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To allow for the molecular analysis of halorespiration by the strictly anaerobic gram-positive bacterium
Desulfitobacterium dehalogenans, halorespiration-deficient mutants were selected and characterized following
insertional mutagenesis by the conjugative transposon Tn916. To facilitate rapid screening of transconjugants,
a highly efficient method for the growth of single colonies on solidified medium has been developed. A
streptomycin-resistant mutant of D. dehalogenans was isolated and mated with Enterococcus faecalis JH2-2
carrying Tn916. Insertion of one or two copies of Tn916 into the chromosome of D. dehalogenans was observed.
From a total of 2,500 transconjugants, 24 halorespiration-deficient mutants were selected based upon their
inability to use 3-chloro-4-hydroxyphenylacetic acid as an electron acceptor. Physiological characterization led
to the definition of three phenotypic classes of mutants that differed in their ability to use the additional
terminal electron acceptors nitrate and fumarate. The activities of hydrogenase and formate dehydrogenase
were determined, and the transposon insertion sites in selected mutants representing the different classes were
analyzed on the sequence level following amplification by inverse PCR. The results of the molecular charac-
terization as well as the pleiotropic phenotypes of most mutants indicate that genes coding for common elements
shared by the different respiratory chains present in the versatile D. dehalogenans have been disrupted.

Halogenated hydrocarbons are present in the environment
in large quantities due to their past and present application in
industry and agriculture, e.g., as solvents, pesticides, and pre-
servatives, and to natural production, compromising environ-
mental integrity and health (11, 12). The biodegradability of
these compounds under different environmental conditions
has been studied extensively (8). In particular, higher haloge-
nated hydrocarbons can often be degraded solely under anaer-
obic conditions by reductive dehalogenation. In contrast to
aerobic degradation processes, however, only limited knowl-
edge exists on reductive dehalogenation at the molecular level
(8, 16). Recently, a rapidly increasing number of anaerobic
bacteria has been isolated that are able to couple the reductive
dehalogenation to energy conservation and hence to growth (7,
14). These bacteria can use chloroalkenes, e.g., tetra- and tri-
chloroethene, or chloroaromatic compounds, such as chloro-
phenols or 3-chlorobenzoate, as the terminal electron accep-
tor. Among these, the gram-positive genus Desulfitobacterium
comprises a major group of isolates, including Desulfitobacte-
rium dehalogenans, which is able to couple the reductive de-
chlorination of different ortho-chlorinated phenolic com-
pounds to growth with lactate, pyruvate, formate, or hydrogen
as the electron donor. In addition, pyruvate is also used for
fermentative growth (24).

Isolation of these strains and their expected potential for
application in in situ biodegradation of halo-organic pollutants
also led to an increased interest in the molecular bases of this
novel anaerobic respiratory pathway. To date, efforts have
mainly focused on reductive dehalogenase as the key enzyme

in halorespiration. The inducible ortho-chlorophenol-reductive
dehalogenase was purified from D. dehalogenans and charac-
terized at the biochemical and genetic level (25). A comparison
with other chlorophenol- and tetrachloroethene-reductive de-
halogenases shows that all enzymes are either membrane
bound or membrane associated and contain Fe-S clusters and,
with one exception, a corrinoid as redox centra (for a recent
review, see reference 14). The presence of two iron-sulfur
clusters as determined by electron paramagnetic resonance
analysis was confirmed by the identification of one ferredoxin-
like motif and one truncated iron-sulfur cluster binding motif
in the deduced primary sequence. Similar results were ob-
tained for the tetrachloroethene-reductive dehalogenase of the
gram-negative Dehalospirillum multivorans (17). Furthermore,
both reductive dehalogenases share a twin arginine (RR)
leader sequence, which is cleaved off in the mature proteins.
These RR leader sequences are thought to play a major role in
the maturation and translocation of mainly periplasmic pro-
teins binding different redox cofactors (3).

In order to enable a molecular characterization of additional
components involved in halorespiratory electron transport,
as well as in folding, targeting, and regulation of the reduc-
tive dehalogenase in D. dehalogenans, we tested the use of
the conjugative transposon Tn916 for the isolation of halo-
respiration-deficient (HRD) mutants. Tn916 was the first
conjugative transposon to be identified, and members of
the Tn916-Tn1545 family have been found in or introduced
into more than 50 different gram-positive and -negative
species (5).

