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2,6-Dibromobiphenyl Primes
Extensive Dechlorination of Aroclor
1260 in Contaminated Sediment at
8—30 °C by Stimulating Growth of
PCB-Dehalogenating Microorganisms
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We applied the most probable number (MPN) method to
test the hypothesis that 2,6-dibromobiphenyl (26-BB) primes
polychlorinated biphenyl (PCB) dechlorination by stimulating
the growth of microorganisms that dehalogenate 26-BB
and PCBs. The experiments were conducted in anaerobic
microcosms of Aroclor 1260-contaminated sediment

from Woods Pond (Lenox, MA). We estimate that the
number of microorganisms capable of dehalogenating
26-BB and PCBs increased approximately 1000-fold (from
3—4.9 x 10°to 2—5.8 x 108 cells/g of sediment [dry weight]
or from 0.7—1.2 x 10° to 0.5—1.4 x 108 cells/mL of wet
sediment) after priming for 48 days with 26-BB (1050 xmol/L
of slurry) in the presence of 10 mM malate at 22 °C. All
MPN samples that showed debromination of 26-BB also
dehalogenated Aroclor 1260 even in the high dilutions. These
results demonstrate for the first time that halogenated
biphenyls prime PCB dechlorination by stimulating the growth
of PCB-dechlorinating microorganisms. 26-BB primed
exclusively meta-dechlorination of the PCBs (Process N),
which effected extensive decreases (75—88%) in the hexa-
through nonachlorobiphenyls in only 5—8 months at
temperatures as low as 8 °C. The highest observed rates
of primed dechlorination of Aroclor 1260 ranged from
~250 to ~1150 pmol of Cl mL™* day~! at 8 and 25 °C,
respectively.

Introduction

Microbial reductive dechlorination of PCBs in aquatic
sediments is an important environmental process because
it decreases the toxicity of PCBs and increases their degrad-
ability (1-7). Unfortunately, dechlorination of PCBs in situ
proceeds very slowly in sediments at some locations. Recently,
it was demonstrated that PCB dechlorination can be primed
in such sediments by the addition of certain brominated
biphenyls (5). One of the most effective primers identified
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was 2,6-dibromobiphenyl (26-BB), which primed rapid and
extensive dehalogenation of the Aroclor 1260 residue in
sediment from Woods Pond (Lenox, MA) at room temperature
(5). Previous studies have shown repeatedly that no measur-
able dechlorination of the Aroclor 1260 residue could be
detected when this sediment was incubated without a primer
for up to 1 year at any temperature from 8 to 66 °C (5, 8).

Reductive dehalogenation of haloaromatic compounds
can lead to energy conservation (9—13). For example,
Mackiewicz and Wiegel recently demonstrated that the molar
growth yields from the reductive dehalogenation of 3-chloro-
4-hydroxyphenylacetate yielded energy for growth equivalent
to that obtained from the reduction of nitrate, sulfite, or
fumarate (11). Several studies have proposed that PCB-
dechlorinating microorganisms also derive energy by trans-
ferring electrons to PCBs (2, 14). It has also been proposed
that high concentrations of halogenated biphenyls (e.g.,
2,3,4,6-tetrachlorobiphenyl [2346-CB], 23456-CB, and 26-
BB) prime PCB dehalogenation because they support the
growth of PCB-dechlorinating microorganisms (5, 6, 8, 15,
16). In this study, we used the most probable number (MPN)
method to test this hypothesis in microcosms of Woods Pond
sediment.

Woods Pond is a shallow impoundment on the upper
Housatonic River. The sediment is methanogenic and on a
dry weight basis is primarily composed of about 36—46%
very fine to fine sand (particle size from 50 to 300 um) and
about50%silt (particle size 1—50 um). The sediment moisture
content is 70—85%. The sediment is extremely high in
combustable organic matter (30% of the total mass), much
of which is still in the process of decomposing. Thus, the
sediment may actually contain as much as 45—50% organic
material. The sediment is contaminated to a depth of ~ 30—
100 cm with partially dechlorinated Aroclor 1260 (15—180
ug/g of sediment [dry weight]) and a weathered aliphatic
hydrocarbon oil (5000—32 000 ug/g [dry weight]) (17).
Temperatures in the top 45 cm of the sediment are at 8—12
°C for 6—8 weeks in the spring and fall and at 15—22 °C in
the summer. Winter temperatures drop to 1—4 °C at these
depths. PCB dechlorination mediated by four different
microbial dechlorination processes has been documented
in microcosms of Woods Pond sediment (6, 8, 15, 18). [A
microbial dechlorination process is a set or series of
dechlorination reactions that determines the substrate range,
the specific chlorines targeted, and the sequence of micro-
bially mediated PCB dechlorination (7).] Although no one
has yet succeeded in obtaining a pure culture or even a
defined consortium that dechlorinates PCBs (ref 16 and
literature cited therein), several lines of evidence indicate
that discrete microbial populations are responsible for the
different PCB dechlorination processes observed in Woods
Pond (summarized in ref 5).

Most (~71 mol %) of the PCBs in the Aroclor 1260 resi-
due in Woods Pond sediment have six or more chlorines.
Therefore, the mole percent fraction of hexa- through
nonachlorobiphenyls provides an effective way to measure
the extent of dechlorination of the Aroclor 1260 residue. Any
viable method to accelerate PCB dechlorination in situ must
result in extensive dechlorination of this fraction of PCBs at
field temperatures. We reported earlier that 2346-CB primes
microbial dechlorination of the residual Aroclor 1260 in
Woods Pond sediment by various combinations of three
different microbial dechlorination processes in the temper-
ature range of 8—34 °C (8). Temperature determined the
relative dominance of these dechlorination processes and
the extent and products of the dechlorination.
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FIGURE 1. PCB homologue distribution in the Aroclor 1260 residue in samples incubated at 8—30 °C for 8—10 months after priming with
26-BB. (A) Data are from the first experiment after 8 months of incubation. (B) Data are from the second experiment after 10 months of
incubation. The initial PCB homologue distribution differed for the sediments used in the two experiments (see Experimental Section).
Symbols: (@) dichlorobiphenyls, (a) tri- and tetrachlorobiphenyls, (®) pentachlorobiphenyls, (l) hexa- through nonachlorobiphenyls. The
data represent the means of triplicate samples. The bars indicate the standard deviations, otherwise the deviations were obscured by

the symbols used.

