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Reductive dechlorination of the Aroclor 1260 residue in Woods Pond (Lenox, Mass.) sediment samples was
investigated for a year at incubation temperatures from 4 to 66°C. Sediment slurries were incubated anaero-
bically with and without 2,3,4,6-tetrachlorobiphenyl (2346-CB; 350 uM) as a primer for dechlorination of the
Aroclor 1260 residue. Dechlorination of the Aroclor residue occurred only in live samples primed with 2346-CB
and only at 8 to 34°C and 50 to 60°C. The extent and pattern of polychlorinated biphenyl (PCB) dechlorination
were temperature dependent. At 8 to 34°C, the dechlorination resulted in 28 to 65% decreases of the hexa-
through nonachlorobiphenyls and corresponding increases in the tri- and tetrachlorobiphenyls. At 12 to 30°C,
30 to 40% of the hexa- through nonachlorobiphenyls were dechlorinated in just 3 months. The optimal tempera-
ture for overall chlorine removal was 20 to 27°C. We observed four different microbial dechlorination processes
with different but partially overlapping temperature ranges, i.e., Process N (flanked meta dechlorination) at 8
to 30°C, Process P (flanked para dechlorination) at 12 to 34°C, Process LP (unflanked para dechlorination) at
18 to 30°C, and Process T (a very restricted meta dechlorination of specific hepta- and octachlorobiphenyls) at
50 to 60°C. These temperature ranges should aid in the development of strategies for the enrichment and
isolation of the microorganisms responsible for each dechlorination process. The incubation temperature
determined the relative dominance of the four PCB dechlorination processes and the extent and products of
dechlorination. Hence, understanding the effects of temperature on PCB dechlorination at contaminated sites
should assist in predicting the environmental fate of PCBs or planning bioremediation strategies at those sites.

Polychlorinated biphenyls (PCBs) are ubiquitous contami-
nants that remain a public concern because of their persistence
and bioaccumulation in the environment and their potential
toxicity to humans and wildlife (13, 19, 25). PCBs can be
oxidatively degraded under aerobic conditions, but the process
generally occurs only with PCB congeners with five or fewer
chlorines (6, 10). Recently, it has been recognized that highly
chlorinated PCB congeners with six to nine chlorines can be
dehalogenated under anaerobic conditions (2, 7, §, 11, 14, 16,
22). However, there are substantial differences in the extent of
environmental dechlorination at different PCB-contaminated
sites. For example, extensive microbial dechlorination of PCBs
has occurred in the upper Hudson River via substantial meta
and para dechlorination (14, 16), while the PCBs in Woods
Pond (Lenox, Mass.) have been only slightly dechlorinated, via
limited meta and para dechlorination (7).

The sediments of the Housatonic River are contaminated
with PCBs from storm sewer discharge and drainage from a
transformer-manufacturing operation located in Pittsfield,
Mass. Some of the PCB-contaminated sediments have accu-
mulated in Woods Pond, a shallow impoundment located 11
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miles downstream of Pittsfield. The pond sediments are con-
taminated with a PCB mixture (15 to 180 ng/g of sediment [dry
weight]) composed of tri- to octachlorobiphenyls, the residue
from partially dechlorinated Aroclor 1260, and with weathered
hydrocarbon oil (5,000 to 32,000 pg/g of sediment [dry weight])
(7). Recent data reveal that extensive dechlorination of the
PCBs has occurred in a few locations in Woods Pond and in
the Housatonic River upstream of the pond (9). However, in
many locations, the dechlorination is far less extensive. Rea-
sons for limited environmental dechlorination of PCBs may
include unfavorable growth conditions for PCB-dechlorinating
microorganisms such as temperature, nutrients, bioavailability,
and cocontaminants (1-3, 5, 20, 21, 23, 24, 26, 27).

We sought to investigate how temperature affects dechlori-
nation of the Aroclor 1260 in Woods Pond sediment. Summer
temperatures in Woods Pond sediments range from 15°C at a
45-cm depth to 18 to 20°C at a 10- to 15-cm depth. Winter
temperatures drop to 1 to 4°C at all depths. One objective of
our study was to determine whether temperature effects are
responsible for the limited dechlorination that has occurred in
Woods Pond and, conversely, whether raising the temperature
would accelerate dechlorination.

