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Reductive dehalogenases are the key enzymes involved in the anaerobic respiration of organohalides such as the widespread
groundwater pollutant tetrachloroethene. The increasing number of available bacterial genomes and metagenomes gives access
to hundreds of new putative reductive dehalogenase genes that display a high level of sequence diversity and for which substrate
prediction remains very challenging. In this study, we present the development of a functional genotyping method targeting the
diverse reductive dehalogenases present in Sulfurospirillum spp., which allowed us to unambiguously identify a new reductive
dehalogenase from our tetrachloroethene-dechlorinating SL2 bacterial consortia. The new enzyme, named PceATCE, shows 92%
sequence identity with the well-characterized PceA enzyme of Sulfurospirillum multivorans, but in contrast to the latter, it is
restricted to tetrachloroethene as a substrate. Its apparent higher dechlorinating activity with tetrachloroethene likely allowed
its selection and maintenance in the bacterial consortia among other enzymes showing broader substrate ranges. The sequence-
substrate relationships within tetrachloroethene reductive dehalogenases are also discussed.

Widespread use of chlorinated solvents in cleaning and metal-
degreasing operations over the last century has resulted in

extensive environmental contamination by chlorinated ethenes.
Tetrachloroethene (PCE) is currently one of the main contami-
nants of aquifers. Different remediation strategies have been de-
veloped, including bioremediation, which uses microorganisms
for the degradation of pollutants (1). Several genera of strictly
anaerobic bacteria, including Desulfitobacterium (2), Dehalococ-
coides (3), Dehalobacter (4), and Sulfurospirillum (5), are able to
conserve energy via the reductive dehalogenation of chlo-
roethenes by a respiratory metabolism (6–9) recently coined or-
ganohalide respiration (OHR). The enzyme class involved in
OHR for the reduction of halogenated compounds is known as the
reductive dehalogenase (RdhA) family (10, 11). Most RdhA en-
zymes have been isolated from OHR bacteria (OHRB) as 48- to
65-kDa monomers consisting of a single polypeptide chain and
containing one corrinoid cofactor and two iron-sulfur clusters.
The majority of currently known OHRB carry multiple rdhA
genes, i.e., 1 to 36 genes, depending on the strain (12). Several
studies have demonstrated that the presence of multiple noniden-
tical rdhA genes is a typical feature of OHRB (13–15). This sug-
gests that the substrate range of the OHRB may be far greater than
previously believed (16). However, substrate specificity has been
determined for only about 15 enzymes within the several hun-
dreds of putative rdhA sequences reported in databases (12).
Moreover, transcriptomic studies on strains displaying multiple
rdhA genes often failed to clearly identify which reductive dehalo-
genase was responsible for the dechlorination of specific sub-
strates (12, 17–20).

The genus Sulfurospirillum comprises microaerophilic or fac-
ultative anaerobic sulfur-reducing bacteria belonging to the
Gram-negative Epsilonproteobacteria. So far, nine species of Sul-
furospirillum have been isolated, and all display a versatile respi-
ratory metabolism (see references 21 and 22 for comparative ta-
bles). Sulfurospirillum species of particular environmental interest

are Sulfurospirillum multivorans (5) and Sulfurospirillum halore-
spirans (23), as they were isolated based on their property of using
PCE as an electron acceptor. Over the years, S. multivorans became
a model OHRB. Indeed, the key enzyme, the PCE reductive deha-
logenase (PceA) catalyzing the dechlorination of PCE to cis-di-
chloroethene (cis-DCE), and its corresponding gene were the first
to be identified (24, 25). A new corrinoid, norpseudovitamin B12,
has been isolated as the cofactor of S. multivorans PceA (26). Two
types of rdhA genes were obtained at least partially from S. multi-
vorans and S. halorespirans. In addition to PceA-encoding genes
(GenBank accession no. AF022812 and AY013367), which can be
considered Sulfurospirillum rdhA type 1 genes (Sul-rdhA1), frag-
ments of a second type (Sul-rdhA2) have been identified in S. mul-
tivorans (rdhA; GenBank accession no. AJ539530) (27) and S. ha-
lorespirans (rdpA; GenBank accession no. AY013368). More
recently, the full sequence of a type 2 rdhA (GenBank accession no.
AB537449) (28) was reported in a metagenomic study revealing
an overall protein sequence identity of 63% with S. multivorans
PceA.

