete degradation by other bacteria
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Fig. 4. Transcription profiles of potential PCB-/PCE-RDase genes in pure cultures. The cultures are amended with (A) Aroclor 1260 or (B) PCE. Transcription
changes (obtained via qPCR by using gene-specific primers) at various time points are shown as fold change compared with their respective 16S rRNA gene
copies. Note that transcripts corresponding to RD17 gene of strain CG1 (RD-CG1-17), RD1 gene of strain CG4 (RD-CG4-1), and RD1 gene of strain CG5 (RD-CG5-1)
are preferentially transcribed in both PCB- and PCE-fed cultures.

Wang et al. PNAS | August 19, 2014 | vol. 111 | no. 33 | 12107

EN
V
IR
O
N
M
EN

TA
L

SC
IE
N
CE

S
SE

E
CO

M
M
EN

TA
RY



that attack the nonchlorinated sites using monooxygenases or
dioxygenases (10). The three characterized PCB-respiring isolates
belonging to the three subgroups of Dehalococcoides may form a
group of bacterial models to promote PCB bioremediation and to
advance our understanding of organohalide respiration of PCBs.
Having a diverse pool of distinct rdhA genes within the Dehalo-

coccoides genome confers evolutionary benefits because it ena-
bles wider substrate specificity, higher dehalogenation potential,
and, consequently, swifter adaption to potential environmental
changes. The RDases that have been characterized to date have
been shown to be highly substrate-specific for chlorine removal,
including the five rdhAs (pceA, mbrA, tceA, vcrA, and bvcA)
identified from Dehalococcoides for catalyzing the four-step de-
chlorination of PCE to ethene (22–26). For the isolates in this
study, however, a single dominant rdhA gene (pcbA1, pcbA4, or
pcbA5) was highly transcribed in each pure culture amended with
aliphatic PCE or aromatic Aroclor 1260 composed of more than
30 PCB congeners. These findings highlight a previously unknown
diversity in the substrate specificity range of RDases and add
to the current diversity of PCE RDases (i.e., pceA and mbrA)
identified in Dehalococcoides. Additionally, the identified rdhA
genes could potentially be used as biomarkers for monitoring
PCB dechlorination activity in bioremediation applications. In all,
cultivation of PCB-respiring Dehalococcoides in pure culture and
identification of PCB-RDase genes deepen our understanding
of organohalide respiration of PCBs and shed light on in situ
PCB bioremediation.

Materials and Methods
Full protocols are available in SI Materials and Methods.

Cultivation and Isolation. Completely defined, anaerobic mineral salts me-
dium for bacterial enrichment and isolation was prepared as described (12,

13, 20). Enrichment of PCB-dechlorinating Dehalococcoides was achieved by
sequential transfers in 100 mL medium amended with sodium lactate
(10 mM) and the chlorinated substrate, 30 ppm (80.65 μM) Aroclor 1260 or
0.7 mM PCE. Further isolation of Dehalococcoides strains was conducted by
serial dilutions in 20-mL vials filled with 10 mL of medium amended with
10 mM sodium acetate, hydrogen (5 × 104 Pa), 0.7 mM PCE, and 50 ppm
ampicillin. In pure cultures, 8 PCB congeners (5 ppm each) were added in-
dividually to verify PCB dechlorination pathways.

Analytical Techniques. PCBs were extracted with isooctane and quantified
by gas chromatography (GC) equipped with an electron capture detector
and a DB-5 capillary column as described (12, 13). Chlorinated ethenes
were analyzed by GC using flame ionization detector and a GS-GasPro
column (13).

DNA/RNA Extraction, qPCR, Sequencing, and Bioinformatic Analysis. Total
community DNA was extracted from PCB- or PCE-fed mixed cultures for
metagenomic sequencing. DNA for genome sequencing and RNA for tran-
scriptomic analyses of PCE dechlorination were extracted from PCE-fed pure
cultures. Repeated attempts to extract RNA from PCB-fed pure cultures failed
to generate enough RNA for building RNA-seq libraries. Therefore, PCB-fed
mixed cultures were used for RNA extraction for metatranscriptomic analyses
of PCB dechlorination. qPCR enumeration of Dehalococcoides cells and
RDase genes with gene-specific primers (Dataset S3) was performed with
QuantiTect SYBR Green PCR kit (26). Details of cell harvest, library prepa-
ration and sequencing, genome assembly, ORF prediction and annotation,
metagenomic SNP (Single Nucleotide Polymorphism)-based analyses, phy-
logenetic and transcriptional regulation analyses, and data deposition in-
formation are provided in SI Materials and Methods.
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