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We studied the influence of temperature (4 to 66°C) on the microbial dechlorination of 2,3,4,6-tetrachloro-
biphenyl (2,3,4,6-CB) incubated for 1 year in anaerobic sediments from Woods Pond in Lenox, Mass., and
Sandy Creek Nature Center Pond (SCNC) in Athens, Ga. Seven discrete dechlorination reactions were
observed, four of which occurred in both sediments. These were 2,3,4,6-CB — 2,4,6-CB, 2,3,4,6-CB — 2,3,6-CB,
2,4,6-CB — 2,6-CB, and 2,3,6-CB — 2,6-CB. Three additional reactions occurred only in Woods Pond sedi-
ment. These were 2,4,6-CB — 2,4-CB, 2,4-CB — 2-CB, and 2,4-CB — 4-CB. The dechlorination reactions
exhibited at least four different temperature dependencies in SCNC sediment and at least six in Woods Pond
sediment. We attribute the discrete dechlorination reactions to different polychlorinated biphenyl (PCB)-
dechlorinating microorganisms with distinct specificities. Temperature influenced the timing and the relative
predominance of parallel pathways of dechlorination, i.e., meta versus para dechlorination of 2,3,4,6-CB and
ortho versus para dechlorination of 2,4,6-CB and 2,4-CB. meta dechlorination of 2,3,4,6-CB to 2,4,6-CB dom-
inated at all tested temperatures except at 18 and 34°C, where para dechlorination to 2,3,6-CB dominated in
some replicates. The dechlorination of 2,4,6-CB was restricted to ~15 to 30°C in both sediments. Temperature
affected the lag time preceding the dechlorination of 2,4,6-CB in both sediments and affected the preferred
route of its dechlorination in Woods Pond sediment. para dechlorination dominated at 20°C, and ortho
dechlorination dominated at 15°C, but at 18 and 22 to 30°C the relative dominance of ortho versus para
dechlorination of 2,4,6-CB varied. These data indicate that field temperatures play a significant role in

controlling the nature and the extent of the PCB dechlorination that occurs at a given site.

Polychlorinated biphenyls (PCBs) were used in a wide vari-
ety of applications for more than 50 years and are major
pollutants in the United States. Their environmental fate is
important because they accumulate in biota and have been
associated with potential health effects. The major continental
sink for PCBs is freshwater sediment (19); consequently, the
discovery of PCB dehalogenation in freshwater and estuarine
sediments has generated much interest (1, 3-5, 9-13, 15, 20,
21) because dehalogenation is expected to detoxify PCBs (5,
6).

Repeated attempts by several laboratories to isolate PCB-
dechlorinating microorganisms have been unsuccessful, and
dechlorination activity has been observed only in the presence
of sediment (5, 14, 22, 28). Like other dehalogenating micro-
organisms, PCB dechlorinators probably function in syntrophic
communities and may be dependent on those communities for
electron donors, micronutrients, and optimal hydrogen con-
centration (5, 18).

At least six distinct microbial dechlorination processes can
be recognized in various contaminated sediments on the basis
of congener selectivity and the products observed in situ and in
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laboratory studies (5, 10, 13). It has been proposed that dif-
ferent microorganisms containing distinct dehalogenating en-
zymes with different congener specificities are responsible for
the various identified dechlorination processes (3, 5, 7, 8, 10,
11, 21, 25, 26, 31, 32). Maximal chlorine removal appears to
require the complementary action of two or more microbial
dechlorination processes (5, 15). The sequence of dechlorina-
tion is very important because this determines how many chlo-
rines are removed and which products accumulate. The effect
of temperature on this phenomenon has not previously been
investigated.

Our previous reports of the effect of temperature on the
dechlorination of 2,3,4,6-tetrachlorobiphenyl (2,3,4,6-CB) in
freshwater sediments from two different climates indicated
that ortho, meta, and para dechlorination exhibited different
temperature ranges and optima, but the effects of those differ-
ences on the sequence of dechlorination were not investigated
(29, 30). Our previous data also suggested competition be-
tween ortho and para dechlorination. These data are consistent
with the hypothesis that several different dechlorinating en-
zymes, and probably several different dechlorinating microor-
ganisms, are involved in PCB dechlorination in these sedi-
ments.

We sought to gain a better understanding of the effects of
temperature on the sequence of dechlorination in microcosms
that approximate actual field conditions. For that reason, we
made no attempt to control the electron donor or carbon
source. However, a better understanding of the influence of
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temperature on various PCB dechlorination reactions should
help to identify conditions that will facilitate the isolation of
different PCB-dechlorinating microorganisms.