A second objective was to study how temperature affects the
pattern of PCB dechlorination in sediment. A microbial de-
chlorination process is a set or series of dechlorination reac-
tions that determines which PCB congeners are substrates,
which chlorines will be removed from those congeners, and the
order in which they will be removed (8). In each of the PCB-
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contaminated sites that have been studied, several different
PCB dechlorination processes appear to be responsible for the
microbial dechlorination that has occurred (7, 8, 14, 15, 16, 26).
Maximal chlorine removal appears to require the complemen-
tary action of two or more dechlorination processes (8, 22).

It has been proposed that discrete dechlorinating microor-
ganisms harboring dehalogenases with different regiospecifici-
ties are responsible for the various dechlorination processes
that have been described (5, 8, 11, 12, 14-16, 22). Since mi-
croorganisms exhibit different temperature ranges for growth,
it is likely that temperature influences which dechlorination
processes are active within a sediment, but this topic has not
yet been investigated. Three distinct microbial PCB dechlori-
nation processes, Processes N, P, and LP, can be primed in
Woods Pond sediment by the addition of elevated concentra-
tions (200 to 500 wM) of certain PCB congeners (5, 8, 11, 12,
28). For the study reported here, we chose to use 2,3,4,6-
tetrachlorobiphenyl (2346-CB) as a primer because the conge-
ner itself and its products, which can be unequivocally identi-
fied, can be dechlorinated by several different routes, including
ortho, meta, and para dechlorination (4, 29, 30), and because
2346-CB can prime extensive dechlorination of Aroclor 1260
by at least two distinct but complementary microbial dechlori-
nation processes (4).

Previously, we showed that the discrete dechlorination reac-
tions of 2346-CB and its intermediate products are strongly
temperature dependent (30). In this study, we sought to un-
derstand how temperature, especially the environmentally rel-
evant temperature range of 8 to 22°C, affects the extent and
pattern of microbial dechlorination of PCBs. We discovered
that temperature determines the relative dominance of the
three major dechlorination processes that occur in Woods
Pond, and we established temperature ranges for each dechlo-
rination process. This information should aid in developing
strategies to enrich and isolate the microorganisms responsible
for each dechlorination process. We also determined that sub-
stantial meta dechlorination (Process N) of the Aroclor residue
can be primed at temperatures as low as 8°C. Furthermore,
raising the temperature alone without the addition of a primer
did not stimulate PCB dechlorination. Hence, temperature
effects alone cannot explain the limited dechlorination ob-
served in Woods Pond.

MATERIALS AND METHODS

Sediment collection and storage. Methanogenic sediment from the western
shore of Woods Pond was collected, stored, and prepared for the experiments as
described previously (29).

Preparation of slurries and incubation. Sediment slurries were prepared un-
der a stream of O,-free nitrogen gas by mixing wet sediment (8.5 volumes) with
K,HPO,-KH,PO, buffer (1.5 volumes, pH 6.9). Hence, the sediment pH ap-
proximated the original pH of the sediment as measured in Woods Pond (pH 6.9
to 7.2). The final concentration of potassium phosphate was 10 mM. The slurries
contained 0.15 g of sediment (dry weight) per ml. The homogenization, dispen-
sation, and preparation of the individual incubations were done as described
previously (29).

The controls included sterilized sediment slurries and sediment slurries with-
out the addition of 2346-CB. The sterile controls were autoclaved twice for 1 h
at 121°C on 2 consecutive days to eliminate viable spores before the PCB
congener was added. Triplicate samples and sterile controls were amended with
2346-CB (350 pmol per liter of slurry) and incubated in the dark without shaking
at the following temperatures: 4, 8, 12, 15, 18, 20, 22, 25, 27, 30, 34, 37, 40, 45, 50,
55, 60, and 66°C. Most samples were incubated in water baths as described
previously (29). Thermometers were calibrated with a U.S. Environmental Pro-
tection Agency-certified water analysis thermometer (Fisher Scientific; a Na-
tional Institute of Standards and Technique traceable certificate showed actual
readings at seven calibration temperatures with +0.02°C). Temperatures in the
water baths were checked at least weekly and maintained at the desired temper-
ature with a variation of less than =1°C.

The samples incubated at temperatures from 15 to 34°C and at 50°C were
respiked with 2346-CB (350 wM) when at least 75% of the congener had been
dechlorinated (30). The first observed dechlorination product of 2346-CB was
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2,4,6-trichlorobiphenyl (246-CB) at all temperatures except 18°C. At 18°C, how-
ever, the major dechlorination product of 2346-CB was 236-CB. Thus, repeat
incubations were carried out at 15, 18, 20, and 22°C.

