APPLIED AND ENVIRONMENTAL MICROBIOLOGY, Apr. 2006, p. 2460-2470

0099-2240/06/$08.00+0  doi:10.1128/AEM.72.4.2460-2470.2006

Vol. 72, No. 4

Copyright © 2006, American Society for Microbiology. All Rights Reserved.

Development and Characterization of Stable Sediment-Free Anaerobic
Bacterial Enrichment Cultures That Dechlorinate Aroclor 1260

Donna L. Bedard,* Jessica J. Bailey,T Brandon L. Reiss, and Greta Van Slyke Jerzak:
Department of Biology, Rensselaer Polytechnic Institute, Troy, New York 12180

Received 17 November 2005/Accepted 12 January 2006

We have developed sediment-free anaerobic enrichment cultures that dechlorinate a broad spectrum of
highly chlorinated polychlorinated biphenyls (PCBs). The cultures were developed from Aroclor 1260-contam-
inated sediment from the Housatonic River in Lenox, MA. Sediment slurries were primed with 2,6-dibromo-
biphenyl to stimulate Process N dechlorination (primarily meta dechlorination), and sediment was gradually
removed by successive transfers (10%) to minimal medium. The cultures grow on pyruvate, butyrate, or acetate
plus H,. Gas chromatography-electron capture detector analysis demonstrated that the cultures extensively
dechlorinate 50 to 500 pg/ml of Aroclor 1260 at 22 to 24°C by Dechlorination Process N. Triplicate cultures of
the eighth transfer without sediment dechlorinated 76% of the hexa- through nonachlorobiphenyls in Aroclor
1260 (250 pg/ml) to tri- through pentachlorobiphenyls in 110 days. At least 64 PCB congeners, all of which are
chlorinated on both rings and 47 of which have six or more chlorines, were substrates for this dechlorination.
To characterize the bacterial diversity in the enrichments, we used eubacterial primers to amplify and clone
16S rRNA genes from DNA extracted from cultures grown on acetate plus H,. Restriction fragment length
polymorphism analysis of 107 clones demonstrated the presence of Thauera-like Betaproteobacteria, Geobacter-
like Deltaproteobacteria, Pseudomonas species, various Clostridiales, Bacteroidetes, Dehalococcoides of the Chlo-
roflexi group, and unclassified Eubacteria. Our development of highly enriched, robust, stable, sediment-free
cultures that extensively dechlorinate a highly chlorinated commercial PCB mixture is a major and unprec-
edented breakthrough in the field. It will enable intensive study of the organisms and genes responsible for a
major PCB dechlorination process that occurs in the environment and could also lead to effective remediation

applications.

Polychlorinated biphenyls (PCBs) are priority pollutants that
were used worldwide for a variety of applications for more than
50 years. PCB molecules are composed of a biphenyl backbone
substituted with 1 to 10 chlorines. They were manufactured by
catalytic chlorination of biphenyl to obtain specified weight per-
centages of chlorine for different applications. Consequently, they
are complex mixtures, each composed of 60 to 90 PCB congeners.
In the United States PCBs were produced under the trade name
Aroclor. Several hundred million pounds of PCBs were released
into the environment and pollute many rivers, lakes, and harbors
worldwide. These PCBs persist in the sediments, accumulate in
biota, and biomagnify in the food chain. Multiple adverse health
effects have been attributed to them, and they are suspected
human carcinogens (62). Microbial reductive PCB dechlorination
provides a natural means of detoxifying PCBs in aquatic sedi-
ments because it reduces their persistence and increases their
biodegradability and metabolism by other prokaryotes and by
higher organisms (14, 16, 50, 51, 55).

There have been numerous reports of microbial dechlorina-
tion of Aroclors observed in situ and in laboratory experiments
with sediment slurries (3, 9, 17, 18, 24, 34, 35, 47, 48, 53, 54, 66).
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Furthermore, eight microbial PCB dechlorination processes
have been described (8, 9). Each of these dechlorination pro-
cesses dechlorinates multiple PCB congeners in commercial
PCB mixtures such as Aroclors, but they differ in the PCB
congeners that are substrates, the PCB congeners that are
products, and the chlorine positions targeted. However, until
now no microbial PCB dechlorination process has ever been
obtained in a sediment-free culture. Our objective was to de-
velop and characterize a stable sediment-free culture that re-
tained the ability to dechlorinate the same broad spectrum of
PCBs that is dechlorinated in situ. The source of the sediment
used to develop our cultures was one of the most highly
PCB-contaminated rivers in the country, the upper Housa-
tonic River in western Massachusetts. This river is contam-
inated with up to 668 mg/kg of Aroclor 1260 (15), a PCB
mixture that is 60% chlorine by weight and is composed of
congeners with 5 to 9 chlorines and an average chlorine
number of 6.3.

Here we report the development and characterization of
sediment-free enrichment cultures that extensively dechlori-
nate Aroclor 1260. The pattern of dechlorination is essentially
identical to that of Process N, the major dechlorination activity
observed in the Housatonic River. Hexa- through nonachloro-
biphenyls were dechlorinated to less toxic and less persistent
tri- through pentachlorobiphenyls. Our phylogenetic charac-
terization of one sediment-free culture provides the best evi-
dence to date of the bacteria that are actually involved in PCB
dechlorination in the environment and suggests that Dehalo-
coccoides spp. are involved.
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MATERIALS AND METHODS

Sediment collection and storage. Sediment samples were collected by repeated
core sampling near the western shore of Woods Pond and transferred to 1-gallon
glass jars which were then filled to the top with site water, sealed, and stored at
4°C until use.