We report here the development of an efficient conjugation
system for the integration of Tn916 in the chromosome of the
newly described halorespiring D. dehalogenans. This allowed
for the isolation of HRD mutants that were characterized by
analyzing their respiratory and biochemical properties as well
as by sequence analysis of the insertion sites.
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MATERIALS AND METHODS

Materials. 3-Chloro-4-hydroxyphenylacetic acid (Cl-OHPA) was purchased
from Sigma-Aldrich Chemie (Zwijndrecht, The Netherlands) and filtered prior
to use. All gasses were obtained from Hoek Loos (Schiedam, The Netherlands).
When appropriate, experiments were carried out in an anaerobic glove box (Coy
Laboratories Products, Grass Lake, Mich.) under an atmosphere of 96% N2 and
4% H2. The oxygen concentration was kept low with the palladium catalyst
RO-20 provided by BASF (Arnhem, The Netherlands).

Bacterial strains, plasmids, and culture conditions. The bacterial strains used
in this study are listed in Table 1. Strains of Escherichia coli were grown in Luria
Bertani medium at 37°C (19). Enterococcus faecalis was cultivated at 30°C in M17
broth (Oxoid, Basingstoke, United Kingdom) supplemented with 0.5 g of glu-
cose/liter. Strains of D. dehalogenans were routinely grown anaerobically (100%
N2 gas phase) at 37°C in a phosphate-buffered medium (pH 7.5) with a low
chloride concentration. The basal medium contained (in grams per liter of
demineralized water): Na2HPO4 z 2H2O, 3.56; K2HPO4, 3.31; KH2PO4, 0.87;
(NH4)2HPO4, 0.61; MgCl2 z 6H2O, 0.22; CaCl2 z 2 H2O, 0.03; resazurin, 0.0005.
Prior to inoculation, the basal medium was supplemented with 0.04 g of Na2S/
liter, 0.04 g of cysteine-HCl/liter, 1 g of yeast extract/liter, and trace elements and
vitamin solution as recommended by the German Collection of Microorganisms.
The electron donor and acceptor were added to the desired concentrations. If
appropriate, the media were amended with ampicillin (100 mg/ml), streptomycin
(2,000 mg/ml), and tetracycline (5 mg/ml). For the long-term storage of cultures
of D. dehalogenans at 280°C, prior to freezing them, glycerol was added to a final
concentration of 20% from an anoxic stock solution inside the glove box.

The cloning vectors pUC18 and pUC19 were purchased from Amersham
Pharmacia Biotech (Uppsala, Sweden), and the PCR product cloning vectors
pGEM-T and pMON38201 were obtained from Promega (Madison, Wis.) and
Monsanto (St. Louis, Mo.), respectively.

Plating of D. dehalogenans. Basal medium was autoclaved in serum bottles in
the presence of agar. After the addition of vitamins, trace elements, 0.1 g of yeast
extract/liter, 20 mM electron donor and -acceptor, and, if necessary the appro-
priate antibiotics, the medium was reduced with 0.04 g of both Na2S and cys-
teine-HCl/liter. Plates were poured in the glove box and stored there for 1 day.
Cells from the exponential growth phase were diluted appropriately into reduced
basal medium and distributed on the solidified medium in aliquots of 100 ml with
sterile glass beads. The plates were incubated at 37°C upside down under N2 in
a gas-tight jar. Application of 0.8% BBL agar purified (Becton Dickinson, Mey-
lan, France) resulted in an average efficiency of plating (EOP, equal to CFU/
number of cells counted) of 0.85 6 0.14, compared to 0.15 6 0.05 in the case of
agar of normal purity (Difco Laboratories, Detroit, Mich.). An agar concentra-
tion of 1% or higher resulted in a 2.7-fold decrease in efficiency. For all subse-
quent experiments, 0.8% BBL agar purified was routinely used for the plating of
D. dehalogenans.

For further subcultivation, colonies were picked inside the glove box, resus-
pended in 0.5 ml of reduced basal medium, and transferred to 120-ml serum
bottles with 20 ml of anaerobic medium containing the appropriate substrates
and antibiotics.

Isolation of D. dehalogenans HSS1. Spontaneous streptomycin-resistant mu-
tants of D. dehalogenans were isolated following growth in liquid culture in the
presence of 20 mM pyruvate and 10 mg of streptomycin/ml. In subsequent
cultures, the concentration of streptomycin was raised stepwise to 150 mg/ml. D.
dehalogenans HSS1 was finally isolated from a single colony grown on a plate
containing 20 mM lactate, 20 mM Cl-OHPA, and 200 mg of streptomycin/ml.