Sample extraction and analysis. PCB extraction and analysis were performed
as described previously (29). Briefly, PCBs were extracted with anhydrous diethyl
ether containing octachloronaphthalene (4 ppm) as an internal standard and
analyzed with a gas chromatograph (5890 series II; Hewlett-Packard, Wilming-
ton, Del.) equipped with a DB-1 polydimethylsiloxane-phase capillary column
(30 m by 0.25 mm [inside diameter] by 0.25 pm; J & W Scientific, Folsom, Calif.)
and a Ni®® electron capture detector.

In this paper, the individual PCB congeners will be identified by listing the
substituted positions on each ring, separated by a hyphen followed by the des-
ignation -CB (chlorobiphenyl). 2346-CB and its dechlorination products were
identified and quantified as described previously (29). The PCBs in the Aroclor
1260 residue were identified and quantified by use of a calibration standard
consisting of Aroclors 1242, 1254, and 1260 (70:20:10) that had been previously
characterized by Northeast Analytical, Inc., Schenectady, N.Y., with the weight
percent PCB congener distributions published by Frame et al. (18). Congener
assignments for Aroclor peaks that are composed of coeluting congeners include
only those congeners determined to be significant peak components in Aroclor
1260 (18) and its in situ dechlorination products verified by qualitative gas
chromatography-mass spectrometry (7). The PCBs in each peak were quantified
by use of a second-order calibration curve generated from standards at six
calibration levels. The PCB congener distribution and homolog distribution for
each sample were calculated and reported in units of mole percent after the
peaks corresponding to 2346-CB and its dechlorination products were sub-
tracted. The homolog distribution of the Aroclor residue and the number of
ortho, meta, and para chlorines per biphenyl were calculated on the basis of the
assumption that there was no loss of the biphenyl moiety in the dechlorination
process and that all coeluting congeners increased or decreased to the same
extent as a result of dechlorination (22).

The concentration of the 2346-CB primer (350 pM = 681 ng/g of sediment
[dry weight]) was more than 18-fold higher than the total concentration of the
PCBs in the sediment (~37 ng/g of sediment [dry weight]); hence, the peaks
containing 2346-CB and all of its dechlorination products (peaks 2, 4, 5, 11, 14,
and 35) were deleted in our analyses. Consequently, all congeners that coelute
with 2346-CB and its products were also excluded from the analyses. Only 1 to
2 mol% of the PCBs found in typical Woods Pond sediment samples was lost by
this modification of the analysis (28), but several potential dechlorination prod-
ucts could not be measured, e.g., 2-2-CB, which coeluted with 26-CB, and
26-3-CB, which coeluted with 236-CB. Thus, quantifying the Aroclor residues in
terms of mole percent led to a conservative evaluation of the dechlorination since
it did not take into consideration several potential dechlorination products.

RESULTS AND DISCUSSION

Dechlorination of the Aroclor 1260 residue primed by
2346-CB: temperature range and extent of the dechlorination.
Significant dechlorination of the Aroclor 1260 residue oc-
curred in samples primed with 2346-CB (350 wM) but only at
temperatures from 8 to 34°C and, to a more limited extent,
from 50 to 60°C (Fig. 1A and 2A and Table 1). The observed
temperature range for dechlorination of the Aroclor residue
paralleled that of the 2346-CB primer (Fig. 1B and 2B). The
dechlorination was selective and progressed with the incuba-
tion time. No dechlorination occurred in autoclaved controls.
Furthermore, no PCB dechlorination was detected for over a
year (380 days) of incubation at any temperature in samples
not primed with 2346-CB. These data indicate that the dechlo-
rination is biological and that changes in the incubation tem-
perature alone (i.e., raising it above the ambient temperature)
cannot be used to initiate dehalogenation of PCBs in these
sediments.

The extent of dechlorination of the Aroclor residue was
temperature dependent. At 8 to 34°C, the 2346-CB-primed
dechlorination of the Aroclor residue resulted in large de-
creases in the hexa- through nonachlorobiphenyls and in-
creases in the tri- and tetrachlorobiphenyls (Fig. 1A). The total
concentration of pentachlorobiphenyls stayed fairly constant,
most likely due to a net balance between increases in penta-
chlorobiphenyls formed from dechlorination of hexa- through
nonachlorobiphenyls and decreases in pentachlorobiphenyls
dechlorinated to tri- and tetrachlorobiphenyls. At 3 months,
30 to 40% of the hexa- through nonachlorobiphenyls were
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FIG. 1. Changes observed in the homolog distribution of PCBs in Woods
Pond sediment samples at temperatures from 4 to 66°C. (A) Homolog distribu-
tion of the Aroclor 1260 residue after 3 and 12 months of incubation. Symbols:
A, dichlorobiphenyls; @, tri- plus tetrachlorobiphenyls; [J, pentachlorobiphenyls;
O, hexa- through nonachlorobiphenyls. (B) Homolog distribution of 2346-CB
and its dechlorination products after 12 months of incubation. Symbols: A,
monochlorobiphenyls (2-CB plus 4-CB); A, dichlorobiphenyls (24-CB plus
26-CB); O, trichlorobiphenyls (236-CB plus 246-CB); @, tetrachlorobiphenyl
(2346-CB). The data represent averages for the triplicate samples. Standard
deviations are represented by vertical bars; if no bar is evident, the deviation was
smaller than the size of the symbol.