We studied the sequence of dechlorination of 2,3,4,6-CB at
various temperatures in the two sediments used in our previous
investigations: PCB-free sediment from Sandy Creek Nature
Center Pond (SCNC) (Athens, Ga.) and PCB-contaminated
sediment from Woods Pond (Lenox, Mass.). We chose
2,3,4,6-CB for our study because the congener itself and its
products can be dechlorinated by several different routes (2)
which can be followed unequivocally. Comparison of the effect
of temperature on the sequence of dechlorination of this con-
gener in sediments with different histories and from two dif-
ferent climates provides a potential means to differentiate be-
tween PCB dechlorination reactions that are common and
those that are site specific.

Previous PCB dechlorination studies with sediment from
Woods Pond demonstrated that three distinct microbial de-
chlorination processes can be stimulated by the addition of
different PCB congeners (3, 7, 8, 26). The studies with
2,3,4,6-CB reported here were carried out, in part, to gain
more insight into how environmental temperatures affect the
interaction of those three dechlorination processes. We par-
ticularly sought to identify temperatures under which ortho and
para dechlorination of 2,4,6-CB and 2,4-CB would occur be-
cause in situ dechlorination of PCBs in Woods Pond prefer-
entially removes meta-chlorines, resulting in the accumulation
of PCBs with 2,4- and 2,4,6-chlorophenyl rings. We also sought
to identify temperatures that would favor the enrichment of
PCB dechlorinators to carry out specific dechlorination reac-
tions.

Sediments from SCNC have been used in the past to eluci-
date the reductive dehalogenation and subsequent degradation
of chlorophenols in sediments without a history of contamina-
tion (16, 24, 33, 34).

Because of the difference in location, Woods Pond and
SCNC differ markedly in their annual temperatures. The sum-
mer 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. In SCNC sedi-
ments, the summer temperatures range from 22 to 29°C at an
8-cm depth and can reach up to 35°C in the top 2 cm near the
edge of the pond. From November through February, the
temperatures are generally in the range of 10 to 18°C but may
drop lower for a few days at a time (35).

In this study, we describe seven discrete dechlorination re-
actions in Woods Pond and four in SCNC. The individual
reactions exhibited strong temperature dependencies in both
sediments. Furthermore, temperature influenced the timing
and preferred sequence of dechlorination in both sediments.
Although no pure cultures have yet been isolated, the data
indicate that several distinct PCB-dechlorinating microbial
populations with different temperature ranges and different
dechlorination specificities exist in these sediments. Most like-
ly, each of these PCB-dechlorinating populations catalyzes
only one or two of the dechlorination reactions that we ob-
served. Furthermore, the data indicate that temperature can
play a significant role in determining the nature and extent of
PCB dechlorination that occurs at any given site.

MATERIALS AND METHODS

Sediment collection and storage. Aroclor 1260-contaminated sediments were
collected from Woods Pond, an impoundment on the Housatonic River (4), and
were transported in 5-gal buckets at ambient temperatures to Athens, Ga., as
described elsewhere (30). PCB-free sediments were collected from an uncon-
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FIG. 1. Dechlorination pathways of 2,3,4,6-CB in SCNC sediment samples
(reactions indicated by black arrows) and Woods Pond sediment samples (all
reactions). Note that some of the reactions were observed only at specific tem-
peratures (see text).

taminated pond in Sandy Creek Nature Center in Athens, Ga., as described
elsewhere (17, 30). Both sediments were stored at 4 to 7°C until use.

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) but was higher than that measured in SCNC (pH 6.5 to 6.8). The final
concentration of potassium phosphate was 10 mM. The slurries contained 0.15 g
(dry weight) of sediment per ml. The homogenization, dispensation, and prep-
aration of the individual incubations were as previously described (30).

The sterile controls were autoclaved twice for 1 h at 121°C on two consecutive
days to eliminate viable spores before the PCB congener was added. Triplicate
samples and controls were amended with 2,3,4,6-CB (350 wmol 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 (Woods Pond
sediment samples) and 4, 12, 18, 25, 27, 30, 34, 40, and 50°C (SCNC sediment
samples). Where indicated, samples were respiked with 2,3,4,6-CB (350 pumol
per liter of slurry) when at least 75% of the initial 2,3,4,6-CB had been converted
to products. Most samples were incubated in water baths as described previously
(30).

Sample extraction and analysis. The dechlorination of 2,3,4,6-CB in each
sample was analyzed at various time points throughout 1 year of incubation.
Samples were taken at intervals ranging from 2 days, for highly active samples
respiked with 2,3,4,6-CB, to more than 2 months, for samples with extremely low
dechlorination activities.