Reagents. PCB congeners (purity, 99.9%) were purchased from AccuStandard
(New Haven, CT). 2,6-Dibromobiphenyl (26-BB) (purity, 99.9%) was a gift from
GE Corporate Research and Development (Niskayuna, NY).

Microcosm preparation. Microcosms were prepared in an anaerobic chamber
(Coy Laboratories) in an atmosphere consisting of 95 to 97% N, and up to 5%
H,. Sediment was sieved to remove debris and then combined with anoxic sterile
ultrapure H,O to form a slurry (60% wet sediment, 40% water). Thirty-milliliter
aliquots of the slurry were dispensed into 60-ml serum bottles. We added sterile
disodium malate (pH 7.0) to a final concentration of 10 mM and 26-BB to a final
concentration of 350 uM from a 70 mM stock solution in gas chromatography
(GC)-grade acetone (OmniSolv; EM Science). Triplicate microcosms were
sealed with Teflon-lined butyl rubber septa (West Company) and aluminum
crimp caps and were then incubated in the dark at 22 to 24°C. Sterile slurries for
initial transfers were prepared by pasteurizing the microcosms at 75°C for 10
min, incubating them at 22 to 24°C for 24 h, and finally autoclaving them at 121°C
for 3 h. The enrichments were transferred onto sterile sediment slurries three
times and incubated under a nitrogen headspace. These subcultures were sup-
plemented so that they contained each of the following vitamins at a final
concentration of 50 pg/liter: p-aminobenzoic acid, p-biotin, folic acid, niaci-
namide, D-pantothenic acid, pyridoxal, pyridoxamine, pyridoxidine, riboflavin,
thiamine, pL-6,8-thioctic acid, and vitamin B,.

Transfer onto medium without sediment. We transferred an inoculum (final
volume, 10%) from triplicate sediment slurries to triplicate bottles containing
defined medium and incubated them under a headspace consisting of 20% CO,
and 80% N,. We used a sulfide-free bicarbonate-buffered minimal medium
amended with a selenite-tungstate solution, vitamins (including vitamin B,,), and
a trace element solution (SL9) as described previously (2) and reduced with a
solution of titanium(IIT) chloride (0.1 M)-citrate (0.2 M), pH 7, as described
previously (2). However, after two transfers without sediment, we were unable to
transfer a third time until we supplemented the medium with yeast extract. We
eventually determined that 0.01% yeast extract maintained high dechlorination
activity (see below). The enrichments were supplemented with pyruvate, bu-
tyrate, acetate plus formate, or acetate plus H,. Hydrogen was added by injecting
5 ml with a sterile syringe into a 30-ml culture to obtain a nominal concentration
of 7.5 mM. Initially, each carbon source was added at a final concentration of 5
mM. After this, enrichments were fed every 3 to 4 weeks. Acetate or acetate-
plus-formate enrichments were fed by adding each compound at a concentration
of 5 mM, and pyruvate and butyrate enrichments were fed by adding the com-
pound at a concentration of 3 mM. The medium was amended with Aroclor 1260
(lot 023-150B; AccuStandard, New Haven, CT) at the concentrations indicated
below. The Aroclor 1260 (and 26-BB in some cases) was added as a concentrated
acetone solution to 300 mg of sterile silica (~240 mesh; Fisher Scientific). The
bottoms and walls of the serum bottles were coated with the silica-PCB-acetone
mixture by rotating the bottles on a vortex mixer, and then the acetone was gently
evaporated with a stream of N, gas. After the silica was totally dry, the medium
was added, and the silica-PCB mixture was resuspended by vortexing. We believe
that this procedure greatly increases the surface area for deposition of PCBs and
thus makes these compounds more readily available to the bacteria. Further-
more, the fine silica-PCB mixture is easily suspended and allows highly repro-
ducible samples to be taken. The first few transfers on sediment-free medium
were also amended with 26-BB (350 pM).

Extraction of PCBs and bromobiphenyls. We sampled the microcosms at
intervals of 7 to 10 days for PCB and bromobiphenyl extraction and analysis
during the incubation periods (up to 152 days). For cultures containing signifi-
cant amounts of sediment, the samples used for analysis (0.2 to 1 ml) were
aseptically collected under a stream of sterile, O,-free N, gas by using a micropi-
pette with the end of the tip cut off. After the second transfer without sediment,
samples were taken by syringe after the syringe was rinsed with 5 mM sulfide to
remove O,. Samples were transferred to 8-ml glass vials fitted with Teflon-lined
screw caps. Halogenated biphenyls were extracted with 4 to 5 ml of anhydrous
diethyl ether (Mallinckrodt) by vigorous horizontal shaking on a platform shaker
for a minimum of 16 h. Quantitative comparisons of samples extracted by this
simple procedure and by a rigorous Soxhlet procedure (EPA 3540) (63) revealed
no difference.

