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Abstract

Anaerobic bacteria can reductively dehalogenate aliphatic and aromatic halogenated compounds in a respiratory
process. Only a few of these bacteria have been isolated in pure cultures. However, long acclimation periods,
substrate specificity, high dehalogenation rates, and the possibility to enrich for the dehalogenation activity by
subcultivation in media containing an electron donor indicate that many of the reductive dehalogenations in the
environment are catalyzed by specific bacteria. Molecular hydrogen or formate appear to be good electron donors
for the enrichment of such organisms. Furthermore, systems have to be employed which supply the cultures with the
halogenated compounds beyond their toxicity level. All bacteria that are presently available in pure culture and grow
with a halogenated compound as electron acceptor are members of new genera. Based on experimental results with
the membrane-impermeable electron mediator methy! viologen, a model of the respiration system of Dehalobacter
restrictus, a tetrachloroethene-dechlorinating bacterium, is presented. Further studies of the biochemistry and
energetics of respiratory-dehalogenating strains will help to understand the mechanisms involved and perhaps
reveal the evolutionary origin of the dehalogenating enzyme systems.

Abbreviations: PCE — tetrachloroethene, TCE — trichloroethene, cis-1,2-DCE - cis-1,2-dichloroethene, PCER —

tetrachloroethene reductase

Introduction

For many halogenated compounds, reductive dehalo-
genation is the initial step in anaerobic biodegradation.
Although reductive dehalogenation has been report-
ed for a large variety of aliphatic and aromatic com-
pounds (extensively reviewed by Kuhn & Suflita 1989
and Mohn & Tiedje 1992), only little is known about
the organisms involved. It can be concluded from our
present knowledge that some anaerobic bacteria cat-
alyze reductive dehalogenations in a co-metabolic pro-
cess whereas others dehalogenate in a respiratory pro-
cess (Holliger 1992; Holliger & Schraa 1994; Mohn &
Tiedje 1992). In the co-metabolic process, dehalogena-
tions are not coupled to energy conservation and are
unspecifically carried out in a bypass reaction by cer-
tain enzyme systems. The redox potential of redox cou-
ples such as tetrachloroethene (PCE)/trichloroethene
(TCE) (EY =485 mV; calculated from Gibbs free ener-

gy of formation data from Dolfing & Janssen 1994)
and 3-chlorobenzoate/benzoate (E%’, =297 mV, Dolf-
ing & Harrison 1992) is quite positive and makes
these compounds potential electron acceptors for bac-
terial growth. Some bacterial cultures that grow with
molecular hydrogen, formate, and acetate as electron
donor and a halogenated compound as terminal elec-
tron acceptor apparently couple reductive dehalogena-
tion to electrogenic energy conservation. Although the
mechanism of energy conservation is presently not
known, we will refer to these organisms as respiratory-
dehalogenating bacteria. Four pure cultures of anaero-
bic bacteria which dechlorinate an aromatic compound
have been described to date (Coleet al. 1992; DeWeerd
et al. 1990; Madsen & Licht 1992; Tsuchiya & Yama-
ha 1984). Desulfomonile tiedjei, a 3-chlorobenzoate-
dechlorinating bacterium, is the first anaerobic bac-
terium described that uses a chlorinated compound as
electron acceptor in an anaerobic respiration process
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(DeWeerd et al. 1990; Dolfing 1990; Mohn & Tied-
je 1990; Mohn & Tiedje 1991). A 2-chlorophenol-
dechlorinating bacterium appears to have similar phys-
iological properties (Cole et al. 1992) whereas the
physiological meaning of the dechlorination reaction is
not known for another chlorophenol- (Madsen & Licht
1992) and a chlorobenzene-dechlorinating (Tsuchiya
& Yamaha 1984) strain. For an almost endless list of
halogenated aromatic compounds which were reduc-
tively dehalogenated in environmental samples, the
bacteria involved could not yet be identified. Contrary
to aromatic compounds, many pure cultures of anaer-
obic bacteria are reported to dehalogenate aliphatic
compounds. Dehalobacter restrictus and Dehalospir-
illum multivorans, both isolated with PCE as electron
acceptor (Holliger 1992; Neumann et al. 1994), are
two respiratory-dehalogenating bacteria. Many others
such as methanogens, acetogens, sulfate-reducers, and
iron-reducers catalyze co-metabolic reactions with no
benefit for the organism (Belay & Daniels 1987; Castro
et al. 1985; Criddle et al. 1990; Egli et al. 1987; Egli et
al. 1988; Fathepure et al. 1987; Gilli & McCarty 1989;
Holliger et al. 1990; Jagnow & Haider 1977, MacRae
et al. 1969; Mikesell et al. 1990; Picardal et al. 1993).
There are still reductive dehalogenations of aliphat-
ic compounds which were observed in environmental
samples to which no bacterium can as yet be ascribed,
e.g. the dechlorination of dichloroethenes and vinyl
chloride. In an excellent and detailed review, Mohn
& Tiedje (1992) summarized two years ago what was
known about the different aspects of reductive dehalo-
genation. They focused their review on ecological and
physiological principles which began to emerge from
a broad perspective of reductive dehalogenation. The
scope of this review is to summarize the information
published in the meantime with special emphasis on
reductive dehalogenation as a respiratory process.