PCBs were extracted with anhydrous diethyl ether containing octachloronaph-
thalene (4 ppm) as an internal standard and were analyzed with a gas chromato-
graph (Hewlett-Packard, 5890 series II; Wilmington, Del.) equipped with a DB-1
polydimethylsiloxane-phase capillary column (30 m by 0.25 mm inside diameter
by 0.25 um; J & W Scientific, Folsom, Calif.) and a Ni®? electron capture detector
as previously described (30).

2,3,4,6-CB and all of its dechlorination products were identified by matching
gas chromatography retention times with those of authentic standards (99%
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TABLE 1. Dechlorination of 2,3,4,6-CB in SCNC sediment
samples after 1 year of incubation between 4 and 50°C*

Temp Congener (mol%)”

oC Sample
Q) 2,3,4,6-CB 2,4,6-CB 2,3,6-CB 2,6-CB
4 99.8 = 0.1 0.2 *0.1 — —

12 202+12 788*+14 02=x0.0 0.8 £0.2
18 A 12.1 14.1 36.4 374

B 8.7 23.8 29.4 38.1

C 11.5 44.7 3.0 40.8
25 A 7.8 12.5 0.3 79.4

B 8.9 1.8 4.7 84.6

C 1.1 4.1 1.3 93.5
27 56*14 23+04 33*26 88.8 = 3.6
30 3120 19+14 1.5+09 935+1.2
34 45+01 955=0.1 — —
37 99.8 = 0.0 0.2 0.0 — —
40 99.8 = 0.1 0.2 0.1 — —
50 97.3 = 0.6 2.7 x0.6 — —

“ All data are the means of triplicates *+ the standard deviation. The values for
each of the individual triplicate samples (A, B, and C) are given when there were
large differences between the triplicate samples in the product distribution.

2100 mol% = 350 uM (= 700 pM at 30°C).

¢ —, not detected.

purity; AccuStandard, New Haven, Conn.) and quantified with a third-order
15-point calibration curve (30).

RESULTS

Overview of observed dechlorination pathways. We ob-
served unequivocal dechlorination of 2,3,4,6-CB to products at
12 to 34°C and at 50°C in SCNC sediment, and at 4 to 34°C and
50 to 60°C in Woods Pond sediment (Tables 1 and 2), but not
in autoclaved controls. Figure 1 summarizes all of the dechlo-
rination pathways that were observed in either sediment. As
reported previously, the first major dechlorination product was
2,4,6-CB (30). At some temperatures, 2,3,6-CB was also pro-
duced, usually in very small amounts. No ortho dechlorination
of 2,3,4,6-CB to 2,3,4-CB was ever observed.

The 2,4,6-CB formed by dechlorination of 2,3,4,6-CB per-
sisted at some temperatures but at most temperatures was
further dechlorinated to 2,6-CB and, in Woods Pond sediment,
to 2,4-CB. The 2,3,6-CB was also dechlorinated to 2,6-CB at
some temperatures in both sediments. Dechlorination of
2,6-CB was never observed in either sediment. In contrast,
2,4-CB was dechlorinated to 2-CB and 4-CB in Woods Pond
sediment. No biphenyl or other chlorinated biphenyls were
observed in either sediment.

Effect of temperature on the initial dehalogenation of
2,3,4,6-CB. We determined from extensive time courses in
both sediments (a few examples are shown in Fig. 2 to 4) that
the first observed dehalogenation reaction at all temperatures
except 18°C was 2,3,4,6-CB — 2,4,6-CB. The lag time preced-
ing the dechlorination and the rate of the dechlorination varied
with the sediment and the temperature (30). But in both sed-
iments, the time course of this transformation was consistent
among the replicates at any given temperature. Nearly all time
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FIG. 2. Time course of dechlorination of 2,3,4,6-CB in SCNC sediment sam-
ples at 18, 25, and 27°C. A, B, and C indicate the individual bottles of the tripli-
cate incubations. “All” indicates that all triplicates had similar dechlorination reac-
tions; one example is shown. +, 2,3,4,6-CB; O, 2,4,6-CB; @, 2,3,6-CB; A, 2,6-CB.

course data revealed biphasic kinetics for this dechlorination
reaction.

