China 2, 57 (1977).
9. J. Byerlee, Pure Appl. Geophys. 116, 615 (1977).

10. K. Hoshino, H. Koide, K. Inami, S. Iwamura, S.
Mitsui, Geol. Surv. Jpn. Rep. 244, 1 (1972).

11. J. Suppe and J. H. Wittke, Petrol. Geol. Taiwan 14,
11 (1977).

12. E. R. Oxburgh, in Physics of Magmatic Processes, R. B.
Hargraves, Ed. (Princeton Univ. Press, Princeton,
NJ, 1980), pp. 161-199.

13. S. P. Clark, Geol. Soc. Am. Mem. 97, 459 (1966).

14. Z. E. Peterman, K. S. Heier, ibid., p. 521.

15. C. R. Lec and W. T. Cheng, paper presented at the
Fourth Circum-Pacific Energy and Mineral Re-
sources Conference, Singapore, 17 to 22 August
1986.

16. T. K. Liu, Proc. Geol. Soc. China 25, 22 (1982).

17. W. G. Ernst, in Mountain Building Processes, K. J.
Hsii, Ed. (Academic Press, London, 1982), pp.
247-256.

18. J. G. Liou, Mem. Geol. Soc. China 4, 551 (1981).

19. The Europa Yearbook (Europa, London, 1986), p.
744.

20. We thank John Suppe for numerous discussions and
Norm Sleep for a thoughtful review. Financial sup-
port was provided by the Experimental and Theoret-
ical Geophysics Program of NSF. In addition, T.B.
was supported by an NSF graduate fellowship.

17 June 1988; accepted 16 September 1988

Reductive Dechlorination of Polychlorinated Biphenyls
by Anaerobic Microorganisms from Sediments

JouN F. QUENSEN III, JAMES M. TIEDJE, STEPHEN A. BOYD

Microorganisms from Hudson River sediments reductively dechlorinated most poly-
chlorinated biphenyls (PCBs) in Aroclor 1242 under anaerobic conditions, thus
demonstrating PCB dechlorination by anaerobic bacteria in the laboratory. The most
rapid dechlorination was observed at the highest PCB concentration used; at 700 parts
per million Aroclor, 53 percent of the total chlorine was removed in 16 weeks, and the
proportion of mono- and dichlorobiphenyls increased from 9 to 88 percent. Dechlori-
nation occurred primarily from the meta and para positions; congeners that were
substituted only in the ortho position (or positions) accumulated. These dechlorina-
tion products are both less toxic and more readily degraded by aerobic bacteria. These
results indicate that reductive dechlorination may be an important environmental fate
of PCBs, and suggest that a sequential anaerobic-aerobic biological treatment system

for PCBs may be feasible.

RIOR TO THE 1970s, PCBs WERE
P widely used for a variety of industrial

purposes, including fluid-filled capac-
itors and transformers, hydraulic fluids, heat
transfer fluids, plasticizers, and carbonless
copy paper. The commercial mixtures
(called Aroclors in the United States) used
were complex mixtures of many homologs
and isomers (congeners). In general, PCBs
are considered to be highly persistent in
natural environments such as soils and sedi-
ments. Their biological degradation under
aerobic conditions is generally limited to the
congeners with five or fewer chlorines and at
least two adjacent unsubstituted carbon at-
oms (1-3). Recently, however, the altered
PCB congener distribution patterns found
in anacrobic sediment samples from the
upper Hudson River have been interpreted
to be the result of biologically mediated
reductive dechlorination (4, 5).

Although the main PCB input to the
upper Hudson River between 1951 and
1973 is reported to have been Aroclor 1242
(4, 5), subsurface sediment samples now
show depletion of the tri- and higher chlori-
nated congeners present in Aroclor 1242
and a corresponding increase in the propor-
tion of mono- and dichlorobiphenyls substi-
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tuted only in the ortho position or positions
(4, 5). Similar but generally less pronounced
differences between known PCB inputs and
analyzed sediment samples taken several
years later have also been observed for Wau-
kegan Harbor (Illinois) (6), and Silver Lake
(5) and the Acushnet River (both in Massa-
chusetts) (7). In all of these cases a biological
process was presumed to be responsible for
the difference in congener distribution pat-
terns, because congener selectivity was ob-
served and a strictly abiologic reduction of
PCBs has not been demonstrated under the
conditions found in anaerobic sediments
(8). Attempts to chemically dechlorinate ar-
omatic compounds under similar conditions
with reduced iron porphyrins have not suc-
ceeded (9). However, other workers have
suggested that the observed enrichment of