Filter mating, selection of transconjugants, and screening for halorespiration
deficiency. For the conjugation experiments, exponentially growing cultures of E.
faecalis JH2-2 and D. dehalogenans HSS1 were diluted into fresh medium con-
taining the appropriate antibiotics and grown to an A660 of 0.4 to 0.5 and 0.2 to
0.3, respectively. E. faecalis JH2-2 was cultivated at 30 or 37°C under either

aerobic or anaerobic conditions (optimized protocol, 37°C and anaerobic). Sub-
sequently, the cultures were transferred to a glove box, washed twice, and re-
suspended in reduced basal medium. Donor and recipient cultures were mixed in
different ratios and filtered on a 0.45-mm-pore-size HA filter (Millipore, Bed-
ford, Mass.). The membrane was placed with the bacterium side up on an agar
plate containing 20 mM pyruvate and incubated at 30 or 37°C in an anaerobic jar
under N2 for 6 to 16 h (optimized protocol, 37°C for 16 h). The cells were
resuspended from the membrane in reduced basal medium, and transconjugants
were selected on plates containing 20 mM pyruvate, 2,000 mg of streptomycin/ml,
and 5 mg of tetracycline/ml. To determine the influence of the mating procedure
on the viability of D. dehalogenans HSS1, plates without tetracycline were inoc-
ulated in parallel. Screening for HRD mutants of D. dehalogenans HSS1 was
performed by streaking colonies of transconjugants on plates containing 2,000 mg
of streptomycin/ml, 5 mg of tetracycline/ml, and either 20 mM pyruvate or 20 mM
lactate and 20 mM Cl-OHPA.

DNA isolation and manipulation. Chromosomal DNA of D. dehalogenans was
isolated as described previously (25).

Plasmid DNA was isolated from E. coli by using the alkaline lysis method, and
standard DNA manipulations were performed according to established proce-
dures (19) and manufacturers’ instructions. Enzymes were purchased from Life
Technologies B.V. (Breda, The Netherlands, Boehringer Mannheim GmbH
(Mannheim, Germany), or New England Biolabs (Beverly, Mass.). Oligonucle-
otides were obtained from Life Technologies Inc. Hybond-N1 nylon transfer
membrane (Amersham Life Science, Little Chalfont, United Kingdom) was used
for Southern blot analysis. Probes for hybridization experiments were labeled by
nick translation in the presence of [a-32P]dATP (Amersham Pharmacia Bio-
tech). As specific probe for the tetracycline resistance determinant tetM, a 4.2-kb
HincII restriction fragment of the Tn919 tetM gene from pCI182 was used (13).

Characterization of Tn916 insertion sites. Chromosomal fragments flanking
the sites of Tn916 insertion were amplified by inverse PCR (22). The divergent
primer pairs BG 285-BG 287 (BG 285, 59-GAC CTT GAT AAA GTG TGA
TAA GTC C-39, nucleotides (nt) 62 to 38; BG 287, 59-GGA GTT TTA GCT
CAT GTT GAT GC-39, nt 12141 to 12163) and BG 286-BG 288 (BG 286,
59-CTC GAA AGC ACA TAG AAT AAG GC-39, nt 17956 to 17978; BG 288,
59-CCA CGC TTC CTA ATT CTG TAA TCG-39, nt 12231 to 12208) were used
to specifically amplify the upstream and downstream flanking fragments, respec-
tively. The sequence of the primers was based on the nucleotide sequence of
Tn916 (GenBank accession no. U09422) (9). Chromosomal DNA was digested
with HindIII and ligated at a concentration of 0.5 ng/ml. Five nanograms of
self-ligated DNA was used as the template in a 25-ml PCR mixture containing 2
ng of each primer; 2 mM MgCl2; 200 mM (each) dATP, dCTP, dGTP, and dTTP;
and 1 U of Expand Long Template enzyme mixture (Boehringer Mannheim
GmbH). The DNA was amplified with the GeneAmp PCR System 2400 (Perkin-
Elmer Cetus, Norwalk, Conn.). After the mixture was preheated to 94°C for 2
min, 35 amplification cycles were performed, consisting of denaturation at 94°C
for 20 s, primer annealing at 55°C for 30 s, and elongation at 68°C for 3 min.
From cycle 6 onward, the elongation was extended by 20 s per cycle to increase
the yield. A final extension of 7 min at 68°C was performed. The PCR products
were purified from agarose gel by Gene Clean (Bio 101, La Jolla, Calif.) and
cloned into E. coli with pGEM-T or pMON38201.

For the further elucidation of the D. dehalogenans hyd locus identified in HRD
mutant 6 (HRD6), the divergent primer pair BG 345-BG 346 (BG 345, 59-CC
ATTCGATACCATGAGACC-39, nt 1235 to 1254; BG 346, 59-GTACTAATG
ATTCGATACTGGG-39, nt 1222 to 1201) was used for inverse PCR from
PstI-digested chromosomal DNA of the parental strain. The reaction conditions
were as described above, and the PCR product was cloned and sequenced. For
additional information on the hyf-hyc locus (HRD4), a 2.5-kb EcoRI-BamHI
fragment was isolated from a D. dehalogenans genomic library, cloned, and
sequenced.