The experiments with 2346-CB demonstrated that sig-
nificant PCB dechlorination can be primed at field temper-
atures, but they also raised several concerns that must be
addressed before accelerated PCB dechlorination in situ can
become a viable option. (i) The dechlorination primed by
2346-CB was slow and ceased prematurely, resulting in only
a 28% decrease of the hexa- through nonachlorobiphenyls
at 8 °C and a 60—65% decrease in this fraction of PCBs at
higher temperatures after 1 year of incubation. (ii) Competi-
tion of several dechlorination processes, especially at 15—22
°C, apparently decreased the efficiency of the dechlorination
as manifested by suboptimal removal of the hexa- through
nonachlorobiphenyls and accumulation of dead-end ortho-,
para-substituted tetra- and pentachlorobiphenyls. (iii) Com-
petition of the three dechlorination processes at 15—22 °C
resulted in considerable variability in product distribution
among replicates, indicating that the sequence of dechlo-
rination was not under control. In the worst case, 2346-CB
primed a very weak para-dechlorination of Aroclor 1260 at
18 °C, resulting in minimal dechlorination (11% decrease of
the hexa- through nonachlorobiphenyls) as compared with
extensive dechlorination (~60% decrease of the same fraction
of PCBs) at 15 and 20 °C in the same experiment when Process
N dechlorination dominated (8). We proposed earlier that
18 °C may be a transition point at which members of the
community supporting para-dechlorination become more
dominant (19). Unfortunately, 18 °C is also a prevailing
summer temperature in the sediment.

We hypothesized that all three concerns could be ad-
dressed by using a primer that would allow us to control the
sequence of dechlorination at 8—22 °C. Priming meta-
dechlorination (Process N) first would have the greatest initial
impact because this dechlorination process has a broader
PCB congener substrate range than any of the other dechlo-
rination processes observed in Woods Pond (6, 8, 15, 18) and
because there are more meta than para chlorines in the target
substrate. (The partially dechlorinated Aroclor 1260 residue
contains about 2.22 meta chlorines per biphenyl but only
1.29 para chlorines per biphenyl.) Process N dechlorination
of Aroclor 1260 is characterized by an almost exclusive loss
of flanked meta chlorines to generate ortho-,para-substituted
tri- through pentachlorobiphenyls (7, 18, 20a). We have al-
ready demonstrated that Woods Pond sediment also contains
a population of microorganisms that can subsequently de-
chlorinate the products of Process N dechlorination con-
verting them to ortho-substituted di- and trichlorobiphenyls
(6, 8, 20b), which can be degraded aerobically. Hence,
controlling the initial sequence of dechlorination would
permit subsequent development of a two-stage anaerobic
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dechlorination strategy that would maximize total chlorine
removal. 26-BB primed a rapid and exclusive Process N
dechlorination of Aroclor 1260 of Woods Pond sediment
incubated at room temperature (22—25 °C) (5). The priming
activity of 26-BB was not previously tested at other tem-
peratures, but we hypothesized that it would exclusively
prime Process N dechlorination over the entire temperature
range of 8—30 °C because our previous experiments showed
that Dechlorination Process N is active in this temperature
range (8). To test this hypothesis, we determined the pattern,
rate, and extent of microbial dechlorination of Aroclor 1260
primed by 26-BB over the temperature range of 8—34 °C.

In addition to the benefits described above, the finding
that 26-BB activates only Process N dechlorination in a
temperature range where several dechlorination processes
were activated simultaneously by 2346-CB (8) would provide
strong support for the hypothesis that the microorganisms
that mediate Dechlorination Process N are distinct from the
microorganisms that mediate the other dechlorination
processes observed in Woods Pond. It would also provide
the opportunity to measure the effects of temperature on a
single microbial dechlorination process. That was not pos-
sible in our earlier study with 2346-CB (8).

In this paper, we demonstrate for the first time that
priming with halogenated biphenyl congeners stimulates the
growth of PCB-dechlorinating microorganisms. We also show
that 26-BB primes extensive and exclusive Process N dechlo-
rination of Aroclor 1260 over the entire temperature range
of 8—30 °C, and we report the rates of primed PCB
dechlorination at most of these temperatures.

Experimental Section

Preparation of Slurries and Incubation. Methanogenic
sediment was collected from the west side of Woods Pond
(Lenox, MA) (17) as described previously (21), shipped to
Athens, GA, and then stored in glass containers at 4—7 °C
until use. The sedimentwas stored for 5 days prior to the first
experiment and for 1 year prior to the second experiment.
Different containers of sediment were used in these experi-
ments, and even though the sediment was collected from
the same location at the same time, the dry weight (0.2 and
0.17 g dry sediment/mL wet sediment) and the PCB homo-
logue distribution differed for the two containers of sedi-
ment due to variations in the extent of dechlorination that
had occurred in situ (See to values, Figure 1). The Aroclor
1260 in the sediment used for the second experiment was
more highly dechlorinated than that used for the first ex-
periment. (The average numbers of chlorines per biphenyl



for the residual PCBs in the sediments used in these
experiments were 5.93 and 5.75 for the first and second
experiments, respectively). This is typical of the variability
seen throughout Woods Pond (17).