mono- and dichlorobiphenyls in the Hud-
son River sediments is the result of selective
partitioning (10). The controversy over the
mechanism responsible for the observed
congener profiles in the upper Hudson Riv-
er led to a recent exchange of letters in
Science (11). Thus laboratory experiments to
directly demonstrate biological dechlorina-
tion of PCBs are important to clarify the
mechanism. We report the successful dem-
onstration of biologically mediated reduc-
tive dechlorination of an Aroclor mixture.
We assessed the ability of microorganisms
from PCB-contaminated Hudson River sed-
iments (60 to 562 ppm PCBs) (12) to
dechlorinate Aroclor 1242 under anaerobic
conditions by eluting microorganisms from
the PCB-contaminated sediments (13) and
transferring them to a slurry of reduced
anaerobic mineral medium (14) and PCB-
free sediments (15) in tightly stoppered se-
rum bottles (16). This procedure reduced
the PCB background, enabling us to quanti-
fy the dechlorination of freshly added Aro-
clor 1242. Three concentrations of Aroclor
were used corresponding to 14, 140, and
700 ppm on a sediment dry-weight basis.
Dechlorination of the Aroclor by the elut-
ed organisms was evident from a simple
visual inspection of the chromatograms of
PCBs extracted after 16 weeks of incubation
(Fig. 1). Early eluting peaks, corresponding
to the lesser chlorinated congeners, in-
creased with time in the biologically active
(live) treatments but not in the autoclaved
controls. There was a corresponding de-
crease in the later eluting, more highly
chlorinated congeners. Most notable was

Table 1. Changes in PCB homolog distribution over time for the 700-ppm live treatment. Values (in
mole percent of the PCBs recovered) are the means of two replicates * the standard deviation of the

mean.

Con- Distribution of homologs (mol %) for week

geners 0 4 8 16
Mono- 0.0=0.0 1.7+ 0.5 50.1 = 10.7 66.7 =+ 3.4
Di- 9.1 07 153+ 0.2 255+ 3.7 21.3 0.6
Tri- 48.5 = 0.1 48.2 + 1.3 162+ 49 85+23
Tetra- 36.3 £ 0.6 30.0 =09 68+ 1.8 3.0+04
Penta- 52+02 42x02 1.3+ 04 05+0.1
Hexa- 09 0.0 0.6 =0.0 02+ 0.1 0.0 +0.0
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the accumulation of chlorobiphenyls substi-
tuted only at the ortho positions. The 2-
chlorobiphenyl (2-CB) concentration in-
creased from 0 to 63% (17) of the total
PCBs in the biologically active treatments
that received 700 ppm Aroclor, and 2,2'-
CB, 2,6-CB, or both (coeluting isomers)
increased from 1 to 14%. The concentration
of 2,2',6-CB also increased from 0.4 to

the live samples and autoclaved controls
after 16 weeks. The dependence of dechlori-
nation on PCB concentration may be related
to PCB bioavailability. Higher concentra-
tions in the sediment would result in higher
solution concentrations according to parti-
tion equilibria between these two phases
(19), and it is probably only the PCBs in
solution that are available for uptake by the

2%.

The progressive nature of the dechlorina-
tion process was evident from changes in the
relative proportions of mono-, di-, tri-, tet-
ra-, penta-, and hexachlorobiphenyls at each
sampling time (Table 1). Aroclor 1242 con-
tains predominantly tri- and tetrachlorobi-
phenyls; these were progressively dechlori-
nated to di- and monochlorobiphenyls in
the biologically active treatments that re-
ceived 140 and 700 ppm Aroclor, whereas
there was no appreciable change over time
in the autoclaved controls.