TABLE 1. Bacterial strains used in this study

Strain Relevant characteristicsa Reference or source

E. faecalis JH2-2 Rifr Fusr Tn916 (Tetr) 15

E. coli XL-1 Blue recA1 endA1 gyrA96 thi hsdR17 supE44 relA1 [F9 lacIqZM15 Tn10 (Tetr)] Stratagene

D. dehalogenans
JW/IU-DC1 (DSM 9161) Wild-type strain DSMb

HSS1 Strr This study
HRD0 Strr Tn916 (Tetr) This study
HRD2 (class I) Strr Tn916 (Tetr) HRD This study
HRD1, -3 to -5, -7 to -24 (class II) Strr Tn916 (Tetr) HRD Nar2 This study
HRD6 (class III) Strr Tn916 (Tetr) HRD Nar2 Ffr2 This study

a Rifr, rifampin resistant; Fusr, fusidic acid resistant; Tetr, tetracycline resistant; Strr, streptomycin resistant; HRD, no growth with Cl-OHPA plus formate or lactate;
Nar2, no growth with nitrate plus formate or lactate; Ffr2, no growth with fumarate plus formate.

b DSM, Deutsche Sammlung von Mikroorganismen.
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DNA sequencing. DNA sequencing was performed with a Li-Cor (Lincoln,
Nebr.) DNA sequencer 4000L. Plasmid DNA used for sequencing reactions was
purified with the QIAprep Spin Miniprep kit (Qiagen GmbH, Hilden, Germany).
Reactions were performed with the Thermo Sequenase fluorescent-labeled
primer cycle sequencing kit (Amersham Pharmacia Biotech). Infrared-labeled
universal sequencing primers were purchased from MWG Biotech (Ebersberg,
Germany). Sequence similarity searches and alignments were performed with the
BLAST 2.0 program (1) (National Center for Biotechnology Information, Be-
thesda, Md.) and the DNAstar package (DNASTAR Inc., Madison, Wis.), re-
spectively.

Enzyme and protein assays. Harvesting of cells and preparation of cell extracts
by sonication under anoxic conditions were performed as described previously
(25). Enzyme activities in cell extracts were determined spectrophotometrically
at 30°C in rubber-stoppered N2-flushed cuvettes by following the oxidation or
reduction of benzylviologen or methylviologen at 578 nm (ε578 5 9.2 mM21 3
cm21 or 9.7 mM21 3 cm21, respectively). Formate dehydrogenase and hydro-
genase were assayed in 1 ml of 100 mM Tris-HCl (pH 8.0) containing 1 mM
benzylviologen and 10 mM formate or 1 ml H2, respectively. Fumarate reductase
activity was determined in 1 ml of 100 mM sodium phosphate buffer (pH 7.5)
containing 5 mM titanium(III)citrate-reduced benzylviologen and 10 mM fuma-
rate. For all assays, 1 U of enzyme activity corresponds to the amount of enzyme
catalyzing the conversion of 1 mmol of substrate or 2 mmol of benzyl- or meth-
ylviologen per min. For the semiquantitative determination of formate-H2 lyase
activity, 200 ml of cell extract was added to 1.8 ml of 100 mM Tris-HCl (pH 7.8)
buffer containing 10 mM formate and incubated at 30°C. The formation of
hydrogen was followed by gas chromatography. Protein was determined accord-
ing to the method of Bradford, with bovine serum albumin as the standard (4).

Nucleotide sequence accession numbers. The nucleotide sequences of the sites
of Tn916 insertion in the different mutants have been deposited in the GenBank
database under accession no. AF157637 (HRD2 upstream), AF157638 (HRD2
downstream), AF157642 (HRD22), AF176224 (HRD4-1), AF157639 (HRD4-2
upstream), AF157640 (HRD4-2 downstream), and AF157641 (HRD6).

RESULTS

Development of a Tn916-based transposition system for D.
dehalogenans. To allow for the genetic analysis of halorespira-
tion by D. dehalogenans, a transposition system was designed
and optimized based on the broad-host-range conjugative
transposon Tn916 (5). Previously, it had been reported that D.
dehalogenans showed a poor EOP on agar plates (24). How-
ever, application of strict anaerobic conditions, an optimized
agar concentration (0.8%), and an appropriate source of agar
(BBL agar purified) resulted in a highly efficient plating system
(EOP, 0.85 6 0.14). On plates containing 20 mM pyruvate,
colonies that were translucent, white, and spherical with a
diameter of 2 to 3 mm appeared after 3 days of incubation.
Similar results were obtained with 20 mM pyruvate or lactate
as the electron donor and nitrate, fumarate, or Cl-OHPA as
the electron acceptor (data not shown).