Sediment slurries were prepared under a stream of
O,-free nitrogen gas by mixing wet sediment (3 vol) with
KoHPO4/KH,PO, buffer (2 vol, pH 6.8). The final concentration
of potassium phosphate buffer was 10 mM, and the resulting
slurries for the two experiments contained, respectively, 0.12
and 0.10 g of sediment (dry weight)/mL. The concentrations
of Aroclor 1260 in the sediment used for the two experiments
were 97 and 105 ug/g of sediment (dry weight), respectively.
The 26-BB was synthesized at GE (99.93% purity by gas
chromatography analysis using a flame ionization detector),
and the malate was from Aldrich (Milwaukee, WI). Triplicate
sediment slurries were amended with 26-BB (final concen-
tration 350 umol/L of slurry) added from a concentrated stock
in acetone and sodium L-malate (pH. 6.8; final concentration
10 mM) and then incubated for 8 months in the dark without
shaking at 8, 12, 15, 18, 22, or 25 °C. The final concentration
of acetone was 0.33%. Malate accelerates the onset of the
dehalogenation when added with a primer but has no effect
when added withouta primer (5, 22, 23). Asecond experiment
included incubations at 22, 25, 27, 30, or 34 °C for 10 months.
In both experiments we maintained a pH of 6.8 + 0.2, the
pH range usually observed in Woods Pond sediment, by
periodic adjustment with anaerobically prepared 1 N NaOH
or 1 N HCI. Sterile controls were autoclaved twice for 1 h at
121 °C on each of two consecutive days to kill presumptive
spores, then amended with 26-BB, and incubated at 22 °C

Enumeration (MPN Determinations) of Dehalogenators.
Freshly collected Woods Pond sediment from a third
container was used for these experiments. The concentration
of Aroclor 1260 in this batch of sediment was 92 ug/g of
sediment (dry weight), and the average number of chlorines
per biphenyl was 5.81. We prepared a sediment slurry under
a stream of O,-free nitrogen gas by mixing 2 vol of wet
sediment with 1 vol of potassium phosphate buffer (pH 6.8).
The slurry contained 0.16 g of sediment/mL on a dry weight
basis, and the final concentration of potassium phosphate
buffer was 10 mM. The slurry was homogenized in a blender
and then kept in an anaerobic chamber at room temperature
for 2—4 days before use to ensure that it was completely
anaerobic. A portion of the slurry was used to prepare MPN
medium (see below). The remainder was used for the growth
experiment.

Experiment To Determine If 26-BB Stimulates Growth of
Dehalogenators. Previous experiments established that no
detectable dechlorination of PCBs occurs after 1 year of
incubation (at 22 °C) of unamended Woods Pond sediment
slurries (8) or slurries amended with acetone (0.33% vol/vol)
or acetone plus malate (10 mM) (5) but that extensive PCB
dechlorination occurs in sediments amended with 26-BB or
26-BB plus malate (5, 23). We designed our experiment to
test the hypothesis that 26-BB primes PCB dechlorination
by stimulating the growth of microorganisms that dehalo-
genate PCBs. To determine the number of dehalogenators
present in the sediment before exposure to 26-BB, we
prepared serial dilutions of the unamended sediment slurry
in MPN assay medium (see details below). We tested two
different conditions in the growth experiment: amendment
with only 26-BB (350 ©M) and amendment with both 26-BB
(350 uM) and malate (10 mM). The samples were incubated
at 22 °C in the dark without shaking. After 35 days, most of
the 26-BB and 56—74% of its intermediate, 2-BB, had been
dehalogenated. To further enhance the priming effect of
26-BB, the samples were spiked again, this time with 700 uM
26-BB alone or 700 «M 26-BB plus 10 mM malate, respectively.
The samples were incubated for 13 more days until most of
the 26-BB and about 50—90% of the 2-BB had been

debrominated. At this time, serial dilutions of each sample
were prepared in MPN assay medium to determine if the
number of dehalogenating microorganisms had changed as
a result of priming.

Preparation of Sterile Medium for MPN Assays. A portion
of the initial unamended sediment slurry was sterilized to
prepare incubation medium for the MPN assays. Aliquots of
the slurry were dispensed into tubes, crimp-sealed with
Teflon-coated butyl rubber stoppers, and then autoclaved
for 1 h at 121 °C. The tubes were incubated for 1 day at 22
°C to permit germination of any spores and then autoclaved
again. The MPN assay medium was then amended with
26-BB (350 uM) plus malate (10 mM). Previous experiments
have repeatedly shown that no detectable dehalogenation
occurs within 1 year in slurries that have been sterilized in
this manner (8, 23).

Dilutions into MPN Medium, MPN Assay, and Criteria for
Scoring. Dehalogenation activity in our MPN assay indicates
the presence of dehalogenating microorganisms. To deter-
mine the reproducibility of the data, we prepared two
independent series of dilutions in MPN assay medium to
estimate the number of dehalogenating microorganisms.
The initial dilutions for the two series were 5 x 10~* and 1
x 1071, respectively. For each of the two dilution series of the
samples before priming with 26-BB, we made seven 10-fold
dilutions (five replicates each) into the MPN assay tubes.
After priming for 48 days with 26-BB, we made two series of
nine 10-fold dilutions (five replicates each) into MPN assay
tubes to determine whether the number of debrominating
and dechlorinating microorganisms had increase as a result
of priming. The MPN assay tubes were incubated at 22 °C,
pH 6.8, for 8 months to allow ample time for low numbers
of dehalogenators to multiply and dehalogenate the 26-BB
and the PCBs in the MPN medium. The individual MPN
dilution tubes were scored as positive for the presence of
26-BB-debrominating microorganisms if at least 60% (210
umol/L of slurry) of the supplemented 26-BB was dehalo-
genated, and for PCB dechlorinator(s) when the number of
meta chlorines per biphenyl for the Aroclor 1260 residue
decreased by at least 15% (i.e., a drop from an initial value
of 2.15 + 0.02 to a final value of 1.83). These parameters
were chosen to ensure unequivocal scoring for the two
processes that exhibit different microbial-mediated deha-
logenation rates. The MPNs were calculated using MPN
tables developed for examination of water and wastewater
samples (24).