GC analysis and quantitation of halogenated biphenyls. Dehalogenation of
26-BB was monitored by GC-mass spectrometry as previously described (12).
Congener-specific PCB dechlorination was monitored by high-resolution capil-
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lary GC analysis with a ®*Ni electron capture detector (ECD) as previously
described (11). In brief, we used a Hewlett-Packard model 5890 GC-ECD op-
erated in splitless mode and equipped with a DB-1 capillary column (length,
30 m; inside diameter, 0.25 mm; phase thickness, 0.25 wm; J & W Scientific, Inc.,
Folsom, CA). We used specially designed calibration standards prepared from
Aroclor 1260 supplemented with all 43 of the PCB congeners previously identi-
fied as products of Dechlorination Process N (11, 58). The concentrations of the
individual components of Aroclor 1260 in our standard were calculated from
previously determined weight percent distributions of the congeners in Aroclor
1260 (25, 58). Our customized standard permits quantitation of 84 PCB peaks,
including all significant peaks detected in our samples. The GC-ECD data were
collected with Dionex AI-450 chromatography software (Dionex Corp., Sunny-
vale, CA). PCBs were quantified with a five-point external calibration for the
customized PCB standard (542 to 8,668 ng/ml) with a quadratic fit forced
through zero. We calculated the mole percent value for each individual peak, the
distribution of ortho, meta, and para chlorines per biphenyl, the total number of
chlorines per biphenyl, and the PCB homolog distribution.

DNA extraction, cloning, and RFLP analysis. DNA was extracted from trip-
licate cultures that had been transferred eight times on sediment-free medium.
We used a BIO 101 Fast DNA Spin Kit for Soil (Q-Biogene), which worked
equally well for DNA extraction from sediment slurries and from sediment-free
cultures, with slight modifications of the manufacturer’s protocol. A total of 1.5
ml of culture was transferred to an empty 2-ml screw-cap Fast Prep tube and
centrifuged at 16,000 X g in a microcentrifuge for 15 min, and the supernatant was
discarded. This procedure was repeated with a second 1.5 ml of culture. Lysing
matrix E was added to the pellet. The second modification of the protocol was to
process the preparation twice for 45 s at speed 5.5 with a Fast Prep (Savant). The
DNA was diluted 1:10 with sterile PCR-quality water, and 1 pl was used as a
template for PCR amplification in a 25-ul reaction mixture with eubacterial
primers 27F (5'-AGAGTTTGATCCTGGCTCAG-3') and 1492R (5'-GGTTA
CCTTGTTACGACTT-3") (42, 43) and Eppendorf MasterTaq according to the
manufacturer’s instructions. We used the following hot start PCR program. PCR
mixtures containing all reagents except Tag polymerase were incubated for 2 min
at 94°C, and then 1 pl of Tag polymerase diluted 1:10 with 10X Tag buffer was
added. Twenty-five cycles of 45 s at 94°C, 45 s at 45°C, and 45 s at 72°C were
carried out, followed by final extension at 72°C for 7 min and a final hold at 4°C.
Agarose gel electrophoresis revealed a single band that was the correct size (data
not shown). We used the Topo TA Cloning Kit (Invitrogen) to clone 1.5 pl of the
PCR product. Ligation was performed for 30 min. Cells were plated on Luria-
Bertani (LB) plates with ampicillin (100 wg/ml) and 5-bromo-4-chloro-3-indolyl-
B-p-galactopyranoside (X-Gal) (50 pg/ml). White colonies were picked onto
fresh LB plates containing ampicillin and X-Gal, and 118 clones were checked
for inserts by colony PCR with M13 primers as follows. PCR mixtures (25 pl)
were prepared with no template, and then a sterile toothpick was used to gently
touch a clone colony. The toothpick was inserted into the PCR mixture and
stirred to transfer some cells to the reaction mixture. The amplification program
was 7 min at 94°C and then 30 cycles of 1 min at 94°C, 1 min at 55°C, and 1 min
at 72°C, followed by a final extension at 72°C for 12 min and a final hold at 4°C.
PCR products were analyzed on 1% agarose gels. All but two clones had inserts
that were the proper length. The clones were then subjected to restriction
fragment length polymorphism (RFLP) analysis as follows. Ten microliters of
each PCR product was incubated overnight at 37°C with 2 U of Hhal and 2 U of
Mspl (TaKaRa) in 20 pl (total volume) of a solution containing (final concen-
trations) 33 mM Tris-acetate (pH 7.5), 10 mM magnesium acetate, 66 mM
potassium acetate, 0.5 mM dithiothreitol, and 50 ng/ul bovine serum albumin.
Following incubation, 2 pl of 10X loading dye was added to each reaction
mixture, and the digests were electrophoresed on a 2% low-melting-point aga-
rose gel (SFR; Amresco, Solon, Ohio) in 1X Tris-borate-EDTA at 170 V. RFLP
patterns were analyzed visually.