To enable counterselection following conjugation, a strep-
tomycin-resistant mutant, strain HSS1, was isolated and
showed an EOP of 0.85 6 0.1 on plates containing up to 4,000
mg of streptomycin/ml, while for the parental strain, D. deha-
logenans DSM 9161, the EOP was below 1028 on plates con-
taining 50 mg of streptomycin/ml. No resistance to other anti-
biotics (tetracycline, chloroamphenicol, or rifampin) was
observed in strain HSS1 (data not shown).

The conjugative transposon Tn916 was introduced into D.
dehalogenans HSS1 by filter mating with the streptomycin-
sensitive E. faecalis JH2-2, which carries a single copy of Tn916
on its chromosome and is widely used as a Tn916 donor in
matings of gram-positive bacteria (5, 6). After 5 days of incu-
bation on plates containing streptomycin and tetracycline,
transconjugant colonies of D. dehalogenans developed. Subse-
quently, conjugal transfer was optimized by varying growth of
the donor, mating conditions, and the donor/recipient ratio
(Table 2). The highest conjugation frequencies were observed
when the E. faecalis donor was grown at 37°C in the absence of
oxygen and mated in a fourfold excess over the recipient D.
dehalogenans HSS1 for 16 h at 37°C, resulting in 3 3 1026

transconjugants per recipient.

The insertion of Tn916 in the chromosome of D. dehaloge-
nans HSS1 was confirmed by Southern blot analysis with a
tetM-specific probe and revealed many single copy insertions,
occasional insertion of two copies, and an apparently random
distribution (data not shown) (see below).

HRD mutants and their phenotypic classification. A total of
2,500 tetracycline-resistant transconjugants obtained from sev-
eral independent matings were analyzed for halorespiration
deficiency. Transconjugants which showed growth on pyruvate
but not on lactate–Cl-OHPA within 7 days were considered
HRD. After rescreening, a total of 24 HRD mutants were
isolated and subsequently subjected to a series of 20-ml batch
incubations in the presence of 20 mM lactate or formate as the
electron donor and fumarate, nitrate, or Cl-OHPA as the elec-
tron acceptor. As a control, fermentative growth with 20 mM
pyruvate was followed. Furthermore, a transconjugant which
had not lost the ability to grow upon halorespiration (HRD0)
was used as a control strain. Deficiency in using a certain
combination of electron donor and acceptor was defined by a
lag phase increased more than twofold in growth compared to
strain HRD0. This criterion was chosen because continuous
incubation in the medium resulted in the growth of tetracy-
cline-resistant revertants in which the transposon probably had
moved from the original site of integration to another site. This
was confirmed by Southern analysis with a tetM-specific probe,
as the specific hybridizing signals progressively disappeared
with successive cultivation under selective conditions (results
not shown). Based on the results, the strains could be grouped
into three major classes, which differed in their capacities to
utilize additional electron acceptors (Table 1). The first class
contained only one mutant, HRD2, that was found to be solely
deficient in halorespiration with lactate or formate as the elec-
tron donor. Class II was the major group, comprising 22 HRD
mutants which had lost the ability to grow by both halorespi-
ration and nitrate respiration with lactate or formate as the

FIG. 1. Hybridization of HindIII-digested chromosomal DNA from wild-
type (wt) and tetracycline-resistant HRD mutants of D. dehalogenans with a
probe for tetM (obtained from pCI182 [13]). The autoradiograph was digitally
corrected for differences in DNA concentration. Lanes: 1, strain HSS1; 2 to 17,
mutant strains HRD1, -2, -4, -6, -12, -13, -14, -16, -19, -3, -20, -22, -5, -9, -10, and
-24, respectively. DNA size markers are in kilobase pairs. Fragments smaller than
4 kb were not found to hybridize with the tetM probe. The arrow indicates the
possible 18-kb circular intermediate of Tn916.

TABLE 2. Conjugation frequencies for mating of E. faecalis JH2-2
and D. dehalogenans HSS1

Preincubation E.
faecalis

Mating
conditions

Donor/recipient
ratio

Conjugation
frequency (107)a

Aerobic, 37°C 37°C, 16 h 0.5 1.1
Aerobic, 30°C 30°C, 6 h 10.0 4.0
Aerobic, 37°C 37°C, 6 h 6.0 6.7
Anaerobic, 37°C 37°C, 16 h 4.0 30.0

a Conjugation frequencies were calculated as number of transconjugants per
recipient.
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electron donor. The third phenotypic group again included
only a single mutant, strain HRD6, which was not only im-
paired in the use of Cl-OHPA and nitrate but also fumarate as
the electron acceptor. The pleiotropic phenotypes of most
mutants indicate the disruption of genes that encode common
elements shared by the different respiratory chains present in
this organism.