Sample Extraction and Analysis. In this paper, individual
PCB or bromobiphenyl congeners are described by listing
the substituted positions on each ring, separated by a hyphen,
and followed by the designation -CB or -BB. Bromobiphenyls,
PCBs, and biphenylwere extracted by anhydrous diethyl ether
and analyzed using a gas chromatograph (GC) equipped with
a DB-1 poly(dimethylsiloxane) fused silica capillary column
(J&W Scientific) and a %Ni-electron capture detector (ECD)
as previously described (21). 26-BB and 2-BB were identified
by matching their GC retention times with those of authentic
standards (99% purity, AccuStandard). Each congener was
quantified using a third-order calibration curve (CA-Cricket
Graph 111 1.01; 1992) generated from a calibration mixture
containing 26-BB and 2-BB at 10 calibration levels ranging
from 0.2 to 80 uM. We confirmed at the end of the experiment
that biphenyl was the final debromination product by GC/
mass spectrometric analysis. PCB congeners in the Aroclor
1260 residue were identified using congener assignments
reported by Frame et al. (25) and then quantified by congener-
specific analysis using a PCB standard that was customized
for quantification of both unaltered and dechlorinated Aroclor
1260 as previously discussed in detail (5, 26). We used a six-
point calibration curve (total PCB concentration = 1.7—55
uM, which is equivalent to 0.57—18.6 ug/mL) for quantifica-
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tion of the dechlorinated Aroclor 1260. All PCB congeners in
the samples were within the calibration range.

Results

Effects of Temperature on the Dehalogenation of Aroclor
1260 Primed by 26-BB. No dehalogenation of 26-BB or PCBs
was detected in autoclaved controls incubated at 22 °C or in
live samples incubated at 34 °C for 8—10 months. Further-
more, incubation of sediment samples without the addition
of primers such as 26-BB did not lead to any dehalogenation
of the Aroclor residues within 1 year. At 8—30 °C, dehalo-
genation of 26-BB commenced within 6—54 days in live
samples. As previously reported (5, 22), 26-BB was stoichi-
ometrically dehalogenated to biphenyl. After 3 months, 95—
99% of the 26-BB and its product, 2-BB, had been de-
halogenated to biphenyl in samples incubated at 12 °C or
higher. At 8 °C, complete dehalogenation took ~8 months.
26-BB primed extensive dechlorination of the Aroclor 1260
residue in the sediment at all tested temperatures from 8 to
30 °C, resulting in large decreases in hexa- through nona-
chlorobiphenyls and corresponding increases in tri- and
tetrachlorobiphenyls, even at 8 and 12 °C (Figure 1). Con-
currently, the total chlorines per biphenyl for the Aroclor
1260 residue decreased by 18—26% (Supporting Information,
Figure 1). This decrease resulted almost exclusively from the
loss of meta chlorines, which decreased by 51—67%. No
significant ortho- or para-dechlorination of the Aroclor 1260
residue was observed.

The observed maximal rate of dechlorination of the
Aroclor 1260 residue in the sediment increased almost linearly
from 8 °C (252 pmol of Cl mL~* day™?) to 25 °C (1144 pmol
of CI mL~* day?) and paralleled the rate of dehalogenation
of 26-BB (Figure 2A). The rate of debromination was
substantially higher than the rate of dechlorination, but
several factors must be considered in making this compari-
son. First, the rate of dehalogenation is known to be
influenced by the concentration of available substrate (see
ref 7 for a review). In this case, we measured the dehalo-
genation of 26-BB to 2-BB, so the concentration of bromine
available for dehalogenation was 350 nmol/mL of slurry. Only
meta chlorines were substrates for the PCB dechlorination
that occurred, and the concentration of meta chlorines was
72 nmol/mL of slurry. When normalized to the available
halogen substrate, the rate of debromination was, on average,
~5.4 times higher than that of the PCB dechlorination. For
example, at 15 °C, the sediment microorganisms removed
4% of the available bromines and 0.8% of the meta chlorines
per day, and at 22 °C the microorganisms removed 8.4% of
the available bromines and 1.5% of the meta chlorines per
day. These are not large differences, especially considering
that (i) the 26-BB was freshly added (and may therefore have
been more bioavailable) while the PCBs have been associated
with the sediment for decades; (ii) 26-BB is more soluble
than most of the congeners in Aroclor 1260 (based on the
octanol—water partition coefficients, Kow (27, 28); the log Kow
calculated for 26-BB is 5.46; (iii) aryl bromines are more easily
removed than aryl chlorines (see ref 22 for a discussion); and
(iv) all of the bromine substituents were dehalogenation
substrates, but only a subset of meta chlorines (namely, those
that are flanked by another chlorine) were substrates for
dehalogenation (see text below).

Figure 2B compares the effect of temperature on the
incubation time required for 50% losses of 26-BB and of hexa-
through nonachlorobiphenyls (tso). This measure incorpo-
rates the effects of temperature on acclimation time and rate
of dehalogenation. The most rapid acclimation and deha-
logenation occurred at 22—30 °C. The tso for both dehalo-
genations gradually increased as the incubation temperature
was lowered to 12 °C but increased sharply when the
temperature was lowered to 8 °C. The extent of dechlorination
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FIGURE 2. Effect of temperature on the maximal rates of dehalo-
genation, the time required for 50% dehalogenation, and the time
course of PCB dechlorination. All data represent the means of
triplicate samples. The bars indicate standard deviations, otherwise
the deviations were obscured by the symbols used. (A) The maximal
observed rates of dehalogenation of 26-BB to 2-BB (OJ) and of PCBs
(A\). Only data from the first experiment were used because there
were not enough time points taken to estimate rates of dehalo-
genation for the second experiment. The rate of chlorine removal
was calculated from the PCB concentration in the slurry and the
changes in the total number of chlorines per biphenyl as a function
of time. (B) Time required for 50% losses () of 26-BB (squares)
and hexa- through nonachlorobiphenyls (triangles). Open symbols
indicate data from the first experiment, and closed symbols indicate
data from the second experiment. (C) Time course of dechlorination
of hexa- through nonachlorobiphenyls in Woods Pond sediment
samples primed with 26-BB and incubated at various temperatures.
Symbols: (®) 8 °C, (a) 12 °C, (O) 18 °C, (O) 25 °C.

increased throughout the 8 month incubation. Within 5
months, extensive dechlorination had occurred at temper-
atures as low as 12 °C (Figure 2C). By 8 months, the PCBs
in samples incubated at 8 °C were dechlorinated almost as
extensively as at 25 °C. The total decrease in hexa- through
nonachlorobiphenyls ranged from a 75% decrease at 8 °C to
an 88% decrease at 25 °C (Figures 1 and 2C).