Dechalogenation by anaerobic mixed cultures

Anaerobic bacteria can be involved in reductive trans-
formation of organic pollutants either directly by enzy-
matic processes or indirectly by microbially-produced
bulk reductants such as reduced iron and sulfur species
(Macalady et al. 1986). In the latter case, the reaction
can be accelerated by the action of electron mediators
such as quinones and metal porphyrins (Schwarzen-
bach et al. 1990) or in the presence of mineral sur-
faces (Heijman et al. 1994; Kriegman-King & Rein-
hard 1992). Inactivation of biological activity by auto-

claving, the most often applied technique, cannot
distinguish between the direct and indirect involve-
ment of bacteria. However, acclimation periods and
substrate specificities of different cultures which are
often observed, and enrichment of dehalogenating
activity with electron donors indicate that specific
enzymatically-dehalogenating bacteria are responsi-
ble for the reductive dehalogenations found in envi-
ronmental samples (Mohn & Tiedje 1992). Simi-
lar to dechlorination of many other aromatic com-
pounds (Mohn & Tiedje 1992) also with chloroben-
zenes long lag periods of five to ten weeks were
observed before dechlorination started in batch cul-
tures inoculated with Rhine River sediments (Holliger
et al. 1992) or soil (Ramanand et al. 1993). Such
long acclimation periods can be explained only by
phenomena such as adaptation on the genetic level
or slow growth of specific bacteria. Chlorobenzenes
were dechlorinated via distinct pathways. Depend-
ing on the source of the environmental sample, hex-
achlorobenzene was dechlorinated either to 1,3,5-
trichlorobenzene (Beurskens et al. 1994; Fathepure et
al. 1988; Holliger et al. 1992; Mousa & Rogers 1990)
or 1,2,3-trichlorobenzene (Fathepure & Vogel 1991;
Mousa & Rogers 1990; Ramanand et al. 1993) as major
intermediate or end-product. 1,2,3-trichlorobenzene is
dechlorinated exclusively to 1,2-dichlorobenzene by
some cultures (Fathepure & Vogel 1991; Mousa &
Rogers 1990; Ramanand et al. 1993), whereas other
cultures formed only 1,3-dichlorobenzene (Beurskens
et al. 1994; Bosma et al. 1988; Holliger et al. 1992).
A 2,3 4-trichlorobiphenyl-dechlorinating enrichment
culture obtained from sediment dechlorinated 2,4,5-
trichlorobiphenyl mainly to 2,4-dichlorobiphenyl with
small amounts of 2,5-dichlorobiphenyl after the first
transfer to 2,4,5-trichlorobiphenyl-containing medium
(Rhee et al. 1993). However, with repeated trans-
fer, the proportion of 2,5-dichlorobipheny! increased,
becoming the only product in the fifth transfer. Appar-
ently, the dechlorinating culture had shifted from a
meta- to a para-dechlorinating population. For enrich-
ment and maintenance of dehalogenating activity by
transfers, amendment of the cultures with an electron
donor was necessary (DiStefano et al. 1992; Hol-
liger et al. 1992; Holliger et al. 1993; Neumann
et al. 1994). In many cultures in which enrichment
of dehalogenation activity was possible, molecular
hydrogen served as electron donor. Desulfomonile tied-
jei obtained the reducing equivalents in the original
3-chlorobenzoate-degrading consortium from hydro-
gen produced upon oxidation of benzoate (Dolfing