A second dehalogenation reaction, 2,3,4,6-CB — 2,3,6-CB,
also occurred at 18 to 30°C in SCNC samples. At least trace
amounts of this reaction also occurred at 12 to 34°C in Woods
Pond samples, as evidenced by the transient appearance of
2,3,6-CB. The initial product distribution was 2,4,6-CB (=95%)
and 2,3,6-CB (=5%) at all temperatures except 18°C (both
sediments) and 34°C (Woods Pond sediment). At 18°C, the
dechlorination specificity was much more variable and
2,3,6-CB was the major initial product in two of the three
SCNC replicate samples (Fig. 2) and in triplicate Woods Pond
samples (Fig. 3). However, a repeat incubation of Woods Pond
sediment at 18°C resulted in the exclusive conversion of
2,3,4,6-CB to 2,4,6-CB in all three samples. Repeat incubations
were also carried out at 15, 20, and 22°C, but no variation in
the initial dehalogenation step occurred at any of these tem-
peratures. We also observed variability in the initial dehaloge-
nation of 2,3,4,6-CB at 34°C in Woods Pond sediment; in one
of three replicate samples, 60% of the 2,3,4,6-CB was con-
verted to 2,3,6-CB (Fig. 3).

The effect of readdition of 2,3,4,6-CB on the initial dehalo-
genation step. When 75% of the 2,3,4,6-CB had been dehalo-
genated, a second addition of 2,3,4,6-CB (350 wmol per liter of
slurry) was made to samples at most temperatures. The freshly
added 2,3,4,6-CB was dechlorinated with no lag in all in-
stances. In most cases, the trichlorobiphenyl product distribu-
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FIG. 3. Time course of dechlorination of 2,3,4,6-CB in triplicate Woods
Pond sediment samples of the first incubation at 18°C and the incubation at 34°C.
A/B depicts one of two replicates which had similar dechlorination reactions,
while C indicates a third replicate that exhibited a different dechlorination
reaction. The third replicate at 18°C (not shown) exhibited a slightly longer lag
before dechlorination began, and the 2,3,6-CB was not dechlorinated to 2,6-CB
within the time frame of the experiment. +, 2,3,4,6-CB; O, 2,4,6-CB; @, 2,3,6-CB;
A, 2,6-CB. The dashed lines indicate the time of respiking with 2,3,4,6-CB.
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TABLE 2. Dechlorination of 2,3,4,6-CB in Woods Pond sediment samples after 1 year of incubation between 4 and 66°C*

Temp Congener (mol%)®

C Incubation Sample
O 2,3,4,6-CB 2,4,6-CB 23,6-CB 2,6-CB 2,4-CB 2-CB 4-CB
4 A 96.3 3.7 — — — — —
B 91.2 8.8 — — — — —
C 78.3 217 — — — — —
8 123 £33 85.6 = 4.1 — 0.2 *+0.0 1.9+09 — —
12 10.6 = 3.5 82.3 0.8 — 0.1 £0.0 7.0*3.1 — —
15 1st? A 0.3 95.7 — 0.3 3.7 — —
B 6.7 1.5 — 8.7 0.8 0.5 81.8
C — 97.6 — 0.2 2.2 — —
2nd¢ A 4.1 43.0 — 1.7 3.1 — 48.1
B 2.5 84.2 0.1 11.2 2.0 — —
C 7.1 46.5 0.1 2.4 43 8.6 31.0
18 Ist A 0.2 — 43.5 56.3 — — —
B 0.2 — 21.6 78.2 — — —
C 1.1 — 97.4 1.5 — — —
2nd A 0.8 3.9 0.1 91.5 2.7 1.0 —
B 0.6 3.0 0.2 92.7 2.9 0.6 —
C 0.7 2.6 0.1 29.3 3.9 13.7 49.7
20 1st 2.4 +0.7 29+1.2 0.2 0.0 89.7+ 14 1.6 0.5 32 %20 —
2nd 0.1+02 62+05  02+00  9L.0=11  20+04 05+ 00 —
22 1st A 0.9 2.7 0.1 80.1 2.6 9.5 4.1
B 1.1 1.5 0.1 45.7 1.6 22.9 27.1
C 1.0 1.7 0.1 85.4 1.9 9.9 —
2nd A 2.4 2.7 0.2 71.7 2.4 17.5 3.1
B 0.1 7.2 — 65.9 53 12.6 8.9
C 1.6 3.7 0.1 90.1 3.7 0.8 —
25 A 2.2 1.0 0.1 9.8 3.7 32.0 51.2
B 0.6 0.9 0.1 76.3 2.1 8.6 11.4
C 0.6 14 0.1 60.9 2.6 18.1 16.3
27 A 0.5 1.1 0.1 17.2 5.1 19.8 56.2
B 0.3 1.9 0.1 28.4 5.4 30.9 33.0
C 0.7 1.8 0.1 68.9 3.9 21.5 3.1
30 A — 0.7 0.2 3.6 7.6 3.9 84.0
B 0.2 6.7 0.5 89.9 1.3 0.8 0.6
C — 1.1 0.3 69.1 3.0 18.6 79
34 A - 84.8 8.6 6.6 — — —
B — 93.1 6.8 0.1 — — —
C 0.1 59.0 15 39.5 — — —
37 99.4 = 0.0 0.5*0.0 0.1 =0.0 — — — —
40 98.2 +0.5 1.8*+05 — — — — —
45 97.8 2.0 22*2.0 — — — — —
50 11.4 = 4.7 885+ 44 0.1 *+03 — — — —
55 A 353 64.7 — — — — —
B 8.2 91.8
C 1.7 98.3
60 A 3.7 96.3 — — — — —
B 1.3 98.7
C 68.7 31.3
66 98.9 + 1.6 1L1+16 — — — — —