Our experiments demonstrate that 26-BB primed only
Process N dechlorination at all temperatures from 8 to 30 °C.
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TABLE 1. Mole Percent of Selected PCB Congeners in the Aroclor 1260 Residue in 26-BB from Sediment Microcosms Incubated at 8—34 °C for 8—10 Months after Priming with 26-BB?

Peak PCB IUPAC t,~ 4 t; at temperature (°C)%
#  Congener’  # 8 12 15 18 2 25 27 30 34
Ist 2nd Ist 2nd¢
17 26-4, 232 32, 16 0.29 + 0.02 0.52 +0.06 3.17+ 004 362+007 3.73+0.12 378+ 003 3.8 4007 405+0.11 239+007 2371016 234 +043 0.50 £ 0.08
24 24-4 28 1.17 £ 0.02 131 +0.05 448 +0.03 2.11 +0.16 345+ 0.18 2.08 +032 279 +0.12 342+ 030 3.07+0.05 3.13+0.11 299 +0.19 1.34 + 0.06
25 25-26 53 138+ 0.01 1.8 + 003 4.67+0.02 526+0.10 537 +0.18 564 +0.13 576 +0.17 585+ 0.11 494 +0.11 488 +0.19 5.03 +£0.23 1.52 + 0.02
26 24-26 51 1.15 + 0.03 2.28 + 0.05 9.10 + 0.06 10.47 + 0.21 10.79 + 0.37 11.20 + 0.32 11.53 £ 0.34 11.93 + 0.23 12.45 £ 0.60 12.33 + 0.81 13.51 £ 0.94 2.16 + 0.10
31 25-25 52 138 + 0.02 190 +0.03 240 +0.01 276+ 007 2.85+0.13 3.11 +0.09 3.17+0.10 316 +£0.11 169+000 167 +£0.04 1.76 £0.21 1.46 + 0.02
32 24-25 49 201 +004 357+003 794 +003 88! +0.18 901 +£036 974 £027 995 +0.29 1001 £0.32 7.194+£005 7.00+0.14 723 +£046 3.54 +0.04
33 24-24 47 477 + 003 5.75 £ 0.02 20.51 + 0.09 22.12 + 0.16 22.19 + 0.59 22.92 + 0.37 23.18 £ 0.46 23.75 £ 0.23 21.91 + 046 21.32 +0.83 20.74 £ 0.76 5.27 + 0.04
44 246-24 100 0.42 +£ 001 048 £+000 559+ 003 631 +008 645+025 6.70+020 7.18+ 020 3.76 +0.13 398+020 3.92+034 386+ 041 0.56 =+ 0.01
49 236-24 91 152 + 002 181 +003 3.06+002 28 +004 267+ 006 278+006 2.68+003 264+004 362+016 3.58+0.12 278 +£40.32 2.00+£0.05
53 235-24,245-25 90, 101 292 +005 271 +0.03 479 +0.02 460 +008 429 +0.04 401 +0.14 3.77+0.11 401 +023 501 +0.10 492 +0.15 6.59 £0.32 2.9 +0.05
67 2356-24, 234-35 147, 107 092 + 003 09 +003 3.84 +003 373+005 347 +007 3.50+005 337+012 3.15+£005 345 +0.11 327 +0.09 3.13+£0.19 1.11 +£0.02
235-34 109
69 245-34,236-245 118, 149 698 + 0.07 595 +008 077 +£002 062+003 057+015 048 +006 041 +0.18 021 £003 0.69+0.10 0.83+£0.17 074 £0.16 6.12 + 0.09
75 245-245 153 937 + 0.10 733 +007 068 +0.02 056+003 049 +005 044 +£005 031 +£008 0.19+001 0.79+009 1.02+033 0.75+0.12 7.25 +0.09
82 234-245, 2356-34 138, 163 8.15+ 008 7.50+007 135+003 105+003 09 +003 084 +008 0.69+008 060+004 183 +0.12 208022 182 +021 7.56+0.06
236-345 164

88 2356-245 187 493 +003 3.17+ 002 103+003 081 +0.02 071+003 071 +007 051 +004 036+000 1.05+009 1.09+0.19 125+ 029 331 +£0.02
90 2346-245 183 370 £+ 002 178 +£002 042 +001 032+000 028 +001 027 +003 0.18+002 0.12+000 039+001 043 £0.09 025+£0.04 1.75+0.01
93 2345-236 174 331 +£003 240+003 052+001 035+000 028+0.03 025+003 0.15+0.03 009+000 032+003 039009 029 +004 246+ 0.02
102 2345-245 180 6.19 + 0.03 7.56 +0.04 139+ 002 1.02+0.02 0.80+0.03 077 +009 043 +£0.03 027 +£000 1.83+021 197051 1.06+£0.12 7.52 +0.04
106 2345-234 170 3124+ 002 281 +002 063+001 046 +001 040 +006 035+003 023+005 010+ 000 0.58+006 0.64+0.19 034 £002 2.8 +0.02
110 23456-245 203 169 + 0.02 1.64+001 093 +001 08 +001 081 +006 071 +004 060 +007 036 +001 080+003 079004 058 +003 1.63+0.02

2345-2346 196

2 Data were means from triplicate samples + standard deviation. The total PCB concentration (100 mol %) = 30—32 uM. ? Coeluting congeners in peaks that decreased (e.g., 82) are listed in order according to
their relative contribution to the peak at the beginning of the incubation. Coeluting congeners in peaks that increased (e.g., peaks 17, 53, and 64) are listed in order to their presumed relative contribution to the
peak at the end of the incubation. ¢ t, is the value at the start of incubation. 9 1st and 2nd refer to the first and second experiments. t for the first experiment, which included 8, 12, 15, 18, 22, and 25 °C (1st), was
8 months. ¢ for the second incubation, which included 25 °C (2nd), 27, 30, and 34 °C, was 10 months.