Plasmid isolation and sequencing. Clones that were representative of each
RFLP group were grown, and the plasmids were isolated with a QIAGEN Spin
Miniprep Kit used according to the manufacturer’s instructions. Cloned 16S
rRNA genes that were representative of all unique RFLP groups were sequenced
from both ends using the M13F and M13R primers. The sequences were checked
for chimeras by CHIMERA_CHECK (44) and then analyzed by the Basic Local
Alignment Search Tool (BLAST) (4) and by the Sequence Match tool of Ribo-
somal Database Project II (RDP II), release 9.33 (updated 10 November 2005;
http://rdp.cme.msu.edu) (20). The closest matching sequences and type strains
were identified using the RDP II Sequence Match tool. When possible, the new
sequences were classified according to Bergey’s Taxonomic Outline of Pro-
karyotes (26), using the RDP II-release 9 Classification tool (20). The sequences
were aligned by the Ribosomal Database Project staff by taking rRNA secondary
structure into account. Phylogenetic trees were constructed using PAUP* 4.0b
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FIG. 1. Time course of dechlorination of Aroclor 1260 at various stages of the enrichment process. S3 is the third transfer on autoclaved
sediment; SF1, SF2, SF3, SF4, SF5, and SF8 are the first, second, third, fourth, fifth, and eighth transfers without sediment, respectively. The
Aroclor 1260 concentration was 5 pg/ml for SF1 to SF4 and 50 pg/ml for SF5 and SF8. For the S3 cultures, the sediment-associated Aroclor 1260
had been partially dechlorinated in situ. The concentration was approximately 45 pg/g (dry weight). Most data are averages for three replicates;
for SF4 the data for three individual samples (SF4-A, SF4-B, and SF4-C) are shown. SF4-B showed minimal dechlorination by day 70 and was
reinoculated from SF4-A and SF4-C on day 75 (indicated by an arrow). The error bars indicate the standard deviations of the means.

and were rooted using Aquifex pyrophilus as an outgroup. Maximum-likelihood
trees were constructed using a heuristic search. Bootstrapped (1,000 bootstraps)
neighbor-joining trees (using the Jukes-Cantor model) and maximum-parsimony
trees were also constructed. Negative branches were not allowed, and zero-
length branches were collapsed.

Nucleotide sequence accession numbers. The nucleotide sequences of cloned
16S rRNA genes have been deposited in the GenBank database under accession
numbers DQ168641 to DQ168658.

RESULTS

Establishment of sediment-free cultures. We previously de-
termined that it is necessary to stimulate PCB dechlorination
in the sediments studied by the addition of a high concentra-
tion (350 wM) of a single PCB congener or brominated biphe-
nyl, a procedure that we called priming (6, 11, 13, 64). Hence,
we established active PCB-dechlorinating cultures in sediment
slurries carrying out Process N dechlorination by priming with
26-BB as previously reported (11). These cultures were trans-
ferred three times onto sterile sediment slurries when exten-
sive dechlorination had occurred but before dechlorination
had stopped. Malate, 26-BB, and vitamins were added at each
transfer. In each case the 26-BB was completely dehalogenated
to biphenyl, and the PCBs were dechlorinated without delay, as
shown in Fig. 1, culture S3. We expressed the data as the
decrease in hexa- through nonachlorobiphenyls over time be-
cause hexa- through nonachlorobiphenyls comprise ~90% of
Aroclor 1260. We then transferred the cultures onto sulfide-
free bicarbonate-buffered minimal medium reduced with a
Ti(IIT)-citrate solution; the final concentrations of Ti(IIT) and
citrate were 0.8 mM and 1.6 mM, respectively. (We used sul-
fide-free medium because some organisms, including some
sulfate reducers, are sensitive to sulfide.) Acetate and formate
(5 mM each) were added as a carbon source and electron
donor. PCB dechlorination was slow but steady for the first two
transfers onto medium without sediment (Fig. 1, cultures SF1
and SF2), but three attempts to transfer a third time under the
same conditions failed. After supplementing the medium with
0.1% yeast extract, we were able to transfer a third time with-
out sediment, but there was a lag of about 2 months before
PCB dechlorination began (Fig. 1, culture SF3). Since less than

5% of the 26-BB was dehalogenated after the third transfer
without sediment, subsequent transfers were made without
26-BB. We subsequently decreased the yeast extract concen-
tration to 0.01% and added 5 ml H, per 30-ml culture as a
potential electron donor. These changes reduced the lag time
for the fourth transfer to about 35 days in two of the three
triplicates (Fig. 1B). However, the third triplicate still showed
little dechlorination after 70 days until we reinoculated the
culture. Slow dechlorination and samples that showed little or
no dechlorination were fairly common. Therefore, beginning
with the fifth transfer without sediment, we increased the con-
centration of Aroclor 1260 from 5 pg/ml to 50 pg/ml (135 uM).
This eliminated the lag time, greatly increased the rate of
dechlorination (Fig. 1B, cultures SF5 and SF8), and resulted in
far more reproducible dechlorination. We also eliminated the
formate from subsequent transfers because cultures amended
with formate, acetate, and H, were no faster, and perhaps
slightly slower, than cultures with acetate and H, alone. Par-
allel transfers with pyruvate and butyrate were also carried out,
and for several transfers PCB dechlorination was more rapid
on these substrates (data not shown). However, by the eighth
transfer without sediment, dechlorination was faster in the

TABLE 1. Maximum observed rates of dechlorination at different
PCB concentrations

Aroclor 1260 Maximum observed rate of
No. of transfers

wihow sediment P D

pg/m prM -

1 JN2 5 13.5 4.71 £ 1.10

2 JN3 5 13.5 3.53 = 1.03

3 JN7 5 13.5 4.88 = 0.83

5 JN12 50 135.0 169 = 15

6 JN13 50 135.0 99 + 6
250 675.0 290 = 51
500  1,350.0 594 = 93

8 JN18 50 135.0 100 =9
250 675.0 544 + 44

“ The concentrations of Cl were calculated from the PCB analyses. Data were
calculated per 30-ml culture.
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FIG. 2. Change in PCB congener distribution as a result of dechlo-
rination in enrichment cultures transferred eight times without sedi-
ment. The data are the averages for three replicates. The concentra-
tion of Aroclor 1260 was 250 wg/ml (675 pM). A complete list of the
congener assignments for all DB1 peaks is given in references 25 and 64.

cultures transferred with acetate plus H, (Fig. 1B, culture
SES); hence, the cultures grown on other substrates (data not
shown) were discontinued.