dechlorinated at all temperatures from 12 to 30°C. This de-
chlorination increased throughout the 1-year incubation (Fig.
1A). After a year, the extent of dechlorination ranged from a
28% decrease of the hexa- through nonachlorobiphenyls at 8°C
to a 63 to 65% decrease at 20 to 27°C (Fig. 1A).

At 50 to 60°C, 31 to 89 mol% of the 2346-CB primer was
dechlorinated to 246-CB (Fig. 1B) (30). However, dechlorina-
tion of the Aroclor residue was restricted to meta dechlorina-
tion of specific hepta- and octachlorobiphenyls (e.g., 2345-
245-CB, 2345-234-CB, and 2345-2345-CB), which were con-
verted to hexachlorobiphenyls (e.g., 245-245-CB and 234-
245-CB). The data for 55°C is shown in Table 1. Overall, the
hepta- and octachlorobiphenyls at 50 to 60°C showed signifi-
cant decreases of 13.9 to 14.4% (compared to a standard de-
viations of =3%). These were matched by corresponding
increases of 13.5 to 14.4% in the hexachlorobiphenyls. No
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significant dechlorination of di- through pentachlorobiphe-
nyls was observed.

Temperature-dependent changes in ortho, meta, and para
dechlorination of the Aroclor residue. The dechlorination of
the Aroclor residue was more restricted than that of 2346-CB
but generally followed the same trend. The major difference is
that no ortho dechlorination of the Aroclor 1260 residue was
detected at any temperature, although strong ortho dechlori-
nation of 246-CB (the first product of 2346-CB) to 24-CB and
then 4-CB was observed from 8 to 30°C (Fig. 2B) (30). Thus,
we assume that the microorganisms capable of ortho-dechlori-
nating 246-CB or 24-CB exhibit a high substrate specificity for
these lower-chlorinated congeners.

A comparison of the chlorine distributions of the Aroclor
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FIG. 2. Residual chlorines of PCBs in Woods Pond sediment samples at
temperatures from 4 to 66°C. (A) Numbers of ortho, meta, para, and total
chlorines per biphenyl of the Aroclor 1260 residue after 3 and 12 months of
incubation; (B) numbers of chlorines of 2346-CB after 12 months of incubation.
Symbols: [J, ortho chlorines; O, meta chlorines; A, para chlorines; <, total chlo-
rines. The corresponding closed symbols indicate the values at the start of
incubation. The data represent averages for the triplicate samples. Standard
deviations are represented by vertical bars; if no bar is evident, the deviation was
smaller than the size of the symbol. Data in panel B are from reference 29.
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TABLE 1. Dechlorination of selected PCB congeners of the Aroclor 1260 residue in 2346-CB-amended Woods Pond samples at various temperatures after 1 year of incubation”

PCB

Mol%

Mol% of congener at temp (°C) of:

b 15 18 20 2
no congener atly 8 12 25 27 30 34 55
1st¢ 2nd° 1st 2nd 1st 2nd 1st 2nd