Genetic characterization of HRD mutants. Chromosomal
DNA was isolated from HRD transconjugants and digested
with HindIII. Tn916 contains a single HindIII site, yielding left
and right arms of 12.2 and 5.8 kb, respectively (9). The frag-
ments were separated by agarose gel electrophoresis and trans-
ferred to membranes that were hybridized to a 4.2-kb HincII
restriction fragment of the Tn919 tetM gene (Fig. 1). While no
DNA fragments from the recipient D. dehalogenans strain
HSS1 hybridized with the tetM probe, most of the mutant
strains exhibited two hybridizing fragments, indicating chromo-
somal integration of a single copy of Tn916. Only HRD1, -3,
and -4 showed more than two hybridizing bands, suggesting
multiple transposon insertions. The difference in the sizes of
the hybridizing fragments in the mutants indicates that the
transposon inserted in an apparently random manner into the
chromosome of D. dehalogenans. An additional 18-kb hybrid-
izing fragment was found with different intensities in all mu-

tants, suggesting the presence of a circular intermediate of
Tn916 (10).

Characterization of the Tn916 insertion sites in different
HRD mutants. Inverse PCR was used to specifically amplify
the Tn916-flanking fragments from the chromosomal DNA of
representative HRD mutants. The identity of relevant PCR
products was verified by Southern blot analysis of HindIII-
digested chromosomal DNA isolated from the different mu-
tants. Fragments hybridizing with the different PCR products
also hybridized strongly with a radiolabeled tetM probe, con-
firming that the primers used specifically yielded the amplifi-
cation of Tn916-flanking fragments (data not shown).

Characterization of the Tn916 insertion sites indicated that
4 of the 24 HRD-mutants isolated carried the transposon in-
serted at the same site but in different orientations (HRD5-
HRD24 and HRD9-HRD10). Interestingly, all these mutants
arose from independent mating experiments. Similarly, Tn916
insertion sites were identical for HRD3, HRD20, and HRD22,
with HRD20 carrying the transposon in the inverse orientation
compared to those in HRD3 and HRD22.

Nucleotide sequence analysis of the flanking chromosomal
regions showed that the target sites are generally AT rich (Fig.
2). In two cases, the wild-type sequence of the insertion site
was determined, revealing the presence of additional nucleo-
tides after the insertion event, as shown for HRD3, HRD20,
and HRD6. These short so-called coupling sequences are a
common feature of Tn916 insertion sites and are a result of the
integration event (5). The insertions were located in the vicin-
ity (i.e., within potential promoter and terminator sequences)
of open reading frames that encode regulatory proteins or
enzymes of anaerobic respiratory pathways present in D. de-
halogenans (Fig. 3).

Four representatives of class I, II, and III mutants were
analyzed in detail. In the class I mutant, HRD2, Tn916 had
inserted downstream of hrd2-1, which shows limited similarity
(20% identity at the amino acid level) with cheX, encoding a
chemotaxis-related protein in different strains of Treponema. It
is located upstream of hkhA, revealing significant similarity
(22% identity at the protein level) with a gene coding for a

FIG. 2. Nucleotide sequences of the Tn916 insertion sites in different HRD
mutants of D. dehalogenans. The triangles indicate the sites and orientations of
Tn916 insertion (nt 1 3 18032). The bases given in parentheses for HRD3, -6,
and -20 were not present in the wild-type sequence.

FIG. 3. Physical map of the Tn916 insertion sites in different class I, II, and III HRD mutants of D. dehalogenans. The triangles indicate the sites and orientations
of transposon integration. The horizontal arrows show identified open reading frames. Restriction sites and oligonucleotides are indicated by vertical arrows and by
arrowheads, respectively.
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sensory transduction histidine kinase in Methanobacterium
thermoautotrophicum (GenPept accession no. AAB84866).

In the class II mutant HRD22, the transposon inserted in the
hrd22-1 gene, which could encode a 30-kDa protein of un-
known function. This gene is followed by hkhB, which may
encode a member of the two-component sensor histidine ki-
nases (28% identity at the protein level with YwpD from Ba-
cillus subtilis; GenPept accession no. CAB05945). One kilobase
downstream of the transposon insertion site in HRD22 is the
hemN gene, which shows strong similarity with genes coding
for oxygen-independent coproporphyrinogen III oxidases that
are involved in porphyrin biosynthesis (Fig. 3).