Effect of PCB concentration on dechlorination. Increasing
the concentration of Aroclor 1260 from 5 to 50 pg/ml had a
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profound impact on both the rate of dechlorination and the suc-
cess of transfer. The maximum observed rate of dechlorination
increased by a factor of more than 20 (Fig. 1 and Table 1). Also,
transfers with 50 wg/ml had no lag time and were highly repro-
ducible. Increasing the PCB concentration to 250 or 500 p.g/ml
further increased the rate of dechlorination (Table 1). These
concentrations are 4 to 5 orders of magnitude greater than the
solubility of Aroclor 1260, which is only 2.7 pg/liter (7.3 nM)
(33, 61).

Sediment-free cultures carry out extensive dechlorination of
Aroclor 1260. Figure 2 compares the PCB congener distribu-
tion for the eighth transfer without sediment at time zero and
that after 110 days of incubation at 22 to 24°C. The data are the
means for triplicate cultures incubated with 250 pg/ml of Aro-
clor 1260. Every peak for a congener with six or more chlorines
was dramatically decreased. This analysis reveals an unprece-
dented breadth of substrate range in this sediment-free cul-
ture. Four major products were formed: 2,2',4,4'-(tetra)chlo-
robiphenyl (24-24-CB), 24-26-CB, 24-25-CB, and 25-26-CB.
(In this paper, we shall refer to PCB congeners by listing the
substituted positions on each ring separated by a hyphen. Thus,
24-24-CB is the congener substituted at positions 2, 2, 4, and
4'.) Significant amounts of 26-4-CB and 26-26-CB were also
formed. This pattern of dechlorination is typical of Process N
dechlorination, the dominant dechlorination activity in the
Housatonic River (7, 10, 64). However, none of our previous
investigations with sediment slurries have ever shown such
extensive dechlorination.

Analysis of the PCB dechlorination. Analysis of the individ-
ual congener peaks over the course of the incubation showed
that the congeners fell into three classes: substrates, interme-
diates, and terminal products. The results for several examples
of each are shown in Fig. 3. All data are the averages for
triplicate cultures incubated with 250 pg/ml of Aroclor 1260.
Virtually all of the components of Aroclor 1260 were sub-
strates. Hexachlorobiphenyls were dechlorinated at a higher
rate than heptachlorobiphenyls (Fig. 3A), and heptachlorobi-

A B
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12 + :2345-245-08 SROREED 25 ::zgzz
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;8 ° 32 :
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FIG. 3. Time course of changes in specific congeners during dechlorination of Aroclor 1260. (A) Dechlorination of five major components of
Aroclor 1260. (B) Formation and subsequent dechlorination of intermediates. (C) Accumulation of major dechlorination products of Aroclor 1260.
All data are averages for three replicates. The error bars indicate the standard deviations of the means. The concentration of Aroclor 1260 was

250 pg/ml (675 wM).
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TABLE 2. Effect of dechlorination on PCB homolog distribution
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TABLE 3. Effect of dechlorination on chlorine position

Amt (mol%) (avg = SD) % Chlorine No. of Cl/biphenyl (avg + SD) %
PCB homolog* Decrease osition Dechlorination
Day 0 Day 110 p Day 0 Day 110
Trichlorobiphenyl 0.41 = 0.02 4.10 £ 0.47 ortho 2.44 = 0.00 2.49 = 0.01 0
Tetrachlorobiphenyl 2.19 = 0.08 65.23 = 3.52 meta 2.47 = 0.01 0.89 = 0.09 63.9
Pentachlorobiphenyl 12.53 = 0.06 10.46 = 1.30 16.5 para 1.37 = 0.00 1.24 = 0.00 9.4
Hexachlorobiphenyl 4733 £0.12 8.62 = 1.49 81.8
Heptachlorobiphenyl 31.17 £ 0.10 8.43 = 1.06 73.0 Total 6.27 = 0.01 4.61 £0.10 26.4
Octachlorobiphenyl 5.08 = 0.08 2.38 = 0.60 53.2
Nonachlorobiphenyl 1.09 = 0.20 0.58 = 0.03 46.5

“ No mono- or dichlorobiphenyls were detected.

phenyls were dechlorinated more rapidly than octa- and nona-
chlorobiphenyls (data not shown).

The time course of appearance of the five most abundant
terminal products is shown in Fig. 3C. All products were
formed throughout the entire incubation, although at different
rates. To a large extent, the rate of formation of each product
was apparently determined by the amount of available sub-
strate that could be dechlorinated to that product. As shown
clearly in Fig. 3C, the initial rates of formation of 24-25-CB,
24-26-CB, and 25-26-CB were identical and were only slightly
lower than the initial rate of formation of 24-24-CB. This was
confirmed by the nearly equal heights of the peaks on chro-
matograms at the earliest stages of dechlorination. Subse-
quently, 24-24-CB and 24-26-CB were formed at much higher
rates. A likely explanation for this is that the pentachlorobi-
phenyls which were the immediate precursors of these dechlo-
rination products are present at very low concentrations in
Aroclor 1260. For example, Fig. 3B shows that 245-24-CB and
236-24-CB, which are precursors of 24-24-CB and 24-26-CB,
respectively, comprise less than 0.25 mol% of the total PCBs in
Aroclor 1260. However, the levels of these intermediates sub-
sequently increased to 3.71 and 2.32 mol%, respectively, as
they were formed through the dechlorination of hexa- and
heptachlorobiphenyls.