10 262 0.00 0.00=0.00 006004 048=0.68 034=008 035048 2.49*0.09 456=0.18 295=0.09 2.60*159 228*1.62 494+021 391+065 1.11+0.72 0.10*0.14 0.00 = 0.00
14 252,44 0.08 0.08=0.03 008=000 008=001 046=009 1.06=045 1.79=0.09 739 =036 3.06=005 1.68=1.02 230=112 459=154 295=055 227=1.07 0.08=0.01 0.08=0.01
15 242 014 040=008 014001 133189 1.95=058 0.10=0.07 2.29 030 —d 202+017 1.95%123 1.82*0.62 234+128 323+0.12 111+052 1.72+243 0.14 = 0.02
17 232, 26-4 029 1.17=023 147=005 2.68=051 225*0.16 034=001 176 =0.11 225=008 192006 274=090 2.05=002 221020 210=0.09 122=0.16 0.36=0.00 0.64 =0.15
26 24-26 160 355077 798=0.11 629=049 564=059 077053 410=021 411025 4142022 546264 632167 421048 430=076 324=098 1.29=0.19 1.83 =0.10
31 2525 162 274+013 3.04+012 456+132 535+038 491+ 144 596+025 657 =041 557+005 586 =103 658+021 7.97+004 7.72+0.16 1039 +2.05 855+232 1.63 +0.23
32 2425 242 512%021 6.02+0.15 7.87+274 838+153 258+024 7.95*0.79 7.08=047 7.77*0.13 869 =113 10.96  1.33 10.93 + 0.74 10.40 + 1.15 10.08 £2.79 4.60 £ 0.50 2.54 * (.12
33 2424 310 7.82=1.19 1329 0.08 12.66 +0.93 12.81 098 2.09 +0.82 8.15=021 830 =032 12.98=0.60 10.75 =354 15.69 £298 839+0.86 879+ 125 589+ 151 4.09:+0.09 3.42* 042
37 2325 0.53 048005 029=001 019=001 036=005 041 =013 022002 023+0.12 0312006 021011 0232005 018=001 021008 131017 1.71 =016 0.54 = 0.41
44 246-24 0.85 3250064 4582024 2722027 420=037 032003 4162017 3222057 3.61 2024 4212200 468=012 423031 675=034 463 =047 036=0.00 1.58=0.76
49 236-24 124 311+019 337+004 387+005 309031 1.29+002 3.05+006 247 =012 3.04=007 3.11£052 346+058 290+0.16 3.10+039 336082 1.24+0.10 132+ 0.10
51 235-25,236-23 118 121+007 123+005 L11+055 105+011 1L71+023 1.07£005 1.02+015 111x007 098+035 094+012 1.00+012 103+002 105+051 529055 1.23+025
53 245-25,235-24 322 3272030 535010 3.98=056 3.60=033 240=037 170 =056 3.79 =044 373008 3332201 1202064 097006 1.44=054 229+096 1.85%0.18 3.36 = 0.11
56 235-23 0.00 0.00=0.00 0.00=0.00 0.00=000 0.00=0.00 0.68=0.11 0.00=0.00 0.00%000 0.00=000 0.00=000 0.00=000 000=000 0.00=0.00 0.00=000 251=0.72 050 =023
67  234-35,235-34,  1.04 249036 437005 437031 3.66%008 112002 3.69 = 0.04 474+003 3.79+008 484+050 3.88+0.16 492+015 446=023 330024 091002 1.12+0.14

2356-24
69 236-245,245-34 692 3.87+054 140001 189020 1732009 575071 2.07+0.04 1.55+001 157+007 151+042 1302028 169036 176012 3.08%051 630 %024 6.56 = 0.20
75 245-245 788 5.01=079 157*003 197*026 1.80=0.14 6.61 =070 258=0.03 1.69=002 1.60=0.10 1.54=0.62 1.09=006 139=0.16 1.66=0.10 223*0.10 071 =0.10 9.99 = 0.38
82 234-245,236-345, 7.64 4.63 =041 247004 265065 253012 562096 3.08+017 239+0.05 1.87+001 244+040 1.76+050 189014 198017 2.48=0.88 3.80 = 0.14 851 +1.20

2356-34
88 2356-245 453 403028 206=006 282=040 275=0.19 479 =0.12 3.09 =002 2.56 =007 205010 234072 144=007 267022 296=0.07 410=0.18 559 =0.12 457 =0.20
90 2346245 203 1742020 094=003 081030 072=009 241 =013 1192006 0.85=0.06 077=0.03 0.68=042 049002 0482005 052002 0.68=0.18 1.86 =020 2.47 =0.11
93 2345236 316 212021 0.69=0.02 067=019 057=0.09 331012 122005 054001 0.62=008 039028 031004 029=004 036=002 048=0.14 084 =0.10 3.13 =0.12
102 2345-245 690 478049 222x004 150=070 145=0.17 744 =035 321 =021 1442004 1272004 081052 072=0.12 0.64=007 079=0.02 0.76*028 1.95=0.18 489 =1.72
106 2345-234 253 149012 053=0.02 049=0.17 041=0.06 2.05=0.11 1.07 =011 043002 055009 024=012 032=0.18 012=001 012=001 0.16=0.11 0.64 =0.17 1.34 =032
110 2345-2346, 200 1.84=007 1.18=0.04 1.08=0.19 0.84=0.09 1.70=0.02 088 =005 1.01 =002 093005 082=026 0.69=005 088=008 097=005 092*030 1.26=0.02 1.78 =0.10

23456-245
115 23452345 128 1.08+0.04 0.73+004 072+003 053=005 1.20=0.04 052+002 0.64+002 055£005 056=005 049=+003 0.63=007 064007 065008 0.64=0.08 0.85:+0.09

¢ For reference, 100 mol% equals 15 uM. All data are the means of triplicate samples *+ standard deviations. The standard deviation of each peak in three analyses of the same sample was +4%.