In an earlier study, we obtained a bacterial consortium (named
SL2) from a fixed-bed bioreactor sludge treating groundwater that
was pumped to the surface at a PCE-contaminated site (29). The
SL2 consortium was considered a model of an OHR consortium
degrading PCE completely to ethene and were shown to contain
members of the genera Sulfurospirillum and Dehalococcoides (29,
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30). Sulfurospirillum spp. were demonstrated to catalyze the first
two steps of dechlorination (from PCE to cis-DCE), whereas
members of the genus Dehalococcoides were involved in the final
steps (from cis-DCE to ethene) (30), with the most striking feature
being a clear stepwise dechlorination process. The succession of
different enzymes and/or bacterial populations along the dechlo-
rination pattern was then proposed but could not be demon-
strated clearly.

A new consortium, SL2-PCEb, was selected from SL2 by serial
dilutions and frequent culture transfers when trichloroethene
(TCE) dechlorination was almost complete (30). This consortium
had lost the ability to dechlorinate cis-DCE and was shown to
contain only Sulfurospirillum spp. as OHRB. It was still character-
ized by a strong transient TCE accumulation, further suggesting
that at least two Sulfurospirillum populations were maintained in
SL2-PCEb. Initial identification and detection of rdhA genes by
single-strand conformation polymorphism (SSCP) analysis re-
vealed the presence of several gene fragments showing strong sim-
ilarity to type 1 and type 2 rdhA genes of Sulfurospirillum isolates
and suggested the involvement of the former enzymes in the step-
wise dechlorination of PCE to cis-DCE (30). However, neither
analysis of 16S rRNA genes nor that of the internal transcribed
spacer region allowed a clear distinction of multiple Sulfurospiril-
lum populations.

In the present work, after identifying the complete sequences
of three rdhAB operons present in the SL2 consortia, and similar
to an earlier study on Dehalococcoides (31), we developed a dedi-
cated terminal restriction fragment length polymorphism (T-
RFLP) method to detect the diverse population of Sulfurospirillum
rdhA genes and to confirm their involvement in the stepwise de-
chlorination of PCE. Additional consortia subcultivated from
SL2-PCEb allowed the unambiguous identification of a new PCE
reductive dehalogenase, PceATCE, with reduced substrate specific-
ity.

MATERIALS AND METHODS
Chemicals. All chemicals were analytical grade and were used without
purification. Gases (N2, CO2, and H2) were purchased from SLGas (Sau-
erstoffwerk Lenzburg, Switzerland).

Bacterial strains and plasmids. In this work, several consortia were
investigated which were previously selected from the SL2 consortium,
which was established from a fixed-bed bioreactor treating groundwater
pumped to the surface from a PCE-contaminated site (29, 30). Both pure
isolates Sulfurospirillum multivorans DSM 12446 and S. halorespirans
DSM 13726 were obtained from the DSMZ culture collection (DSMZ,
Braunschweig, Germany). Escherichia coli DH5� was used as a host for
molecular work. Competent E. coli cells were prepared using the standard
CaCl2 method (32). This strain was cultivated at 37°C in lysogeny broth
(LB) liquid medium and on plates containing 100 �g/ml of ampicillin
when needed. The vector pGEM-T Easy (Promega, Madison, WI) was
used for direct cloning of PCR products. The complete list of bacterial
strains and plasmids used in this study is given in Table S1 in the supple-
mental material.