A close examination of Fig. 2 shows that there are several
additional peaks which were higher at day 110 than at zero
time. These are the peaks for 26-34-CB, 236-24-CB, 245-24-
CB, and 2356-24-CB (peaks 39, 49, 54, and 67). However, an
analysis of these congeners over the entire time course (Fig.
3B) revealed that these congeners are all intermediates whose
levels initially increased and which were subsequently further
dechlorinated. Other congeners in this class are 246-34-CB/
236-246-CB and 234-25-CB (peaks 55 and 58A, respectively).

Effect of dechlorination on PCB homolog distribution. The
dechlorination resulted in a shift in the homolog distribution
from primarily hexa- and heptachlorobiphenyls to predomi-
nantly tetrachlorobiphenyls (Table 2). About one-half of the
octa- and nonachlorobiphenyls were converted to less chlori-
nated congeners, but the experiment was terminated before
dechlorination was complete and it is likely that the levels of
these homologs would have been further decreased if the ex-
periment had been continued. The level of pentachlorobiphe-
nyls decreased only slightly, not because these compounds
were not dechlorinated but because dechlorination was still in
progress (Fig. 3B) and because new pentachlorobiphenyls,
such as 246-24-CB, 246-25-CB, and 246-26-CB, were formed as

terminal dechlorination products. Overall, the level of the
hexa- through nonachlorobiphenyls decreased by 76%.

The dechlorination was almost exclusively at the meta position,
but 9.4% of the para chlorines were also removed (Table 3). The
para dechlorination was most likely from 2,3,4,5- (2345-) and
23456-chlorophenyl rings, where the para chlorine is flanked by
two meta chlorines. This hypothesis was supported by the fact that
intermediates with 2356-chlorophenyl rings were formed (Fig.
3B). No ortho chlorines were removed.

Specificity of dechlorination. Figure 4 shows the proposed
routes of dechlorination of six heptachlorobiphenyl compo-
nents of Aroclor 1260 to the four major tetrachlorobiphenyl
products. On the basis of the quantitative results, we propose
that 2345-chlorophenyl rings may be dechlorinated by either of
two pathways. It appears that the dominant mode of dechlo-
rination, occurring approximately 60% of the time, is via loss of
the para chlorine, followed by loss of the meta chlorine in
position 3 to generate a 25-chlorophenyl ring. The second
mode of dechlorination is via sequential loss of both meta
chlorines, first from position 3 and then from position 5.
Hence, we propose that 2345-234-CB is dechlorinated by two
different pathways that lead to two different products. The
dominant pathway is 2345-234-CB — 235-234-CB — 235-
24-CB — 25-24-CB. The second pathway is 2345-234-CB —
245-234-CB — 245-24-CB — 24-24-CB. For each of the six
heptachorobiphenyls we indicate the proposed order of chlo-
rine removal in Fig. 4. Note that the chlorination pattern of
both rings affects the order in which chlorines are removed. In
general, it appears that the substrate preference for chloro-
phenyl rings is as follows: 23456 ~ 2346 ~ 2345 > 234 > 245
> 236 > 2356 > 235 > 34.

Table 4 lists the major congeners of Aroclor 1260 that are
dechlorinated to each of the major tetrachlorobiphenyl prod-
ucts and shows the mole percent decrease of each in triplicate
cultures incubated with 250 pg/ml of Aroclor 1260 for 110
days. The list of substrates includes some hexa- and pentachlo-
robiphenyls which not only are present in Aroclor 1260 but
also are transient dechlorination products of higher congeners,
such as 245-245-CB and 245-234-CB. The latter two congeners
are major components of Aroclor 1260 and are also transient
intermediates of 2345-245-CB and 2345-234-CB, respectively.
Congeners which are proposed to be dechlorinated by two
different pathways (initial para dechlorination or initial meta
dechlorination) are present twice in Table 4, and the observed
decreases for these congeners are apportioned as proposed
above for each of the two pathways and terminal products.
Table 4 also lists the observed mole percent increases for
intermediates which accumulate (as shown in Fig. 3B) and for
the terminal dechlorination products. These data illustrate why
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FIG. 4. Proposed pathways for dechlorination of six heptachlorobiphenyls to the four major dechlorination products observed in the enrich-
ment cultures. We propose that the first chlorine removed from 2345-chlorophenyl rings may be either the para chlorine (60% of the time) or the
meta chlorine in position 3 (40% of the time). The proposed order of removal of the chlorines for each congener is also shown. For congeners with
2345-chlorophenyl rings we indicate the preferred order of attack by 1, 2, and 3 and the less frequent pattern of attack by A, B, and C. Note that
the chlorination pattern of both rings affects the order in which chlorines are removed.