> The mole percent value at the start of incubation.
¢ 1Ist, the first incubation; 2nd, a repeated incubation started at a later time (for further details, see reference 30).

4 Not resolved from peak 14.
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FIG. 3. Ratio of losses of meta chlorines to losses of para chlorines per
biphenyl as a function of temperature after 3 and 12 months of incubation. The
meta and para chlorine losses at 8°C after 3 months were extremely low; hence,
a dotted line is used to indicate uncertainty in this data point. The data represent
averages for the triplicate samples. Standard deviations are represented by ver-
tical bars; if no bar is evident, the deviation was smaller than the size of the
symbol.

1260 residue throughout the incubation time indicated signif-
icant decreases in meta and/or para chlorines at temperatures
between 8 and 34°C (Fig. 2A). A high degree of meta dechlo-
rination occurred from 12 to 27°C, while less meta dechlorina-
tion occurred at temperatures beyond this range. In contrast,
the final extent of para dechlorination was fairly constant
within the higher temperature range of 20 to 34°C and de-
creased below 20°C. As shown in Fig. 3, more meta than para
chlorines were removed at all temperatures except 30 and
34°C. The progressive decrease in the relative proportions of
meta and para dechlorination between 12 and 34°C reflects
temperature-dependent shifts in the relative activity of three
major microbial dechlorination processes (see below).

Temperature-dependent changes in the dechlorination pat-
tern of the Aroclor residue. We consider the analysis of the
qualitative temperature-dependent changes in the dechlorina-
tion pattern to be more important than the overall quantitative
changes in the major congeners documented in Table 1 be-
cause they demonstrate that temperature can alter the route of
dechlorination and hence the final products. The difference in
the dehalogenation reactions occurring at the various temper-
atures is evident from the changes in the final concentrations
of the various congeners (Fig. 4 and 5).

We concluded earlier (30) that temperature determines the
relative proportions of meta and para dechlorination of
2346-CB and whether 246-CB will be dechlorinated. From a
comparison of the dechlorination products of 2346-CB and
246-CB with the dechlorination patterns of the Aroclor 1260
observed between 8 and 34°C (see below), we now conclude
that the specific dechlorination reactions of 2346-CB or
246-CB that occur at a particular temperature determine which
dechlorination process(es) will be primed. Specifically, meta
dechlorination of 2346-CB primes the onset of flanked meta
dechlorination (Process N), para dechlorination of 2346-CB
primes flanked para dechlorination (Process P), and unflanked
para dechlorination of 246-CB primes unflanked para dechlo-
rination (Process LP). Temperature determines the relative
activity of each dechlorination Process.

(i) Dechlorination Process N. At temperatures from 8 to
15°C, the major dechlorination products were 24-24-CB,
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24-25-CB, 24-26-CB, 25-26-CB, and 2356-24-CB (Table 1 and
Fig. 4B and 5A). This pattern of dechlorination is character-
ized by an almost exclusive loss of flanked meta chlorines, i.e.,
meta chlorines that have neighboring ortho or para chlorines
(8,22, 28), and is known as Process N. The meta dechlorination
of the Aroclor residue parallels the predominant meta dechlo-
rination of 2346-CB to 246-CB observed at these temperatures
(Fig. 2B) (29, 30).