The class II mutant HRD4 contains two Tn916 insertions
(Fig. 3). One copy of the transposon inserted in the pitH gene
showing significant similarity with genes encoding low-affinity
inorganic phosphate transporters (60% identity at the protein
level with YkaB from B. subtilis, GenPept accession no.
CAB13141). A second copy of Tn916 had inserted downstream
of hrd4-2, coding for a hypothetical protein, and rhpA, exhib-
iting significant similarity with genes encoding putative regu-
latory proteins (44% identity at the protein level with the
hypothetical protein YwhH from B. subtilis [GenPept acces-
sion no. CAB15775] and 25% with EbsC from E. faecalis [Gen-
Pept accession no. AAC36853]). The putative proteins en-
coded by the two genes identified downstream of the insertion,
hyfB and hycD, show the highest similarity to the gene products
of hyfB (31% identity) and hycD (25% identity), respectively,
which are integral membrane subunits of two formate-hydro-
gen lyase complexes present in E. coli (2), and to the proteins
encoded by genes from an unidentified Mycobacterium tuber-
culosis operon [GenBank accession no. Z74410).

In the class III mutant strain HRD6, Tn916 had inserted
downstream of an open reading frame, hrd6-1, encoding a
protein of unknown function, and in the presumed promoter
region 200 bp upstream of a potential hydrogenase-encoding
gene cluster (Fig. 3). The predicted gene products of hydA,
hydB, and hydC show significant homology with the small,
large, and B-type cytochrome subunits of membrane-bound
periplasmic quinone-reactive hydrogenases of different bacte-
ria.

Biochemical characterization of HRD mutants. The results
of both the physiological and the genetic characterizations of
the isolated HRD mutants indicated the disruption of either
structural or regulatory components shared by different respi-
ratory chains present in D. dehalogenans. Key respiratory en-
zyme activities were determined for the class II mutants HRD4
and HRD22, as well as for HRD6 (class III), and compared to
those of a transconjugant strain showing a wild-type phenotype
with respect to its halorespiring ability (HRD0). The class I
mutant HRD2 revealed a rather high degree of instability,
making a more detailed biochemical characterization impossi-
ble. Formate dehydrogenase, hydrogenase, and fumarate re-
ductase activities were determined in cell extracts prepared
from cells grown by fermentation on 20 mM pyruvate. These
experiments indicated that the class II mutant strain HRD4
had strongly reduced activity in both formate dehydrogenase
(50 U/mg) and hydrogenase activity (60 U/mg) in contrast to
the fumarate activity (1,910 U/mg), which was even higher than
that found in the wild-type strain (520, 640, and 720 U/mg in
HRD0 for the above-mentioned enzymes, respectively). Semi-
quantitative determination of H2 formation upon formate ad-
dition indicated no significant differences in formate-H2 lyase
activity in HRD0 and HRD4. Similar results were obtained for
the class III mutant, HRD6. Remarkably, the class II mutant
HRD22 was affected only in formate dehydrogenase activity
(40 U/mg). The results obtained from the activity measure-

ments could be qualitatively confirmed by hydrogenase and
formate dehydrogenase activity staining experiments. After
polyacrylamide gel electrophoresis of cell extracts under non-
denaturing conditions, the experiments were performed with
benzylviologen as the electron acceptor and showed single
bands for each enzyme, although some material did not enter
the gel (data not shown).

DISCUSSION

Halorespiration is a recently discovered mode of anaerobic
respiration carried out by a rather wide range of gram-positive
and -negative bacteria. Nevertheless, our current knowledge of
the architecture, bioenergetics, and control of this respiratory
pathway at the molecular level is very limited and is restricted
to the molecular characterization of reductive dehalogenases
(17, 25). Here we describe the development of a plating, de-
livery, and screening system that allowed integration of the
conjugative transposon Tn916 in the chromosome of the newly
described o-chlorophenol-respiring gram-positive bacterium
D. dehalogenans. Subsequently, HRD mutants that were ge-
netically and physiologically characterized and found to be
deficient in the biosynthesis of one or more of the components
of the halorespiratory electron transfer chain were isolated.

Using E. faecalis JH2-2 as a donor in anaerobic filter mat-
ings, we were able to accomplish Tn916 integration into the
chromosome of genetically marked D. dehalogenans HSS1 with
a frequency of 3 3 1026 transconjugants per recipient (0.8 3
1026 per donor). This transposition frequency is within the
range commonly observed for Tn916, which varies from ,1029

to .1024 per donor (5). Based on their inability to use Cl-
OHPA as an electron acceptor, we isolated a total of 24 HRD
mutants. Based on subsequent physiological characterization,
the mutants could be grouped in three major phenotypic
classes. Only one mutant was deficient solely in halorespiration
(class I). The rest of the mutants (22 class II and 1 class III
mutants) were all impaired in both halorespiration and nitrate
respiration. This suggests that the nitrate respiratory and ha-
lorespiratory chains share common components, the function
of which has been affected by the insertion of the transposon.