“ All data are the means of triplicates + the standard deviation. The values for each of the individual triplicate samples (A, B, and C) are given when there were
large differences between the triplicate samples in the product distribution.

2100 mol% = 350 uM at 4 to 12, 37 to 45, and 55 to 66°C (= 700 uM at 15 to 34 and 50°C).

¢ —, not detected.

“ 1st represents the first incubation, and 2nd represents the second incubation (see Materials and Methods for details).
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FIG. 4. Time course of dechlorination of 2,3,4,6-CB in Woods Pond sediment samples at 15, 20, and 27°C. Half of the six samples incubated at 15°C were
dechlorinated as shown in panel A, and the other half were dechlorinated as shown in panel B. All six replicates at 20°C were dechlorinated as in the example shown.
For 27°C, A, B, and C indicate the individual bottles of the triplicate incubations. +, 2,3,4,6-CB; O, 2,4,6-CB; @, 2,3,6-CB; A, 2,6-CB; A, 2,4-CB; [J, 2-CB; m, 4-CB.

The dashed lines indicate the time of respiking with 2,3,4,6-CB.

tion from the newly added 2,3,4,6-CB matched the initial dis-
tribution, but in a few instances, the product distribution
changed significantly. For example, the Woods Pond samples
incubated at 20°C exhibited a change in the specificity of the
initial dehalogenation reaction when 2,3,4,6-CB was readded
(Fig. 4). In this case para dechlorination of 2,4,6-CB to 2,6-CB
had already begun when the 2,3,4,6-CB was readded, and the
newly added 2,3,4,6-CB was para dechlorinated to 2,3,6-CB.

Effect of incubation temperature on the subsequent dechlo-
rination steps and on the accumulation of products. The sub-
sequent dechlorination steps and the final dechlorination
products of 2,3,4,6-CB (after 1 year) varied at different tem-
peratures and in the samples from the two locations. The final
distributions of 2,3,4,6-CB and its products in each sediment
are presented in Tables 1 and 2. There was considerable vari-
ation between replicates in the final distribution of products at
certain temperatures, especially at 18°C for SCNC samples,
and at 15 through 34°C for Woods Pond samples. These vari-
ations will be described further in the sections below.

(i) SCNC sediment samples. No dechlorination products
other than 2,4,6-CB were detected in any of the triplicates
below 12 or above 30°C (Table 1). Between 18 and 30°C,
substantial dechlorination to 2,6-CB occurred (Table 1). From
25 t0 30°C, 2,4,6-CB was dechlorinated to 2,6-CB, but 2,3,6-CB

was dechlorinated only at 30°C. No dechlorination of 2,6-CB
was observed in any of these samples, and no other dechlori-
nation products were formed; hence, 2,6-CB accumulated
nearly stoichiometrically as the final dechlorination product
between 25 and 30°C.

The time course for the conversion of 2,4,6-CB to 2,6-CB
was very consistent at 27°C but was variable at 25°C (Fig. 2). A
total loss of the capacity to dehalogenate 2,4,6-CB occurred
between 30 and 34°C. The abruptness of this loss over a range
of only 4°C was striking but was reproducible and has been
observed in other independent incubations (14).

(ii) Woods Pond sediment samples. The 2,3,6-CB that was
formed at 18 and 34°C persisted for 5 to =10 months but was
ultimately dechlorinated to 2,6-CB in most samples (Fig. 3).

No dechlorination of 2,4,6-CB occurred at the lowest (4°C)
or highest (34°C and above) temperatures (Table 2), and very
little dechlorination of 2,4,6-CB occurred at 8°C during a year
of incubation (Table 2). However, at 12°C, ortho dechlorina-
tion of 2,4,6-CB to 2,4-CB began to occur at low but measur-
able rates after 7.5 to 10 months.