(ii) Dechlorination Process LP. At temperatures from 18°C
(the second incubation) to 30°C, the pattern of dechlorination
exhibited the products characteristic of Process N but also
exhibited dechlorination products characteristic of Process LP
(Table 1 and Fig. 4C and 5B). Process LP removes flanked para
chlorines from many congeners and unflanked para chlorines
from congeners containing 24- and 246-chlorophenyl groups
and hence is characterized by strong increases of 26-2-CB,
25-2-CB, and 24-2-CB (12). Compared to the results from
Process N, the combination of Processes N and LP resulted in
smaller increases in 24-24-CB and 24-26-CB. This is because
the 24-24-CB and 24-26-CB formed by Process N dechlorina-
tion were converted to 24-2-CB and 26-2-CB, respectively, by
dechlorination Process LP. 2-2-CB was probably also formed
from further dechlorination of 24-2-CB (12), but this could not
be confirmed because our analysis did not resolve 2-2-CB from
the 26-CB produced by dechlorination of the 2346-CB primer.
Process LP is particularly important because it further dechlo-
rinates the products of Process N dechlorination. The sequen-
tial meta and then para dechlorination of the residual Aroclor
1260 was analogous to dechlorination of 2346-CB to 246-CB
and then to 26-CB that occurred in the same temperature
range (30). Unfortunately, little or no unflanked para dechlo-
rination of the Aroclor residue was observed at temperatures
below 18°C.

(iii) Dechlorination Process P. At 34°C, a significant change
in the pattern of dechlorination occurred again: 25-25-CB,
24-25-CB, 235-25-CB, and 235-23-CB showed the largest in-
creases (Table 1 and Fig. 4D and 5C), while most congeners
containing 234-, 245-, and 2345-chlorophenyl rings decreased.
These changes indicate that Process P dechlorination predom-
inates at 34°C. Process P is characterized by the highly selective
removal of para chlorines flanked by at least one meta chlorine
and by a more limited dechlorination than Process N (5, §, 11).
The strong occurrence of Process P and the abrupt cessation of
Process N at this temperature were somewhat unexpected.

Substantial increases in 25-25-CB were also observed at
30°C and, to a lesser extent, at 12 to 27°C, suggesting that
Process P may have also occurred at these temperatures. In
addition, the especially high increases of 24-25-CB that oc-
curred at 22 to 30°C (Table 1) indicate that Process P contrib-
uted to the formation of this congener. Dechlorination Pro-
cesses P and N both produce 24-25-CB, but for Processes P
(Fig. 4D and 5C) (5) and N (Fig. 4B and 5A) (22, 28), the
relative increase of 24-25-CB is lower than that of 25-25-CB or
24-24-CB, respectively. Hence, the proportionally higher in-
creases in 24-25-CB relative to those of 25-25-CB and
24-24-CB that occurred at 22 to 30°C indicate that this conge-
ner was formed by the concerted action of both dechlorination
processes at these temperatures.

(iv) Dechlorination Process T. At the thermobiotic temper-
atures of 50 to 60°C, dechlorination of the Aroclor residue was
restricted to a highly specific meta dechlorination of 2345-
chloro-substituted hepta- and octachlorobiphenyls (Fig. SD). This
was evident from decreases in 2345-2345-CB, 2345-245-CB,
2345-234-CB, and 2345-2346-CB and corresponding increases
in 245-245-CB, 245-234-CB, and 2346-245-CB (Table 1 and
Fig. 5D). No significant dechlorination of hexachlorobiphenyls
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FIG. 4. Congener distribution of the Aroclor 1260 residue in Woods Pond sediment samples at the start (A) (t,) of the incubation and after 365 to 372 days (tg,.)
of incubation at 15 (B), 25 (C), and 34°C (D). The dechlorination was predominantly Process N at 15°C (B); a combination of Processes N, LP, and P at 25°C (C), and
predominantly Process P at 34°C (D). See reference 5 for a complete list of PCB congener assignments. The data represent averages for the triplicate samples. See
Table 1 for standard deviations of values for major congeners. GC, gas chromatography.

was observed, and no tri- or tetrachlorobiphenyls were formed.
This restricted dechlorination pattern apparently represents a
new microbial dechlorination process, which we designate Pro-
cess T. The same hepta- and octachlorobiphenyls are also de-
chlorinated by Process N, but the following two properties of
Process N make it clear that the thermobiotic dechlorination is
a separate activity. (1) The first congeners to decrease in Pro-
cess N dechlorination are penta- and hexachlorobiphenyls, not
hepta- and octachlorobiphenyls (data not shown). (2) Process
N dechlorination of 2345-2345-CB, 2345-245-CB, and 2345-
234-CB does not result in even-transient increases of 245-245-
CB or 234-245-CB (data not shown). This is apparently be-
cause Process N dechlorinates these intermediates more rap-
idly than their parent congeners.