The cultivation of SL2 consortia and of pure Sulfurospirillum cultures
was carried out in serum bottles of 100, 500, or 1,000 ml (VWR Interna-
tional AG, Merck, Dietikon, Switzerland) containing 50, 200, 300, or 600
ml of an anaerobic medium that has been described previously (30). PCE
or TCE dissolved in hexadecane was added as a terminal electron acceptor,
depending on the experiment. Two or three replicate cultures were per-
formed systematically to confirm the trends in the observed physiological
behavior and the data obtained by molecular analyses.

DNA and RNA work. Fifty- to 100-ml SL2 cultures were centrifuged at
3,300 � g for 10 min at 4°C. For DNA extraction, cell pellets were washed
in 1 ml of 50 mM Tris-HCl buffer (pH 8) and centrifuged in microcentri-
fuge tubes at 8,800 � g for 5 min. Biomass pellets were flash-frozen in
liquid N2 and stored at �80°C. DNA extraction was performed with a
DNeasy Blood & Tissue kit (Qiagen, Hilden, Germany), including the
pretreatment for lysis of Gram-positive bacteria. The genomic DNA was
quantified with a NanoDrop spectrophotometer (ND-1000; Thermo
Fisher Scientific, Wohlen, Switzerland).

Sampling for RNA extraction was done from a volume of 50 to 200 ml
of SL2 culture by centrifugation at 3,300 � g for 2 min at 12°C. The pellet
was quickly resuspended in 1 ml of LifeGuard solution (MoBio, Carlsbad,
CA), flash-frozen in liquid N2, and stored at �80°C. An optimized
TRIzol-based RNA extraction protocol was used for total RNA extraction
as previously described (33). Reverse transcription (RT) was performed as
follows. RNA (0.2 �g) was mixed with 0.5 �g of random hexamers (Mi-
crosynth GmbH, Balgach, Switzerland) in a total volume of 10 �l, incu-
bated for 5 min at 70°C, and cooled on ice for 3 min. From this mixture, 5
�l was mixed with 4 �l of 5� RT buffer, 1 �l of 10 mM (each) deoxy-
nucleoside triphosphates (dNTPs), 2.4 �l of 25 mM MgCl2, 6.1 �l of
RNase-free water, 0.5 �l of RNasin (Promega), and 1 �l of ImProm-II
reverse transcriptase (Promega). Control reactions were done with 2.5 �l
of the RNA-hexamer mixture in a similar reaction mixture, but omitting
the RT enzyme. The reaction mixture was incubated for 5 min at 25°C and
then for 90 min at 42°C, followed by enzyme denaturation for 15 min at
70°C.

Standard PCR for T-RFLP analysis or cloning was performed under
the following conditions. Each 50-�l PCR mixture contained 5 �l of Taq
DNA polymerase 10� buffer, 6 �l of 2.5 mM (each) dNTPs, 2.5 �l of 10
�M (each) primers (see Table S2 in the supplemental material), 0.4 �l of
25 mM MgCl2, 0.25 �l of Taq DNA polymerase (Peqlab Biotechnologie,
Erlangen, Germany), and 5 �l of DNA template. The DNA was amplified
in a T3 thermocycler (Biometra, Biolabo Scientific Instruments, Châtel-
St-Denis, Switzerland), using the following program: 5 min of initial de-
naturation at 94°C followed by 30 cycles of 1 min of denaturation at 94°C,
1 min of primer annealing at 53°C (rdhA genes) or 56°C (16S rRNA
genes), and 1 to 4 min of elongation at 72°C, depending on the target size.
A final extension step of 10 min at 72°C was included. For cloning and
sequencing of PCR products, the PCR products were directly cloned into
pGEM-T Easy (Promega) and then selected using colony PCR with T7 and
SP6 standard primers. The detailed cloning and sequencing procedure has
been described previously (34). Quantitative PCR (qPCR) targeting Sul-
furospirillum rdhA genes specifically was performed to validate the data
obtained by T-RFLP analysis (see the supplemental material for details).