24-24-CB and 24-26-CB accumulate to such high levels. They
also permit a mass balance analysis. For 24-24-CB the mass
balance is nearly perfect: an observed 23.9 mol% increase
versus an observed 23.8 mol% decrease. For 24-25-CB and
25-26-CB the mass balances are also very good, approximately
108% and 94%, respectively. For 24-26-CB the mass balance is

139%.

This could be due to an error in the calibration of

24-26-CB or to comigration of a contaminant with 24-26-CB,
leading to an overestimate of this congener.

Sixty-four PCB congeners were confirmed substrates, and 47
of these have six or more chlorines. Virtually all congeners
containing 34-, 234-, 235-, 236-, 245-, 2345-, 2346-, and 2356-
chlorophenyl rings and some congeners with 23456-chloro-
phenyl rings were substrates. However, as previously observed

TABLE 4. Mass balance of penta-, hexa-, and heptachlorobiphenyls dechlorinated to the
four major tetrachlorobiphenyl products

Substrates Intermediates Products
Total Total
Congener Od:::er::: decrefse Congener Amt Congener Amt incregse
(moly) (MO (mol%) (mol%s)  (mol%)
2345-245-CB* 2.7
245-245-CB 8.7
2345-234-CB* 12 238 245-24-CB 0.7 24-24-CB 23,2 239
234-245-CB 11.2
2345-245-CB* 4.0
235-245-CB 1.1
2345-234-CB* 1.8 71| 235-24-CB Unknown® o 24-25-CB 7.7 77
234-235-CB 0.2
b N
2345-236-CB* 1.7
235-236-CB 1.1
2356-235-CB 05 » O3 [ 235-26CB 02 | 2526-CB 7.5 71
2356-25-CB 2.4
236-25-CB 2.4
4 o
h 5\
2345-236-CB* 1.1
§§§§‘535ch §f {151 | 236-24-CB 1o | 2426-cB 19.1 21.1
2356-234-CB 1.3 2356-24-CB 1.0
234-236-CB 3.1
= J

“ The decrease for this congener was based on 40% meta dechlorination of the 2345-chlorophenyl ring to

a 245-chlorophenyl ring.
> The decrease for this congener was based on 60% para dechlorination of the 2345-chlorophenyl ring to

a 235-chlorophenyl ring.
¢ This congener coelutes with 245-25-CB and could not be resolved. It is a likely intermediate, but its

contribution could not be determined.
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FIG. 5. Bootstrapped neighbor-joining tree of OTUs in sediment-free PCB-dechlorinating enrichment cultures and their closest relatives and
type strains. The numbers at the nodes indicate the percentages of times that nodes appeared in 1,000 trials. Nodes that are not labeled appeared
100% of the time. Sequences cloned from DNA extracted from the enrichments after eight transfers without sediment are indicated by boldface
type. JN18 refers to the experiment, and the additional letters and numbers indicate the clone name and RFLP designation where applicable. Type

strains are indicated (T).

congeners that are chlorinated on only one ring and are not
significant components of PCB mixtures found in the environ-
ment (31, 68). This is the first time that a sediment-free culture
capable of degrading a complex Aroclor mixture has been
developed. The cultures dechlorinate at least 64 PCB conge-
ners, all of which are chlorinated on both rings and are present
in Aroclor 1260 and 47 of which have six or more chlorines.
Our sediment-free enrichment cultures dechlorinated 76%
of the hexa- through nonachlorobiphenyls in Aroclor 1260 (250
pg/ml) to tri- through pentachlorobiphenyls in 110 days at 22
to 24°C. These products are less toxic and less persistent in
vertebrates (16). Nearly all congeners in Aroclor 1260 were
substrates, including congeners with three or four ortho chlo-
rines. The latter congeners exist as stable enantiomers, and we
wondered whether their dechlorination would be limited. Ste-
reoisomers of PCBs exist as racemic mixtures in commercial
PCBs, and evidence for stereoselective dechlorination of some
PCB congeners has been reported (52, 67). Our data show that

there was well over 50% dechlorination of 236-236-CB, 236-
245-CB, 2356-245-CB, and 2345-236-CB, demonstrating that
both stereoisomers of each of these congeners are dechlori-
nated. However, since we did not separate the enantiomers, we
do not know whether they were dechlorinated with the same
efficiency. We thought that perhaps the presence of four ortho
chlorines would sterically block access of dehalogenase en-
zymes, but the dechlorination of 236-236-CB shows that this
clearly was not the case. This congener decreased from 1.56
mol% to 0.14 mol%, demonstrating that there was no steric
hindrance or enantiomer selectivity.

Observed PCB dechlorination matches that seen in situ. It is
especially significant that the PCB dechlorination observed in
our enrichment culture, Process N, is the same dechlorination
process that occurs in situ in the Housatonic River (7, 10), the
site from which the sediment used for inoculum was obtained.
This means that we have retained all of the bacteria critical for
Process N in our culture and are now positioned to begin to
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identify the particular bacteria and reductive dehalogenase
gene(s) responsible for it. The breadth of the substrate speci-
ficity, 64 penta- through nonachlorobiphenyls and nine differ-
ent chlorophenyl rings, indicates that the activity results from
either multiple dechlorinators, multiple reductive dehaloge-
nase genes in a single dechlorinator, or both. Raising the con-
centration of PCBs 10- to 100-fold increased the rate of de-
chlorination, eliminated the lag, and greatly improved the
reproducibility of the transfers. This indicates that the dechlo-
rinators are likely using the PCBs as terminal electron accep-
tors for halorespiration.