PCB dechlorination in the biologically
active treatments occurred primarily from
the meta and para positions with no signifi-
cant loss of chlorines in the autoclaved con-
trols (Fig. 2). Dechlorination was most ex-
tensive at the highest PCB concentration. In
the 700-ppm treatment, the average number
of meta plus para chlorines per biphenyl
decreased from an average of 1.98 to 0.31
after 16 weeks, but decreased to only 1.19 in
the 140-ppm treatment (18). At 14 ppm
there was no observable difference between

Fig. 1. Capillary gas chromatograms showing the
anaerobic dechlorination of Aroclor 1242 by Hud-
son River microorganisms. All chromatograms
were normalized so that the highest peak had a
height of 5. An electron capture detector was used.

2.0+

Fig. 2. Removal of chlorines by
position at three Aroclor 1242 con-
centrations. Dechlorination was al-
most exclusively from the meta and
para positions in the biologically
active (live) treatments only. Zero
time data for the 14- and 140-ppm
treatments were not reliable be-
cause an insufficient amount of ma-
terial was sampled, and it is not
plotted. The vertical bars represent
+ one standard deviation of the
mean based on two independent
determinations. Aroclor 1242 is at
the following concentrations: (A)
14 ppm; (B) 140 ppm; and (C)
700 ppm. O, Live, ortho chlorines;

1.0 1
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1.98 to 0.31 cannot be accounted for unless
dechlorination occurred at both positions.

The experiment described above has also
been performed with microorganisms from
an Aroclor 1242—free site in the Hudson
River (15). No dechlorination of 700-ppm
Aroclor 1242 was observed in 16 weeks.
Perhaps the long-term exposure (>15 years)
to high PCB concentrations at the PCB-
contaminated site selected for this dechlori-
nating activity. A deficiency of electron ac-
ceptors limits microbial growth in most
anaerobic environments. Thus any microor-
ganisms that could use PCBs as terminal
electron acceptors would have an advantage
in anaerobic sediments (5); they may obtain
energy from the dechlorination step itself.
By analogy, the 3-chlorobenzoate—dechlori-
nating strain DCB-1 may derive energy
from the exergonic aryl dechlorination
(AG' = —112 kJ/mol) as the growth yield
for the consortium is higher when grown on
chlorobenzoate than on benzoate (21).

The PCB-contaminated Hudson River
sediment used in this experiment was col-
lected from below Fort Edward, New York.
The PCB congener profile observed in our
laboratory experiment is similar to the pat-
tern C profile previously described for envi-
ronmental samples from this region of the
river (4). Thus the indigenous sediment
organisms that were responsible for the de-
chlorination products found in the labora-
tory probably also accounted for dechlorina-
tion of PCBs in situ.

The removal of meta and para chlorines,
although not decreasing the molar concen-
tration of PCBs, can be expected to decrease
the mammalian toxicity of the PCB residues
and make them more readily degradable by
aerobic bacteria. The PCBs with the greatest
dioxin-like toxicity are those with at least
one meta and a para chlorine on each ring
and no more than one ortho chlorine (for
example, 3,3'4,4'-CB, 2,3,3',4,4,-CB, or
2,3',4,4',5-CB) (22). Removal of the meta
and para chlorines from these congeners
should eliminate their toxicity. Because of
the potential of this process for detoxication,
an assessment of PCB dechlorination should
be made on a case-by-case basis before de-
ciding on the appropriate remedial action
for PCB-contaminated sediments.

The most commonly known initial step in
the acrobic degradation of PCBs is catalyzed
by a dioxygenase; this requires two adjacent
unsubstituted carbons [at either the ortho
and meta positions (2,3-dioxygenase) (3) or
the meta and para positions (3,4-dioxygen-
ase) (1)]. Removal of the meta and para
chlorines should make any ring with no
more than one ortho chlorine subject to 2,3-
dioxygenase attack, and any biphenyl ring
subject to 3,4-dioxygenase attack. Whereas
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it is true that congeners with two ortho
chlorines on the same ring are degraded
more slowly by the 3,4-dioxygenase system,
the aerobic degradation of all PCB conge-
ners accumulating from the dechlorination
of Aroclor 1242 in this experiment has been
demonstrated by one or more strains of
bacteria (2). Hence it is likely that most
PCBs can be biodegraded by a suitable
sequential anaerobic-aerobic process.
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