Between 15 and 30°C, the 2,4,6-CB was further dehaloge-
nated to various amounts of 2,6-CB and 2,4-CB. No dechlori-
nation of the 2,6-CB was ever detected, but the 2,4-CB was
subsequently dechlorinated to various amounts of 2-CB and
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FIG. 5. Effect of temperature on dechlorination of 2,4,6-CB by loss of the
ortho or para chlorine in Woods Pond sediment samples. For each incubation
temperature, the 2,4,6-CB formed by dechlorination and all of its products after
1 year (Table 2) were added together. We normalized the sum to 100% and then
calculated the relative proportions of 2,4,6-CB that remained unchanged (+) or
that were further dechlorinated by initial removal of the para chlorine (A)
(2,6-CB) or the ortho chlorine (A) (2,4-CB and its subsequent products, 2-CB
and 4-CB). The data represent averages for six replicates at 15, 20, and 22°C and
for three replicates at all other incubation temperatures.

4-CB. ortho dechlorination of 2,4,6-CB to 2,4-CB and subse-
quently 4-CB was almost completely dominant at 15°C (Fig. 4).
In three of six samples, this transformation converted 33 to
88% of the 2,4,6-CB to 4-CB (Table 2). However, in the re-
maining samples the ortho dechlorination occurred at such low
rates (Fig. 4) that 85 to 95% of the 2,4,6-CB still persisted after
1 year.

The dechlorination of 2,4,6-CB at 20°C was highly consis-
tent; in all six replicates, approximately 90% of the 2,4,6-CB
was rapidly para dechlorinated to 2,6-CB, and only 2 to 5% was
ortho dechlorinated to 2,4-CB. Some of the 2,4-CB was subse-
quently dechlorinated to 2-CB as shown for one sample in Fig.
4,

In sharp contrast, at 18°C, and from 22 to 30°C, the sequence
of dechlorination of 2,4,6-CB was variable among replicates at
the same temperature, and this is reflected in the final product
distribution shown in Table 2. The time courses of the three
replicates at 27°C (Fig. 4) illustrate the types of variation we
observed. The 2,4,6-CB was initially ortho dechlorinated to
2,4-CB in all three of the replicates at 27°C. In one of the
replicates (Fig. 4C), para dechlorination of the 2,4,6-CB to
2,6-CB began soon after the onset of ortho dechlorination, and
subsequently ortho dechlorination ceased. Hence, most of the
2,4,6-CB was para dechlorinated to 2,6-CB in this sample, and
all of the previously formed 2,4-CB was para dechlorinated to
2-CB. Early onset of para dechlorination did not occur in the
other two replicates, and most of the 2,4,6-CB was ortho de-
chlorinated to 2,4-CB before para dechlorination began. The
2,4-CB was further dechlorinated to both 2-CB and 4-CB, but
the distribution of these products was determined by the tim-
ing of the onset of para dechlorination.

Temperature dependence of ortho and para dechlorination
of 2,4,6-CB in Woods Pond sediment samples. In order to gain
a better understanding of the effect of temperature on the
dechlorination of 2,4,6-CB in Woods Pond sediment samples,
we compared the relative proportions of ortho and para de-
chlorination of this congener. This analysis of the data (Fig. 5)
shows that both the dechlorination of 2,4,6-CB and the pre-
ferred site of dechlorination were strongly temperature depen-
dent and permits us to draw a number of conclusions. (i) Little
or no dechlorination of 2,4,6-CB was observed at temperatures
below 12 or above 30°C. (ii) Maximal dechlorination of
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2,4,6-CB occurred between 18 and 30°C. (iii) para dechlorina-
tion of 2,4,6-CB was optimal in the range of 18 to 22°C. (iv)
ortho dechlorination of 2,4,6-CB extended over a broader tem-
perature range (8 to 30°C) than para dechlorination and was
strongest at 27°C. (v) Only minimal ortho dechlorination was
observed at 20°C, the temperature at which para dechlorina-
tion was highest. (vi) ortho dechlorination and para dechlori-
nation appeared to be equally strong in the range of 25 to 30°C.

When we compared the relative proportions of 2,4-CB and
those of its ortho and para dechlorination products, 4-CB and
2-CB, respectively, the same trends were seen (data not shown).
Hence, the fact that 2,4-CB was formed by ortho dechlorina-
tion did not influence the route of its subsequent dechlorina-
tion. Instead, the data indicate that the strongest influence on
ortho versus para dechlorination of 2,4-CB was the incubation
temperature.