TABLE 2. Most Probable Number (MPN) of 26-BB- and
PCB-Dehalogenating Microorganisms in Woods Pond Sediment
before and after Stimulation by the Addition of 26-BB?

MPN (x 10° per g dry wt sediment)
dilution 1? dilution 2¢

3(0.9-9.4)¢

samples

before addition
of 26-BB

after addition of
26-BB (1050 uM)

after addition of
26-BB and malate
(10 mM)

2 All MPN assay tubes were incubated for 8 months at 22 °C before
they were analyzed for dehalogenation. ? Dilution started with 5 x 10~
¢ Dilution started with 1071 9Values in parentheses indicate 95%
confidence limits.

4.9 (1.6-11.9)
675 (225—1750) 2188 (750—6250)

2000 (800—7250) 5750 (1875—20000)

This is evident from large increases in the unique products
characteristic of this dechlorination process (24-24-CB,
24-26-CB, 24-25-CB, and 246-24-CB) and corresponding
decreases in congeners with 34-, 234-, 236-, 245-, 2345-, 2346-,
and 23456-chlorophenyl groups (Table 1). (For a detailed
discussion of Process N dehalogenation, see refs 7 and 18.)
In contrast to our results with 2346-CB as primer (8, 19, 21),
there was very little variation between replicates primed with
26-BB as shown by the small standard deviations. It is clear
from the congener distribution profile that virtually all of the
highly chlorinated congeners were substantially meta-
dechlorinated, even at 8 and 12 °C (Supporting Information,
Figure 2).

Enumeration of Dehalogenating Microorganisms before
and after Priming with 26-BB. We used MPN methods to
estimate the number of microorganisms in the sediment that
could dehalogenate 26-BB and Aroclor 1260. We estimated
the size of both populations in unamended sediment at about
3—4.9 x 10° cells/g dry weight sediment (0.7—1.2 x 10° cells/
mL of wet sediment) (Table 2). The total absence of
dehalogenation in the highest MPN dilutions of the un-
amended sediment confirmed that the dehalogenation seen
at the lower dilutions was solely due to the presence of
dehalogenating microorganisms in the inocula. MPN dilu-
tions prepared after priming with 26-BB revealed that the
size of both populations had increased significantly to about
6.8 x 107—2.2 x 108cells/g of sediment [dry weight] (1.6—5.3
x 107/mL of wet sediment). The number of dehalogenators
was slightly higher (2—5.8 x 108/g of sediment [dry weight]
= 0.5—1.4 x 108 cells/mL of wet sediment) in samples that
had also been supplemented with 10 mM malate (Table 2),
but the difference was not statistically significant even though
malate has previously been shown to accelerate the onset of
PCB dehalogenation when added with a primer (5, 22, 23).
The estimated number of dehalogenating microorganisms
varied between the two MPN dilution series (Table 2).
However, the numbers are within 95% confidence limits. We
assume that the difference was caused by nonuniform
distribution of microorganisms in the sediment. Dechlori-
nation of Aroclor 1260 was observed in all MPN dilution
tubes in which dehalogenation of 26-BB occurred, and no
dechlorination of Aroclor 1260 was observed in any MPN
dilution tubes in which dehalogenation of 26-BB did not
occur. Hence, the estimated numbers for 26-BB dehaloge-
nators were the same as those for PCB dehalogenators.
Regardless of the dilution, all actively dehalogenating samples
exhibited the same pattern of dechlorination, namely, Process
N (Figure 3). Furthermore, for the 26-BB primed samples,
the extent of dechlorination in the MPN assay tubes after 8
months was the same at the highest positive dilution (107°)
as at the lower dilutions (Figure 3). These findings demon-
strate that the lower dilutions did not contain actively
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dehalogenating microorganisms with substrate specificities
different than the higher dilutions.

Discussion

26-BB Exclusively Primes Dechlorination Process N. We
reported earlier that 2346-CB primed a combination of three
different dechlorination processes with partially overlapping
temperature ranges in Woods Pond sediment (8). Process N
dechlorination (flanked meta-dechlorination) was primed
at 8—30 °C, Process P dechlorination (flanked para-dechlo-
rination) was primed at 12—34 °C, and Process LP dechlo-
rination (unflanked para-dechlorination) was primed at 18—
30 °C (8). The results of this study unequivocally establish
that 26-BB stimulates only Process N dechlorination in Woods
Pond sediment and that the temperature range for this
dechlorination process is 8—30 °C. No evidence of Dechlo-
rination Process P or LP was observed in samples primed
with 26-BB at any incubation temperature. The exclusive
priming of meta-dechlorination of PCBs by the ortho-
substituted 26-BB is not understood, but our results are
consistent with previously reported data (5). The absence of
any dehalogenation of either 26-BB or PCBs at 34 °C is
consistent with our previous conclusion that only Process P
occurs at that temperature (8) and further substantiates our
hypothesis that 26-BB specifically activates the microorgan-
isms that mediate Process N dechlorination. These results
indicate that the PCB dehalogenators primed by 26-BB exhibit
high specificity and further support the hypothesis that
different microorganisms containing distinct dehalogenating
enzymes with different congener specificities are responsible
for the various dechlorination processes that have been
identified (7). Collectively, our results indicate that the
addition of 26-BB affects the growth and dehalogenation
activity of a single population of PCB-dechlorinating mi-
croorganisms, namely, the population that mediates Process
N dechlorination.