& Tiedje 1986). The PCE-dechlorinating bacterium
in a benzoate-oxidizing mixed culture probably was
a hydrogen-scavenging organism as well (Scholz-
Muramatsu et al. 1990). Vancomycin, an inhibitor
of cell wall synthesis in eubacteria, inhibited dechlo-
rination of PCE in another mixed culture in which
methanol was present as electron donor (DiStefano et
al. 1992). The same inhibitor did not influence PCE-
dechlorination in the presence of hydrogen. Aceto-
genesis, the other methanol- or hydrogen-consuming
process in this culture, was inhibited by vancomycin
with either substrate. These results suggest that hydro-
gen is used directly for dechlorination in this cul-
ture by organisms resistant to vancomycin, and that
acetogens metabolize part of the methanol to hydro-
gen. Apparently, respiratory-dehalogenating bacteria
have to compete in methanogenic systems with oth-
er hydrogen-oxidizing bacteria such as methanogens
and acetogens. Inhibiting methanogenic activity of
anaerobic mixed cultures by the methanogen-specific
inhibitor bromoethanesulfonic acid often did not influ-
ence dehalogenation (Holliger et al. 1992; Holliger et
al. 1993; Scholz-Muramatsu et al. 1990). In a PCE-
dechlorinating mixed culture with negligible methane
production prior to addition of the inhibitor, bro-
moethanesulfonic acid inhibited dechlorination (DiS-
tefano et al. 1992). It was suggested that bromoethane-
sulfonic acid did not act as inhibitor of methanogens in
this culture but as inhibitor of the PCE-dechlorinating
system. Acetogenesis and methanogenesis both were
absent in PCE-dechlorinating enrichment cultures with
molecular hydrogen and carbon dioxide in the gas
phase (Bowseret al. 1993; Holligeret al. 1993). Aceto-
gens that were isolated from a 1,2,3-trichlorobenzene-
dechlorinating mixed culture which formed acetate but
not methane on H,/CO,, were not able to dechlorinate
1,2,3-trichlorobenzene (Holliger et al. 1992). All these
results indicate that acetogens and methanogens were
not responsible themselves for the dechlorination reac-
tions observed.

In addition, theoretical considerations on observed
dechlorination rates in PCE-dechlorinating systems
show that methanogens and acetogens are not the
dechlorinating organisms in these systems (Table 1).
PCE-dechlorinationrates reported for Methanosarcina
sp. or Acetobacterium woodii are as low as 3.5 x 1073
and 3.6 x 1073 umol/h per mg protein, respectively.
With a fixed-bed column and an enrichment culture,
dechlorination rates as high as 3.7 and 11.5 pmol/l
per h were found, respectively. To explain these high
rates by the activity of either Methanosarcina sp. or

241

A. woodii as model bacteria, unrealistically high con-
centrations of cells of 1 to 330 g protein/l would
need to be present in the PCE-dechlorinating sys-
tems. Furthermore, the extent of dechlorination was
different. The PCE-dechlorinating systems formed
the halogen-free products ethene and ethane where-
as Methanosarcina sp. or A. woodii dechlorinated PCE
only to trichloroethene.

Enrichment of respiratory-dehalogenating
bacteria

From research on the few respiratory-dechlorinating
bacteria available in pure culture it can be conclud-
ed that these organisms have a limited spectrum of
electron donors which support growth (see below).
Substrates such as molecular hydrogen, formate, or
acetate are probably the most promising electron
donors for enrichment of such organisms. Furthermore,
the enrichment of respiratory-dechlorinating bacte-
ria depends on their affinity for the electron donor,
e.g. molecular hydrogen, and the availability of the
electron acceptor. Respiratory-dehalogenating bacteria
appear to be slow-growing organisms with high affini-
ties for the electron donors. Slow-growing bacteria
with high substrate affinity can possibly out-compete
fast-growing organisms in systems with low substrate
concentration. Possible ways to create advantageous
conditions for such bacteria are to use continuous sys-
tems with low concentrations of the electron donor
(De Bruin et al. 1992), or to enrich on metabolic
processes for which bacteria with a high substrate
affinity have a competitive advantage. The obligate-
ly syntrophic hydrogen-producing oxidation of ben-
zoate was apparently a good system for the enrich-
ment of respiratory-dechlorinating bacteria (Scholz-
Muramatsu et al. 1990; Shelton & Tiedje 1984). Desul-
fomonile tiedjei was isolated from a 3-chlorobenzoate-
oxidizing culture. In this culture, Desulfomonile tiedjei
obtained the reducing equivalents from the benzoate-
oxidizing hydrogen-producing strain (Dolfing & Tied-
je 1986). In another benzoate-oxidizing mixed cul-
ture in which methanogenesis was inhibited by bro-
moethanesulfonic acid, PCE-dechlorinating activity
could be enriched by providing PCE as electron accep-
tor (Scholz-Muramatsu et al. 1990).