DISCUSSION

Observed temperature dependencies of discrete dechlorina-
tion reactions and proposed PCB-dechlorinating populations
responsible for these reactions in each sediment. We distin-
guished seven different dechlorination reactions of 2,3,4,6-CB
and its products (Fig. 1). Four of these were observed in SCNC
sediment, and all seven were observed in Woods Pond sedi-
ment. The data summarized in Table 3 show that the dechlo-
rination reactions exhibited at least four different temperature
dependencies in SCNC sediment and at least six in Woods
Pond sediment. Substantial meta dechlorination of 2,3,4,6-CB
occurred at thermobiotic temperatures (50, 55, and 60°C) in
Woods Pond samples (Tables 2 and 3), suggesting the presence
of a thermophilic PCB dechlorinator in Woods Pond. As pro-
posed earlier (30), the observed temperature-dependent dif-
ferences in dechlorination are consistent with the hypothesis
that each of these sediments harbors several different PCB-
dechlorinating microorganisms with distinct specificities.

We cannot exclude the possibility that a single PCB-dechlo-
rinating enzyme catalyzes several different reactions with dif-
ferent temperature dependencies for the different congeners
or that a single PCB-dechlorinating microorganism harbors
several different PCB-dechlorinating enzymes. However, based

TABLE 3. Temperature ranges” for different
dechlorination reactions

Temp at which

) Tem‘: reaction was
Dechlorination  Specificity of range (°C) dominant (°C)
reaction dechlorination E— F—
oods oods
SCNC Pond SCNC Pond
2,346 —>24,6 meta 12-34 4-34 12-34 4-34
50 50-60
2,3,4,6 >2,3,6 para 18-30 18 18> 18>
30-34 340
2,36 —2,6 meta 30¢ 18
30-34
2,46 —26 unflanked para 18-30  15-30 18-22
24 =2 unflanked para 15-30 18-22
2,46 —24 ortho 12-307 12-15
24 —4 ortho 12-307 12-15

“ We have included only reactions that transformed at least 2.5 mol% of the
total PCB.

? para dechlorination was dominant in some, but not all, samples incubated at
these temperatures.

¢ Dechlorination of 2,3,6-CB was observed unequivocally only at 30°C.

4 ortho dechlorination was minimal at 20°C, but this was most likely due to
competition with unflanked para dechlorination.
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on all of the above observations and previously obtained data
on chlorophenol dehalogenation in SCNC samples (16, 17, 23,
24, 33, 34), we consider it more probable that the different
dechlorination reactions are due to discrete populations of
PCB-dechlorinating microorganisms. This interpretation is
corroborated by the substrate specificities of enrichment cul-
tures obtained by incorporating the temperature dependencies
described above (Table 3) into enrichment strategies (14, 28).

Effect of temperature on the dechlorination of 2,3,4,6-CB. In
both sediments, significant dechlorination of 2,3,4,6-CB oc-
curred over similar temperature ranges, and at most temper-
atures, meta dechlorination of 2,3,4,6-CB to 2,4,6-CB almost
completely dominated (Table 3). The time of onset and rate of
this dechlorination reaction varied with the temperature and
sediment but were highly consistent among replicates for a
given temperature and sediment with two striking exceptions.
At 18°C in both sediments and at 34°C in Woods Pond sedi-
ment, the dominant reaction changed to para dechlorination of
2,3,4,6-CB to 2,3,6-CB in some samples. Similar sharp changes
within a small temperature range have been observed previ-
ously (17). The abrupt change and the variability in the PCB
dechlorination specificity at 18 and 34°C suggest that these
discrete temperatures may be transition points at which mem-
bers of the community supporting para dechlorination become
more dominant. This could lead to unstable conditions in the
sediment at large or to variations between microniches within
the sediment and would explain the variation in dechlorination
reactions observed at these temperatures. Alternatively, these
temperatures might favor the para dechlorinators, allowing
them to outcompete the meta dechlorinators. The variability at
18°C is particularly significant for Woods Pond because this
temperature prevails in the top 15 cm of the sediment for much
of the summer.

Effect of temperature on the dechlorination of 2,4,6-CB. The
dechlorination of 2,4,6-CB occurred over a narrower temper-
ature range than that of 2,3,4,6-CB in both sediments and was
also more sensitive to temperature differences. In SCNC sed-
iments, dechlorination of 2,4,6-CB to 2,6-CB was optimal and
consistent among replicates at 27°C. But above and below this
temperature, the timing of the onset of this reaction varied
among replicates. Similar variability was observed for the ortho
dechlorination of 2,4,6-CB to 2,4-CB at 15°C in Woods Pond
sediment; ortho dechlorination began at about the same time in
all six incubations, but there was a sharp dichotomy in the
maximal rate at which the reaction occurred (Fig. 4). These
observations provide further evidence of the complex and un-
delineated factors controlling the dechlorination of 2,4,6-CB in
sediment microcosms. Apparently temperature is only one of
the key parameters. Others may include spatial variations in
the relative composition of both dechlorinators and nonde-
chlorinators in the microcosms.