Effect of Temperature on the Rate, Time Course, and
Extent of Dechlorination of Aroclor 1260 Mediated by
Dechlorination Process N. Because 26-BB stimulates only
Dechlorination Process N, we were able to determine the
effects of temperature on this single dechlorination activity
(Figures 1 and 2). Even though the rate of dechlorination
decreased significantly with temperature, 26-BB primed
extensive dechlorination of the Aroclor 1260 residue within
5 months at 12—25 °C and within 8 months at 8 °C (Figure
2C). As we had hoped, the dechlorination primed by 26-BB
had a greater impact on the most highly chlorinated PCBs
than the dechlorination primed by 2346-CB, especially at
the lowest temperature. The total decrease in hexa- through
nonachlorobiphenyls primed by 26-BB at 8 months at 8 °C
was 75% whereas the decrease in this fraction of PCBs primed
by 2346-CB in 1 year was only 28% (8). These findings have
important implications for the development of bioreme-
diation strategies because they demonstrate that extensive
dechlorination of Aroclor 1260 can be achieved in reasonable
periods of time even in sediments at the low temperatures
that prevail in northern climates.

26-BB Stimulates 1000-Fold Growth of PCB-Dehalo-
genating Microorganisms. Our MPN data show that the
addition of 26-BB resulted in approximately 1000-fold growth
of the PCB-dehalogenating microorganisms in Woods Pond
sediment. Thisis the firstdirect demonstration of an increase
in the population of PCB-dechlorinating microorganisms as
a result of priming. It is in agreement with the recent
observation that a high concentration of Aroclor 1248
stimulated a 180-fold increase in a PCB-dechlorinating
population (29) and further supports the hypothesis that
reductive dehalogenating microorganisms may use PCBs as
electron acceptors under anaerobic conditions (2, 14).
Recently, Cutter etal. (30) reported that a PCB-dechlorinating
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FIGURE 3. PCB congener distributions in the MPN assay medium before inoculation (A). The PCB congener distribution from averaged
data of positive MPN assay tubes incubated for 8 months after inoculation with a sediment slurry primed with 26-BB plus malate, (B)
the 107! dilution, and (C) the 10~° dilution. The virtually identical extent and pattern of PCB dechlorination in panels B and C show that
no dehalogenation specificity was lost at the highest positive dilutions. PCB congener designations denote the positions of the chlorine
atoms on each phenyl ring and the hyphen represents separation of the rings. See refs 18and 25for a complete list of congener assignments.

enrichment culture derived from estuarine sediment could
be maintained without loss of dechlorination activity in
sediment-free medium by using a mixture of fatty acids as
a source of carbon and electrons. Thus, it may eventually be
possible to identify appropriate electron donors for the PCB
dechlorination primed by 26-BB. This would allow us to
determine whether reductive PCB dechlorination is coupled
to the oxidation of specific electron donors in an energy-
yielding process such as electron transport phosphorylation.

Our estimation of the number of PCB dechlorinators may
be low. MPN is arelatively conservative method, and several
factors could result in underestimation of the number of
PCB dehalogenators including the fact that our MPN
estimates are based on Aroclor dechlorination assays. If the
presence of more than one population is necessary for
dehalogenation of 26-BB and PCBs (e.g., if nondehalogenating
microorganisms are required to provide cross-feeding), the

MPN method may give an underestimate of 26-BB and PCB
dehalogenators because a critical member of the consortium
may be present in concentrations lower than the dehalo-
genators.

Proposed Relationship of the Microorganisms Respon-
sible for Dehalogenating 26-BB and Aroclor 1260. Our data
indicate (i) that the number of 26-BB dehalogenators in the
sediment was the same as the number of primed PCB
dechlorinators carrying out Process N dechlorination and
(i) that the temperature effects on the rate and ts, of
dehalogenation of 26-BB and Process N dechlorination of
PCBs were closely correlated. Although we cannot rule out
the possibility mentioned above of the presence of a critical
nondechlorinating member in the microbial population, our
findings suggest that the same PCB-dechlorinating micro-
organisms dehalogenated both 26-BB and Aroclor 1260. This
interpretation is further supported by the finding that a stable
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and highly specific 246-CB-dehalogenating enrichment
culture derived from Woods Pond sediment could be
subcultured more than 5 times (using 5% transfer inocula)
with 246-BB without loss of its ability to dechlorinate 246-CB
or reduction in the rate of dechlorination (23). This suggests
that the same microorganisms dehalogenated both 246-CB
and 246-BB. Pure cultures of PCB-dechlorinating microor-
ganisms will be required to further substantiate the hypoth-
esis that PCB-dechlorinating microorganisms can also de-
halogenate brominated biphenyls.

Summary. We have demonstrated for the first time that
priming with 26-BB stimulates the growth of PCB-dechlo-
rinating microorganisms in PCB-contaminated sediment
leading to extensive dechlorination of PCBs, even at tem-
peratures as low as 8 °C. This means that the successful
identification of environmentally acceptable primers could
potentially lead to an effective method to accelerate PCB
dechlorination in situ.

Acknowledgments

This work was supported in part by an equipment grant to
JW. from the Georgia Research Alliance. We thank Mark
Harkness for physical characterization of the Woods Pond
sediment, Mac Long for calculating log K, values using the
SPARC model (28), and Kim DeWeerd for helpful comments
on this manuscript.

Supporting Information Available

Two figures showing (1) the effect of temperature on the
number and distribution of chlorines per biphenyl and (2)
the PCB congener distribution pattern at 8 °C, 8 months
after priming with 26-BB (2 pages). Ordering information is
given on any current masthead page.

Literature Cited

(1) Bedard, D. L.; Van Dort, H. M. The Role of microbial PCB
dechlorination in natural restoration and bioremediation. In
Biotechnology in the Sustainable Environment; Sayler, G. S.,
Sanseverino, J., Davis, K., Eds.; Plenum: New York, 1997; pp
65—71.