Concerning the enrichment with a halogenated
compound as terminal electron acceptor, two major
problems have to be taken into account. The halo-
genated compound can be either toxic at saturat-
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Table 1. Theoretical content of Methanosarcina sp. or Acetobacterium woodii protein in PCE-dechlorinating systems necessary to
explain observed dechlorination rates of these systems by the activity of either Methanosarcinasp. or Acetobacterium woodii.

Dechlorinating Temperature  End Rate? Theoretical protein  Reference

bacterium/system °C) product® content® (g/1)

Methanosarcinasp. 37 TCE 35x%x 1075 (Fathepure et al. 1987)
pmol/mg per h

Acetobacterium woodii 30 TCE <3.6x%x 103 (Egli et al. 1988)
pmol/mg per h

Fixed-bed column 10 ethene 37 106 (De Bruin et al. 1992)
pmol/t per h >1.03

Enrichment culture 35 ethene 11.5 329 (DiStefano et al. 1991)
pmol/1 per h >3.19

% TCE = trichloroethene.

® Rates were determined by measuring the decrease in PCE. Rates for Methanosarcinasp. and A. woodi are per mg of protein.

¢ The theoretical protein content was calculated by deviding the rate found in the system with the rate of the bacterial cultures. This

results in protein content in g/l in the dechlorinating systems. The first protein content is calculated based on dechlorination rates by

Methanosarcina sp., the second (italic) is calculated for rates by A. woodii.

ing concentration in water or it is not sufficiently
water-soluble to create advantageous conditions for
respiratory-dehalogenating bacteria. The problem of
toxicity can be solved by repeatedly feeding with small
amounts of the halogenated compound (DiStefano et
al. 1991, 1992) or to use a two-liquid-phase system
in which the halogenated compound is mainly dis-
solved in a water-immiscible organic phase such as
hexadecane (Holliger et al. 1992; Holliger et al. 1993).
The two-liquid-phase system allows addition of large
amounts of the halogenated compound to a batch cul-
ture. Secondly, the concentration in the water phase
can be kept below the toxicity level. Finally, this tech-
nique guarantees continuous and sufficient supply of
the halogenated compound to the water phase. Using
the first method, a culture was enriched in which the
electron balance demonstrated that 31% of consump-
tion of the electron donor methanol was accounted
for by dechlorination of PCE to ethene (DiStefano
et al. 1991). The two-liquid-phase system was used
to enrich for a 1,2,3-trichlorobenzene- and a PCE-
dechlorinating culture (Holligeret al. 1992, 1993).Ina
study with low water-soluble compounds such as poly-
chlorinated biphenyls, volumetric rates were increased
from 8.2 to 346 pmol 2,3,6-trichlorobiphenyl dechlo-
rinated/l per d by periodic (daily) supplementation of
the cultures with 2,3,6-trichlorobiphenyl (Boyle et al.
1993). Specific nutritional requirements seem to ham-
per the enrichment of respiratory-dehalogenating bac-
teria. Desulfomonile tiedjei could initially be cultivated

only in a medium supplemented with 10% rumen fluid
(Shelton & Tiedje 1984). Later, rumen fluid could be
replaced by culture fluid of Propionibacterium sp. and
finally, Desulfomonile tiedjei grew in a defined medi-
um containing a vitamin solution plus naphthoquinone
and hemin (DeWeerd et al. 1990). Growth of the
PCE-dechlorinating bacterium Dehalobacter restric-
tus depends on the presence of vitamins and yeast
extract or peptone (Holliger 1992). All attempts to cul-
tivate this bacterium in a defined medium have failed
to date. PCE dechlorination by an anaerobic culture
enriched on methanol could also be sustained with
molecular hydrogen as electron donor (DiStefano et
al. 1992). However, the activity could be transferred
and maintained with hydrogen only if the medium was
supplemented with filter-sterilized medium of the orig-
inal enrichment culture on methanol. The methanol-
grown culture apparently produced an as yet uniden-
tified growth factor needed by the dechlorinating bac-
terium.