Temperature ranges for the microbial dechlorination pro-
cesses. Our data show that the four dechlorination processes

we observed in Woods Pond sediment have different temper-
ature ranges and provide further support for the hypothesis
that discrete PCB-dechlorinating populations catalyze these
dechlorination processes. Process N occurred at temperatures
from 8 to 30°C, Process LP occurred from 18 to 30°C, and
Process T occurred from 50 to 60°C. Process P could be clearly
identified only at 34°C, but the relative increases in 25-25-CB
and 24-25-CB indicate that it also contributed to the para
dechlorination that occurred from 22 to 30°C and, to a lesser
extent, from 12 to 20°C.

Temperature-related variations among replicate samples.
Variations among triplicate samples were generally restricted
to quantitative differences and time-dependent differences that
were consistent over the 1-year incubation period and did not
change the observed dechlorination pattern. In agreement with
the data on the dechlorination of 2346-CB (30), the variations
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FIG. 5. Absolute difference in the congener distribution of the Aroclor 1260 residue between (ty) and (tgna) (tana — to) at 15 (A); a combination of Processes N,
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PCB congener assignments. The data represent averages for the triplicate samples. GC, gas chromatography.

were highest at incubation temperatures at which several de-
chlorination processes occurred together, i.e., from 18 to 30°C,
indicating that small differences in the samples intensified the
temperature-induced effects.

The greatest variation at a single temperature occurred at
18°C. The extent and pattern of dechlorination of the Aroclor
residue at 18°C were so different from those observed at
slightly higher or lower temperatures that repeat incubations
were done at 15, 18, 20, and 22°C. In the first incubation at
18°C, the major trichlorobiphenyl formed from 2346-CB was
236-CB (para dechlorination), instead of 246-CB, the meta
dechlorination product found at most tested temperatures, and
the Aroclor 1260 residue was only slightly dehalogenated com-
pared to the results at higher or lower temperatures. Signifi-

cant increases of 26-2-CB, 25-2-CB, 25-25-CB, and 235-25-CB
occurred and were accompanied by decreases in 24-26-CB,
24-24-CB, and 245-25-CB. The dechlorination pattern showed
modest removal of both flanked and unflanked para chlorines
and may represent a weak LP dechlorination. The results of
the second set of incubations at 15, 20, and 22°C matched those
of the initial incubations (Table 1), but the results at 18°C were
comparable to those of the incubations at 20 and 22°C and not
to the results of the first incubation. This time, the 2346-CB
primer was dechlorinated to 246-CB. The extent and pattern of
dechlorination of the Aroclor residue were also comparable to
those for the incubations at 20 and 22°C, namely, a combina-
tion of Processes N, LP, and P (Table 1 and Fig. 4C and 5B).
We proposed earlier that 18°C may be a transition point at
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which members of the community supporting para dechlorina-
tion become more dominant (30). This might explain the ab-
sence of Process N activity in the first incubation at 18°C.
However, regardless of the reason, these findings clearly dem-
onstrate that differences in the onset of the dechlorination can
have strong effects on the overall dechlorination.

Implications from this study. The addition of 2346-CB primed
meta and/or para dechlorination of the Aroclor 1260 residue in
Woods Pond sediment samples over a wide range of temper-
atures, including the environmentally relevant temperatures of
8 to 22°C and the thermobiotic temperatures of 50 to 60°C.
Dechlorination of 246-CB, a dechlorination product of
2346-CB, further extended the dechlorination of the Aroclor
residue by priming removal of unflanked para chlorines at
temperatures from 18 to 30°C. Temperature determined which
PCB dechlorination processes were active and strongly af-
fected the relative dominance of the different dechlorination
processes and, hence, the extent and specificity of the dechlo-
rination. These data indicate that understanding the effects of
temperature on dechlorination at a given site will assist in
predictions of environmental fate and in development of biore-
mediation strategies. To our knowledge, this is the first de-
tailed report of the influence of temperature on the pattern of
PCB dechlorination. However, we believe, based on our pub-
lished data (29, 30) comparing the influence of temperature on
the dechlorination of 2346-CB in Woods Pond sediment and a
PCB-free sediment (Sandy Creek Nature Park Pond) and on
Fish’s findings on the effects of temperature on the dechlori-
nation of Aroclor 1242 in Hudson River sediment (17), that
the kind of effects we observed are common at other sites. The
strong dominance of Process N dechlorination at 8 to 20°C,
temperatures that prevail in Woods Pond from spring through
fall, is consistent with previous observations of the dechlorina-
tion that has occurred in situ (7). However, temperature effects
do not explain the limited dechlorination at this site. The
temperature ranges that we established for each of the four
dechlorination processes should aid in the development of
strategies for the enrichment and isolation of the microorgan-
isms responsible for each dechlorination process.
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