In Woods Pond sediment, para dechlorination of 2,4,6-CB to
2,6-CB was optimal and highly consistent among replicates at
20°C. But above and below this temperature, the timing and
extent of para dechlorination were variable, most likely be-
cause of significant competition from ortho dechlorination (see
below).

Effect of temperature on ortho versus unflanked para dechlo-
rination of PCBs containing 2,4- and 2,4,6-chlorophenyl rings.
Previous work (3) showed that para dechlorination of PCBs
could be stimulated in Woods Pond sediment, but only para
chlorines that were located adjacent to other chlorines were
removed. Hence, the unflanked para chlorines on 2,4- and
2,4,6-chlorophenyl rings were not substrates. The results pre-
sented here demonstrate that Woods Pond sediments harbor
microorganisms that can remove either the ortho or the para
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moiety from 2,4- and 2,4,6-chlorophenyl rings. Our results also
indicate that a strong temperature dependence exists with re-
gard to the preferential removal of chlorines in ortho and
unflanked para positions (Fig. 5). The variations in the pre-
ferred route of dechlorination of 2,4,6-CB among replicates at
some temperatures and the temperature relationships illus-
trated in Fig. 5 provide evidence of a competition between the
ortho and unflanked para dechlorinating activities. In some
cases, this resulted in less effective dechlorination. The data
are consistent with the interpretation that a single PCB de-
chlorinator was responsible for the ortho dechlorination of
both 2,4,6-CB and 2,4-CB and that a second PCB dechlorina-
tor carried out unflanked para dechlorination of the same two
substrates. This interpretation is supported by recent prelimi-
nary results with an enrichment culture obtained by repeated
transfers with 2,4,6-CB as a selective dehalogenation substrate.
The unflanked para dechlorination activity was retained, while
the ortho dechlorination activity was eliminated (14).

Substrate specificity of ortho dechlorination of PCBs. There
have been two previous reports of ortho dechlorination of
PCBs in anaerobic microcosms of Woods Pond sediment. Van
Dort and Bedard (25) demonstrated that the microorganisms
in Woods Pond sediments dechlorinate 2,3,5,6-CB to 2,3,5-CB
and then 2,5-CB, and Williams (27) demonstrated that they
also dechlorinate 2,4,6-CB to 2,4-CB and 4-CB. The ortho
dechlorination that we observed in Woods Pond exhibited sub-
strate specificity; 2,4,6-CB and 2,4-CB were substrates for ortho
dechlorination, but as previously reported (25), 2,3,6-CB and
2,6-CB were not. These findings are in contrast to results
recently reported by Berkaw et al. (9) for estuarine sediments
from Baltimore Harbor. These authors reported ortho dechlo-
rination of 2,3,5,6-CB, 2,3,5-CB, and 2,3,6-CB but not 2,4,6-CB
and 2,4-CB. Unfortunately, there is still no evidence that such
key end products of meta and para dechlorination as 2-CB,
2-2-CB, and 2,6-CB can be dechlorinated. As reported for
other locations (9, 22), no dechlorination of 2,6-CB occurred in
our study despite prolonged incubation in samples that were
actively ortho dechlorinating 2,4,6-CB and 2,4-CB. These re-
sults suggest that the microorganisms or the enzymes respon-
sible for ortho dechlorination exhibit a strong substrate speci-
ficity, possibly requiring the activation of the ortho chlorine by
an electronic effect of the para chlorine on 2,4,6-CB and
2,4-CB or the meta chlorines on 2,3,5,6-CB, 2,3,5-CB, and
2,3,6-CB.

Implications from this study. It is clear from these results
that field temperatures can be expected to play a significant
role in determining the extent of PCB dechlorination that
occurs at a given site. Furthermore, the PCB dechlorination
reactions that dominate at 25 or 30°C may differ substantially
from those that occur at the lower or higher temperatures that
may prevail in a given environment. Therefore, it is risky to use
data collected at one temperature to predict the fate of PCBs
in sediments that typically experience a different temperature
range in the field. We contend that competitions similar to
those described above, i.e., meta versus para dechlorination
and ortho versus unflanked para dechlorination, may occur in
natural sediments. This can be very important because the
sequence of dechlorination will determine how many chlorines
are removed and which products accumulate. The variations
that we observed suggest that relatively small changes in the
temperature can change the rate, extent, and pathway of de-
chlorination in a given sediment, both in the laboratory and in
the natural environment. The development of methods to se-
lectively “prime” (3, 8, 26) the most effective dechlorination
sequences might effectively eliminate competitive reactions
and lead to improved dechlorination over broader temperature
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ranges. Furthermore, the use of incubation temperatures that
favor specific dehalogenation reactions should facilitate the
isolation of PCB-dehalogenating bacteria of interest.
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