Pure cultures of respiratory-dehalogenating
bacteria

Although a quite broad variety of anaerobic bacteria
is known to dehalogenate aliphatic halogenated com-
pounds, these will not be discussed here. Many of
the dehalogenations catalyzed by these bacteria are
co-metabolic and not coupled to a respiration pro-



cess. At present, there are five pure cultures of bac-
teria described which were isolated specifically on
their ability to dehalogenate, three with aromatic com-
pounds (Cole et al. 1992; Madsen & Licht 1992; Shel-
ton & Tiedje 1984) and two with PCE (Holliger 1992;
Neumann et al. 1994). Desulfomonile tiedjei was the
first bacterium isolated which coupled the reductive
dehalogenation to growth (Dolfing 1990; Mohn &
Tiedje 1991). A complete summary of all the work
done with this strain has been published by Mohn &
Tiedje (1992). Desulfomonile tiedjei grows with for-
mate or molecular hydrogen as electron donor and
3-chlorobenzoate as electron acceptor, with doubling
times of & to 10 days in a defined medium and of 45 to
46 days in a medium supplemented with culture fluid of
Propionibacteriumsp. Itis not yet clear whether or not
acetate can be utilized as electron donor. Growth with
acetate and 3-chlorobenzoate was possible (Dolfing
1990), whereas acetate oxidation could not be coupled
to sulfate reduction (DeWeerd et al. 1990). The dechlo-
rination activity is inducible and membrane-assoctated
(DeWeerd & Suflita 1990). Experiments with respi-
ratory inhibitors and imposed pH gradients indicated
a chemiosmotic coupling of reductive dechlorination
and ATP synthesis (Mohn & Tiedje 1991). Physiolog-
ical characterization and 16S rRNA sequence analysis
suggested to assign Desulfomonile tiedjei as a member
of a new genus of sulfate-reducing bacteria. A small
Gram-negative rod was isolated with acetate as ener-
gy and carbon source and 2-chlorophenol as electron
acceptor (Cole et al. 1992). Fumarate or oxygen could
replace 2-chlorophenol. However, oxygen served as a
replacement only at low concentration. Fermentative
growth has, as of yet, not been observed. The dechlo-
rination activity is specific to the ortho-position, and is
inducible. Another chlorophenol-dechlorinating bac-
terium seems to dechlorinate by fortuitous activities
(Madsen & Licht 1992). Pyruvate was the best growth-
supporting substrate and was fermented to almost
equimolar amounts of acetate. Although chlorophenols
were dechlorinated at high rates of up to 30 nmol/min
per mg protein as in the case of 2,4,6-trichlorophenol,
chlorophenol-dependent growth was not demonstrated.
Therefore, the physiological meaning of these dechlo-
rination reactions is not yet clear. Recently, two strains
of bacteria have been isolated that utilize PCE as termi-
nal electron acceptor (Holliger et al. 1993; Neumann et
al. 1994). Both strains dechlorinate PCE stoichiometri-
cally to cis-1,2-dichloroethene (cis-1,2-DCE) and cou-
ple this reaction to growth on electron donors such as
molecular hydrogen or formate. Dehalobacter restric-
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Fig. 1. Model of the respiration system of Dehalobacter restrictus.
Hy =Hydrogenase, ETS = Electron Transfer System, PCER = tetra-
chloroethene reductase, PCE = tetrachloroethene, cis-1,2-DCE =
cis- 1,2-dichloroethene.

tus was isolated from an anaerobic fixed-bed column
fed with lactate and PCE (Holliger 1992; Holliger et
al. 1993). This bacterium has a very narrow substrate
range which supports growth. Molecular hydrogen
and PCE is the sole combination of electron donors
and acceptors which allowed growth of Dehalobac-
ter restrictus; fermentative growth was not found.
Analysis of the 16S rRNA revealed that Dehalobacter
restrictus is related to genera in the forth subdivision
of Gram-positive bacteria (Holliger 1992). The other
strain, Dehalospirillummultivorans, was isolated from
activated sludge on a medium containing pyruvate plus
PCE (Neumann et al. 1994). Contrary to Dehalobacter
restrictus, Dehalospirillum multivorans utilizes sever-
al electron donors and acceptors. Pyruvate, formate and
molecular hydrogen can serve as electron donor and
PCE, fumarate, and elemental sulfur as electron accep-
tor. In the absence of an electron acceptor, fermenta-
tive growth on pyruvate was observed. With molecular
hydrogen or formate as electron donor, growth was
possible only if PCE or fumarate was present as elec-
tron acceptor. Both strains dechlorinate PCE at reason-
ably high rates and grow with doubling times of about
one day. This makes these bacteria attractive candi-
dates for studying the biochemistry and energetics of
respiratory dehalogenations.
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Table 2. Hydrogenase and PCER activity of intact and lysed cells of
Dehalobacter restrictus®.