Southern blot analysis revealed that Tn916 integrated in
single copy, but occasionally two copies, into the chromosome
of D. dehalogenans. Furthermore, the presence of a large,
18-kb Tn916-specific band suggests there is a circular interme-
diate of Tn916 (10) in virtually all mutants, indicating that the
transposon is still mobile in D. dehalogenans (Fig. 1). Both the
occurrence of multiple insertions and the remaining mobility
of the transposon in transconjugants of D. dehalogenans might
explain the relative instability of the mutants, which was most
pronounced in the single class I mutant, HRD2.

The repeated isolation of identical integrants from indepen-
dent conjugation experiments suggests saturation mutagenesis.
Another possible explanation would be the preferential inte-
gration of Tn916 at specific sites, i.e., the occurrence of hot
spots of mutation. Sequence analysis revealed that the inser-
tion sites are very AT rich, ranging from 75 to 91% compared
to an average AT content of the D. dehalogenans genome of
55% (24). In most cases, insertions were situated in the imme-
diate vicinity of potential promoter and terminator sequences.
This is a frequently observed feature of transposons belonging
to the Tn916-Tn1545 family, and it was proposed that the
special conformation of DNA carrying those sequences, like
strong bending or supercoiling, could possibly be recognized by
the integrase (18, 21).

The results of the genetic characterization of the Tn916
insertion site in HRD2 indicate that regulatory functions might
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be impaired in this class I mutant (Table 3). Considering that
halorespiration is induced in D. dehalogenans by the presence
of different o-chlorophenols (23), it is tempting to speculate
that the hkhA gene product may be the o-chlorophenol-sensing
part of a two-component regulatory system. Unfortunately,
high instability made a more detailed physiological and bio-
chemical investigation of this interesting mutant impossible.

In the class II mutant HRD22, the site of Tn916 integration
was located 0.5 kb upstream of a second putative sensor histi-
dine kinase-encoding gene, hkhB, and downstream of hemN, a
gene encoding a protein involved in porphyrin biosynthesis.
This suggests that regulatory functions involved in maturation
of redox complexes might be disrupted in this mutant (Table
3).

The results from both molecular and biochemical analysis of
different class II and III HRD mutants indicate an involvement
of respiratory complexes in halorespiration in D. dehalogenans
(Table 3). In HRD6, Tn916 inserted upstream of a hydroge-
nase-encoding operon. HRD4 carried two copies of the trans-
poson, of which one had inserted in a gene encoding a putative
phosphate transporter. However, the second copy was found
upstream of genes encoding subunits of a putative formate-H2
lyase, suggesting that this insertion is responsible for the ob-
served respiration-deficient phenotype. As HRD6 cannot uti-
lize any of the tested electron acceptors, the presumed hyd
gene product seems to play a central role in the different
respiratory chains. The hydrogenase might play an essential
role in electron transfer to the terminal reductases. For a long
time, it has been assumed that the formate-H2 lyase complex
(Hyc complex) is only involved in fermentation in the exten-
sively studied facultative anaerobe E. coli (20). However, it was
recently proposed that the formate-H2 lyase, which is likely to
be encoded by the E. coli hyf operon, might be proton trans-
locating and thereby involved in respiratory metabolism (2).
According to this hypothesis, the hydrogen evolved by Hyf
would be oxidized by an electron transport chain involving a
menaquinone-reducing uptake hydrogenase and a terminal re-
ductase (2). Such a respiratory chain may be impaired in
HRD4 and HRD6, suggesting that it may indeed be an essen-
tial part of both the halo- and nitrate respiratory chains in D.
dehalogenans. In both mutants, hydrogenase and formate de-
hydrogenase activities were severely affected, suggesting coor-
dinated regulation of the different enzyme complexes within
the proposed respiratory chains. Inactivation of the hydroge-
nase thus also affects formate dehydrogenase activity (which
might be part of the formate-hydrogen lyase complex), and
vice versa. In the latter case, the lack of hydrogen formation in
a formate-hydrogen lyase-deficient mutant might affect the
induction of the hydrogenase.

A priori, it was expected that the HRD mutants obtained
would be impaired in the key enzyme o-chlorophenol-reduc-
tive dehalogenase (CprA), additional structural components of
the halorespiratory chain, and enzymes involved in processing
and targeting of respiratory complexes or regulatory functions.

However, the characterization of the 24 HRD mutants isolated
revealed that none of the first type was obtained. A mutation
in cprA is not expected to be lethal, as the organism is rather
versatile in its ability to use alternative electron acceptors. The
possibility of multiple copies of cprA can also be ruled out
based on results obtained by Southern blot analysis (25). The
detailed analysis of the isolated mutants on the physiological,
biochemical, and genetic levels reported here complements
our earlier identification of the cpr operon, provides insight
into the complexity of halorespiration, and indicates that the
halorespiratory chain and other electron transport chains are
integrated.
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