For T-RFLP analysis (see below), 16S rRNA genes and Sulfurospirillum
rdhA genes were amplified by a PCR using the 6-carboxyfluorescein
(FAM)-labeled forward primers 8f-FAM and Sul-rdhA-f-FAM with the
reverse primers 518-r and Sul-rdhA-r, respectively (see Table S2 in the
supplemental material). To 40 �l of PCR product, 128 �l of ethanol and
32 �l of water were added. After 20 min of incubation at room tempera-
ture in the dark, the samples were centrifuged at 16,000 � g for 20 min.
The supernatant was removed, 250 �l of 70% ethanol was added, and the
samples were centrifuged again for 10 min. The DNA pellet was then air
dried for 5 to 10 min and resuspended in 15 �l of sterile double-distilled
water (ddH2O). The DNA was resuspended by 5 min of incubation at
55°C. Concentrated PCR products (5 �l) were digested for 2 h in 10-�l
reaction mixtures containing 1 �l of 10� restriction enzyme buffer and
0.5 �l of restriction enzyme (HaeIII at 37°C for 16S rRNA genes and TaqI
at 65°C for rdhA genes). An aliquot of 1 �l of the digested PCR product
was mixed with 8.5 �l of formamide and 0.5 �l of internal standard
(GeneScanTM-600LIZ; ABI Applied Biosystems, Rotkreuz, Switzerland).
The mixture was heated at 95°C for 2 min, cooled on ice for 3 min, and
loaded into an ABI Prism 3130XL capillary sequencer equipped with a
50-cm array. The electropherograms were obtained with ABI Prism
GeneScan software. The results were analyzed with Treeflap T-RFLP soft-
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ware (developed by C. Walsh; available on request) as described previ-
ously (35).

Protein work. For assays of reductive dehalogenase activity, cell ex-
tracts were obtained from 600-ml SL2 cultures. The biomass was har-
vested anaerobically by centrifugation at 10,000 � g and 12°C for 20 min.
Cells were resuspended in 50 mM Tris-HCl (pH 7.5) and washed 3 times.
Cells were broken by repetitive sonication as previously described (36).
The activity in crude extracts was determined anaerobically following a
previously described protocol (37) for measuring spectrophotometrically
the oxidation of reduced methyl viologen (MV) (extinction coefficient
[ε578] � 9,700 M�1 cm�1) with PCE or TCE as the electron acceptor (see
reference 38 for details).

For the detection of Sulfurospirillum reductive dehalogenases in SL2
crude extracts, Western blot analysis was performed as described previ-
ously (36). Anti-PceA serum raised against the reductive dehalogenase of
S. multivorans (kindly provided by G. Diekert, University of Jena, Ger-
many) was used at a 1:50,000 dilution.

Analytical methods. The dechlorination activity of the cultures was
followed by measuring the concentration of chloride in the culture me-
dium by silver ion titration with a Chlor-o-counter (Flohr Instrument,
Nieuwegein, Netherlands) (30). Chloroethenes were analyzed by gas
chromatography as previously described (39). Protein quantification in
crude extracts was performed with a Pierce bicinchoninic acid (BCA)
protein assay kit according to the manufacturer’s instructions. A standard
curve using BSA was established to calculate the concentrations of pro-
teins.

Nucleotide sequence accession numbers. All sequences obtained in
this study were deposited in GenBank under the following accession num-

bers: 16S rRNA gene, KF533073; SL2-pceABDCE, KF533074; SL2-
pceABTCE, KF533075; and SL2-rdhAB2, KF533076.