Enzyme Specific activity®
(nmol Hz/min per mg protein) or
(nmol CI~/min per mg protein)
Intactcells  Lysed cells

Hydrogenase 19+2 4+ 2

PCER® 3243 183 £ 20

% The reaction mixture contained 50 mM Tris (pH 8.0 at 30° C),
0.4 mM methyl viologen for PCER and 1 mM for hydrogenase,
approx. 0.13 mg/ml cell protein, and, for PCER activity, 1 mM
PCE (added from an anoxic ethanol stock solution). The gas
phase of the cuvettes was either 100% hydrogen or nitrogen.

If cells were lysed with Triton X-100, the detergent was

added to the reaction mixture to a final concentration of 1%
(v/v). For PCER activity, the reaction was started by adding
PCE and the reaction followed spectrophotometrically at 578 nm
(e=9.8 mM~!em™!) at 30° C. The measurement of
hydrogenase activity was initiated by the addition of cellular
protein.

b PCER = tetrachloroethene reductase.

¢ Two mole of methyl viologen were reduced or oxidized

per mole of hydrogen consumed or chloride produced,
respectively.

Model of the respiration system of Dehalobacter
restrictus

Molecular hydrogen, the only electron donor utilized
by Dehalobacter restrictus, cannot support substrate-
level phosphorylation. Therefore, the energy of hydro-
gen oxidation must be conserved in a respiratory pro-
cess. At least two enzymes are involved, a hydrogenase
and a PCE reductase (PCER) catalyzing the following
overall-reaction:

PCE + 2H, — ¢is-1,2-DCE + 2HT +2C1—  AG®' =-377.5 kl/mol PCE.
There are several possibilities how these two enzymes
can be arranged in the bacterial cell. Either both the
hydrogenase and the PCER can be on the outside or
inside of the cell membrane or the hydrogenase can
be on the outside and the PCER on the inside. There
is experimental evidence for the latter arrangement
as depicted in Fig. 1. Methyl viologen, an artificial
electron for the hydrogenase and an artificial electron
donor for the PCER (Holliger 1992), is membrane-
impermeable in the oxidized as well as the reduced

state (Jones & Garland 1977). Hydrogenase activity
was about the same with either intact cells and cells
lysed by a Triton X-100 treatment (Table 2). On the
contrary, PCER activity was increased by a factor of
six after the Triton X-100 treatment. This difference in
accessibility of the enzymes by methyl viologen indi-
cates that the hydrogenase is located on the outside of
the cell membrane and the PCER is on the inside (Fig.
1). It is not known how the electrons are transferred
between the two enzymes and whether a proton pump is
coupled to the electron transfer. Dehalobacter restric-
tus contains menaquinones (Holliger 1992). Indica-
tion of the presence of cytochromes was not obtained
by recording difference spectra of dithionite-reduced
versus air-oxidized cell suspensions and cell extracts.
Hence, menaquinone could be involved in the elec-
tron transfer. Cell yield considerations indicate that
an additional proton pump is not involved. The low
growth yield of 4.2 g dry mass per mole of chloride
formed (Holliger et al. 1993) requires only 0.4 mole
of ATP, assuming that one mole of ATP yields 10 g
cell dry mass (Stouthamer 1979). The arrangement of
the enzymes as depicted in Fig. 1 yields two protons
outside the membrane upon formation of one chloride
and the transport of two electrons. With the assumption
that the formation of one ATP requires three protons,
two-thirds of an ATP can thus be formed per chloride
released, which is sufficient to explain the low growth
yields. Therefore, no additional proton translocation
across the membrane is needed if the hydrogenase and
the PCER are arranged as indicated (Fig. 1). The possi-
ble influence of chloride transport across the membrane
has not been taken into account in the model discussed
above. PCE-dechlorination can be followed in cultures
of Dehalobacter restrictus by measuring the increase
in chloride concentration in the medium (Holliger et
al. 1993). If the PCER is located inside the cell mem-
brane, the chloride formed upon PCE-dechlorination
has to be transported out of the cell. Chloride sym-
port with a proton or a sodium both would increase the
proton motive force. Sodium has first to be imported
which probably occurs via a sodium-proton antiporter.
Therefore chloride symport with a sodium results in a
net efflux of a proton and a chloride ion. The influence
of the excretion of end products of metabolic reactions
on energy metabolism has recently been reviewed by
Konings et al. (1994). Further characterization of the
biochemistry and energetics of Dehalobacter restric-
tus will demonstrate whether the above assumptions
are correct or whether this model needs to be modi-
fied.
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