(2) Brown, J. F.,Jr.; Bedard, D. L.; Brennan, M. J,; Carnahan, J. C,;
Feng, H.; Wagner, R. E. Science 1987, 236, 709—712.

(3) Quensen, J. F., Ill; Mousa, M. A.; Boyd, S. A.; Sanderson, J. T;
Froese, K. L.; Giesy, J. P. Environ. Toxicol. Chem. 1998, 17, 806—
813.

(4) Quensen,J. F., IlI; Tiedje, J. M.; Boyd, S. A.; Enke, C.; Lopshire,
R.; Giesy, J.; Mora, M.; Crawford, R.; Tillit, D. Evaluation of the
suitability of reductive dechlorination for the bioremediation
of PCB-contaminated soils and sediments. In International
Symposium on Soil Decontamination Using Biological Processes,
Karlsruhe, Germany; Dechema: Frankfurt/Main, 1992; pp 91—
100.

(5) Bedard, D. L,; Van Dort, H. M.; DeWeerd, K. A. Appl. Environ.
Microbiol. 1998, 64, 1786—1795.

(6) Bedard, D.L.;Van Dort,H. M.; May, R.J.; Smullen, L. A. Environ.
Sci. Technol. 1997, 31, 3308—3313.

(7) Bedard, D. L.; Quensen, J. F., lll. Microbial reductive dechlo-
rination of polychlorinated biphenyls. In Microbial Transfor-
mation and Degradation of Toxic Organic Chemicals; Young, L.

602 = ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 33, NO. 4, 1999

Y., Cerniglia, C. E., Eds.; Wiley-Liss Division, John Wiley & Sons:
New York, 1995; pp 127—-216.

(8) Wu, Q.;Bedard, D. L.; Wiegel, J. Appl. Environ. Microbiol. 1997,
63, 4818—4825.

(9) Cole, J. R.; Cascarelli, A. L.; Mohn, W. W.; Tiedje, J. M. Appl.
Environ. Microbiol. 1994, 60, 3536—3542.

(10) Dolfing, J. Arch. Microbiol. 1990, 153, 264—266.

(11) Mackiewicz, M.; Wiegel, J. Appl. Environ. Microbiol. 1998, 64,
352—355.

(12) Mohn, W. W,; Tiedje, J. M. Arch. Microbiol. 1991, 157, 1-6.

(13) Sanford,R.A.;Cole,J.R.; Loffler, F.E.; Tiedje, J. M. Appl. Environ.
Microbiol. 1996, 62, 3800—3808.

(14) Quensen, J. F., II; Tiedje, J. M.; Boyd, S. A. Science 1988, 242,
752—754.

(15) Bedard, D.L.;Bunnell, S.C.;Smullen, L. A. Environ. Sci. Technol.
1996, 30, 687—694.

(16) Wu, Q.; Wiegel, J. Appl. Environ. Microbiol. 1997, 63, 4826—
4832.

(17) Bedard, D. L.; May, R. J. Environ. Sci. Technol. 1996, 30, 237—
245,

(18) VanDort, H. M.; Smullen, L. A.; May, R.J.; Bedard, D. L. Environ.
Sci. Technol. 1997, 31, 3300—3307.

(19) Wu, Q.; Bedard, D. L.; Wiegel, J. Appl. Environ. Microbiol. 1997,
63, 2836—2843.

(20) (a) Quensen, J. F., I1I; Boyd, S. A.; Tiedje, J. M. Appl. Environ.
Microbiol. 1990, 56, 2360—2369. (b) Smullen, L. A.; Bedard, D.
L. Stimulation of two successive stages of microbial dechlori-
nation of Aroclor 1260 in anaerobic pond sediment. Abstracts
of the 95th General Meeting of the American Society for
Microbiology; American Society for Microbiology: Washington,
DC, 1995; Abstract Q-82, p 414.

(21) Wu, Q.; Bedard, D. L.; Wiegel, J. Appl. Environ. Microbiol. 1996,
62, 4174—4179.

(22) Bedard, D. L.; Van Dort, H. M. Appl. Environ. Microbiol. 1998,
64, 940—947.

(23) Chuang, K.-S. Anaerobic transformation of polyhalogenated
biphenyls in freshwater sediments from Woods Pond. M.S.
Thesis, University of Georgia, Athens, GA, 1995.

(24) American Public Health Association. Standard Methods for the
Examination of Water and Wastewater; American Public Health
Association: New York, 1971; pp 672—678.

(25) Frame, G. M.; Wagner, R. E.; Carnahan, J. C.; Brown, J. F., Jr,;
May, R. J.; Smullen, LA.; Bedard, D. L. Chemosphere 1996, 33,
603—623.

(26) Smullen, L. A.; DeWeerd, K. A.; Bedard, D. L.; Fessler, W. A,;
Carnahan, J. C.; Wagner, R. E. Development of a customized
congener-specific PCB standard for quantification of Woods
Pond sediment PCBs. In Twelfth Progress Report of Research
and Development Program for the Destruction of PCBs; General
Electric Co. Corporate Research and Development: Schenectady,
NY, 1993; pp 45—66.

(27) Erickson, M. D. Analytical Chemistry of PCBs; Butterworth
Publishers: Boston, 1986; pp 11—-12.

(28) Karickhoff, S. W.; McDaniel, V. K.; Melton, C. M.; Vellino, A. N;
Nute, D. E.; Carreira, L. A. Environ. Toxicol. Chem. 1991, 10,

1405—1416.
(29) Kim, J.; Rhee, G.-Y. Appl. Environ. Microbiol. 1997, 63, 1771—
1776.

(30) Cutter, L. A.; Sowers, K. R.; May. H. D. Appl. Environ. Microbiol.
1998, 64, 2966—2969.

Received for review July 21, 1998. Revised manuscript re-
ceived December 2, 1998. Accepted December 3, 1998.

ES9807410