Process N dechlorination has also been observed in labora-
tory experiments with sediment slurries using microbial inocula
from Silver Lake (Pittsfield, MA) (53), the Hudson River (New
York) (9), and Baltimore Harbor (Maryland) (69); hence, the
bacteria that carry out this process are apparently widespread
in the environment.

Microbial community analysis with respect to halorespira-
tion. Even after normalization, Bacteroidales appeared to be
the most abundant bacteria in our enrichment culture. No
members of the Bacteroidales are known to be halorespirers,
and the prominent presence of these bacteria in our culture
may have more to do with the citrate used to chelate the Ti(III)
reductant in our medium than with any role of these bacteria
in dechlorination. Bacteroides spp. are known to carry out
fermentation of citrate to formate, acetate, and bicarbonate
(36; see Table 17.8 in reference 46). Clostridia have frequently
been found in dechlorinating enrichments, and members of
four clostridial families were present in our culture. These
organisms are typically fermenters and may have been present
due to the citrate and the yeast extract in our medium. Several
clostridia are known to carry out halorespiration, although
PCB dechlorination has not been demonstrated. The dechlo-
rinating clostridia include Desulfitobacterium spp., Deha-
lobacter spp., and Clostridium bifermentans DPH1 (45, 57). The
first two taxa belong to the family Peptococcaceae, which was
not detected in our enrichment culture.

Beta-, Delta-, and Gammaproteobacteria were all present. No
dehalogenating bacteria have been identified in the Beta- or
Gammaproteobacteria, and the role of the Pseudomonas and
Thauera-like bacteria in the enrichment culture is unclear.
Diverse Azoarcus and Thauera spp. are known to degrade a
wide variety of aromatic compounds using oxygen or nitrate as
a terminal electron acceptor (49). There was probably still
some biphenyl present in our culture from the dehalogenation
of 26-BB in earlier transfers, but there was no nitrate in the
medium. The prominent presence of Thauera-like bacteria in
our enrichment culture suggests that they may have another
means of anaerobic growth.

There are several halorespiring species in the Deltapro-
teobacteria. These include Desulfuromonas spp., Desulfomonile
spp., Desulfovibrio dechloroacetovorans SF3, Anaeromyxobacter
dehalogenans (45, 57), Geobacter lovieyi (60), and Trichlo-
robacter thiogenes (22), a very close relative of Geobacter (59).
Clone JN18 A94 J in our enrichment culture is closely related
to Geobacter; thus, we cannot rule out the possibility that it
could be involved in the dechlorination.

We did not find any sequences that belong to the DF-1 or
0-17 group of Chloroflexi (65). DF-1 and 0-17 are distant rel-
atives of Dehalococcoides (87 to 89% identity for 16S rRNA
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sequences) that are known to dechlorinate several individual
PCB congeners (21, 70).

We cannot rule out the possibility that our culture contains
previously unidentified dechlorinating bacteria. However, the
most likely candidates for PCB dechlorinators in our enrich-
ment culture are members of the genus Dehalococcoides. The
two Dehalococcoides sequences that we found have 16S rRNA
sequences that are nearly identical to those of Dehalococcoides
spp. strains CBDBI1, FL2, and BAV1, which belong to the
Pinellas group of Dehalococcoides (30). Strain CBDB1 can use
hexa- and pentachlorobenzenes as terminal electron acceptors
(37) and can also dechlorinate 1,2,3,7,8-pentachloro-p-dibenzo-
dioxin (19). Strain FL2 can use trichloroethene and cis-1,2-
dichloroethene as electron acceptors, and strain BAV1 can use
cis-1,2-dichloroethene and vinyl chloride as electron acceptors
(28, 29). Our Dehalococcoides sequences are also closely re-
lated to the sequence of Dehalococcoides ethenogenes strain
195 (Fig. 5), which has been shown to dechlorinate 23456-CB
to 2346-CB/2356-CB and 246-CB (23). Dehalococcoides strains
195, FL2, BAV1, and CBDBI1 contain 18, 14, 7, and 32 non-
identical reductive dehalogenase genes (32, 40, 56). Together,
these reductive dehalogenase genes comprise 42 different or-
thologous clusters. We found two different Dehalococcoides
16S rRNA gene sequences in our culture, and we expect that
each of the corresponding strains also has multiple reductive
dehalogenase genes. It is intriguing to speculate that two or
more Dehalococcoides strains with different sets of reductive
dehalogenase genes act together to achieve the broad PCB
congener specificity characteristic of Process N dechlorination.
However, definitive proof of this requires firm evidence that
the dechlorination of Aroclor 1260 is linked to the growth of
Dehalococcoides. Studies to determine if this is the case are in
progress.

Conclusion. For the first time, this research has identified
and developed robust, highly enriched, sediment-free cultures
of the bacteria that carry out Dechlorination Process N, a
major microbial PCB dechlorination activity which occurs nat-
urally in the Housatonic River. This is a major and unprece-
dented breakthrough in the field which will, for the first time,
make it possible to conclusively identify the bacterial strains
and reductive dehalogenase genes responsible for a major de-
chlorination process that actually occurs in the environment.
The insights that we gain about these bacteria and their gene
expression should also be useful in the development of effec-
tive remediation applications.
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