RESULTS

Our previous study of the PCE-dechlorinating SL2 consortia
showed that the SL2-PCEb culture was able to dechlorinate PCE
to cis-DCE in a stepwise fashion and was characterized by low
bacterial diversity, as it harbored mainly members of the genus
Sulfurospirillum as OHRB (30). In the present work, two addi-
tional consortia showing distinct dechlorination patterns were
obtained from SL2-PCEb. The first consortium, SL2-PCEc, was
obtained after 10 successive rapid transfers of the SL2-PCEb cul-
ture when PCE was dechlorinated mainly to TCE, while the sec-
ond one, SL2-TCE, was selected by cultivation directly on TCE
during 15 successive transfers. The SL2-PCEc consortium had
completely lost the ability to dechlorinate TCE, while SL2-TCE
kept the initial dechlorination potential (PCE to cis-DCE). The
two new SL2 consortia, together with SL2-PCEb, were investi-
gated at the physiological and molecular levels in order to distin-
guish Sulfurospirillum subpopulations and to identify the reduc-
tive dehalogenases involved in both dechlorination steps.

Identification of rdh operons in the SL2 consortia. A few par-
tial sequences of the reductive dehalogenase (rdhA) genes were
already identified from SL2 consortia (30), matching with both
types of RdhA found in Sulfurospirillum spp. In order to identify
the complete rdhAB sequences present in SL2 consortia, two
primer pairs were designed to target the flanking regions of both
type 1 (such as the S. multivorans pceAB operon; GenBank acces-
sion no. AF022812) and type 2 (S. multivorans rdhAB2; obtained
from T. Schubert prior to publication) rdhAB sequences. Three
rdhAB operons were amplified from SL2 DNA samples and cloned
into plasmids pT1P-DS, pT1P-TS, and pT2RS. Sequence analysis
of three clones of each plasmid revealed the following encoded
proteins: PceADCE (type 1 RdhA identified from SL2-TCE and
named according to its dechlorination of PCE to cis-DCE),
PceATCE (type 1 RdhA from SL2-PCEc, with dechlorination of
PCE to TCE only), and RdhA2 (type 2 RdhA present in both
consortia, with unknown dechlorination potential). All three
RdhA sequences and their cognate RdhB protein sequences were
aligned and compared with those of RdhA (Fig. 1) and RdhB (see
Fig. S1 in the supplemental material) of both pure Sulfurospirillum
strains and environmental samples.

Sequence homology values of SL2 RdhA proteins compared
with available RdhA sequences for Sulfurospirillum clearly illus-
trate the evolutionary distance separating type 1 and type 2 RdhA
proteins (Table 1). While type 2 sequences are very similar to each
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FIG 1 Sequence likelihood analysis showing the relationships of newly iden-
tified RdhA proteins from SL2 consortia to both Sulfurospirillum RdhA types.
The neighbor-joining method of ClustalX was used to build the tree, including
100� bootstrap values. All sequences used in the alignment had similar
lengths. The following sequences were used: S. multivorans PceA (GenBank
accession no. AAC60788), S. halorespirans PceA (GenBank accession no.
AAG46194), RdhA1 from an uncultured bacterium (GenBank accession no.
BAJ09319), and RdhA2 from an uncultured bacterium (GenBank accession
no. BAJ09321). The tree was rooted with PceA of Dehalobacter restrictus
(GenBank accession no. CAD28790). The scale bar represents 2% sequence
divergence.

TABLE 1 Sequence identity comparison of Sulfurospirillum and SL2 RdhA proteins

Proteina

% identity with:

Sul-RdhA2 Smu-PceA Sha-PceA SL2-RdhA2 SL2-PceADCE SL2-PceATCE

SL2-PceATCE 61.9 92.1 92.6 61.9 93.3 100.0
SL2-PceADCE 63.4 96.6 91.1 63.4 100.0
SL2-RdhA2 100.0 63.0 61.6 100.0
Sha-PceA 61.6 91.7 100.0
Smu-PceA 63.0 100.0
Sul-RdhA2 100.0
a Sul-RdhA2, RdhA2 from an uncultured bacterium affiliated with Sulfurospirillum (GenBank accession no. BAJ09321); Smu-PceA, PceA from Sulfurospirillum multivorans
(accession no. AAC60788); Sha-PceA, PceA from Sulfurospirillum halorespirans (accession no. AAG46194).
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other, they share only around 60% sequence identity with type 1
sequences. Interestingly, sequence conservation within type 1
PceA sequences ranges from 92% to 97% identity, suggesting
some divergent evolution from a common ancestor. Figure S2 in
the supplemental material depicts the sequence alignment of both
type 1 PceA identified in SL2 consortia and the characterized PceA
proteins from S. multivorans and S. halorespirans.

Newly identified PceB sequences accompanying the PceADCE

and PceATCE proteins were identical to each other and to those of
PceB proteins of pure Sulfurospirillum isolates. RdhB2 belonging
to SL2-RdhA2 was identical to the uncharacterized RdhB protein
of S. multivorans (T. Schubert, personal communication) (see Fig.
S1 in the supplemental material).

Development of a T-RFLP method dedicated to Sulfurospi-
rillum rdhA genes. As neither classical T-RFLP analysis nor se-
quencing of Sulfurospirillum 16S rRNA genes nor analysis of the
16S-23S rRNA internal transcribed spacer allowed for discrimina-
tion of the different Sulfurospirillum populations present in the
SL2-PCEb consortium (30) or in the SL2-PCEc and SL2-TCE con-
sortia (data not shown), we designed a dedicated T-RFLP method
to specifically detect the Sulfurospirillum rdhA gene types and sub-
types. A single primer set (Sul-rdhA-f-FAM and Sul-rdhA-r) was
used to amplify a fragment of all rdhA genes, covering the second
insertion/deletion (indel) region (Fig. 2). Subsequent digestion
with the TaqI restriction enzyme allowed us to produce three ter-
minal restriction fragments (T-RFs): 272 bp for pceATCE, 284 bp
for pceADCE, and 388 bp (undigested product) for rdhA2. In order
to validate the data obtained with this method, qPCR was used to
detect each of the three rdhA genes present in SL2 consortia and to
calculate their relative abundances along the dechlorination pro-
files of the three consortia (Table 2). Although both experimental
approaches gave slightly different abundances for rdhA genes, the
trends observed in the T-RFLP data were confirmed by qPCR.

The dechlorination pattern of SL2-PCEb was characterized by
a strong initial accumulation of TCE upon PCE dechlorination,

with only a little formation of cis-DCE. Only when the PCE con-
centration was low were TCE dechlorination and formation of
cis-DCE started (30). This stepwise dechlorination pattern sug-
gested either a succession of different populations during degra-
dation or a regulated expression of genes involved in each step.
The rdhA-specific T-RFLP method described above and the emer-
gence of two consortia either restricted or dedicated to a single
dechlorination step allowed us to test this hypothesis.

Detection of rdhA genes in SL2-PCEc and SL2-TCE consor-
tia. The rdhA-specific T-RFLP analysis showed that pceATCE and
rdhA2 were detected in SL2-PCEc, while pceADCE and rdhA2 were
found in SL2-TCE. This observation strongly highlighted the re-
stricted dechlorination substrate range of PceATCE. No significant
gene fluctuation was observed during the single dechlorination
steps, as all samples showed between 40% and 60% relative abun-
dances of their respective pceA and rdhA2 genes, suggesting that
each Sulfurospirillum population contains one copy of its respec-
tive pceA gene and one copy of rdhA2 in its genome (Table 2).

Interplay of both pceA genes in the SL2-PCEb consortium
during the stepwise dechlorination of PCE to cis-DCE. The
rdhA-specific T-RFLP analysis was further used to evaluate the
relative abundances of Sulfurospirillum rdhA genes, on the DNA
level, along the stepwise dechlorination of PCE to cis-DCE occur-
ring in the SL2-PCEb culture (Table 2 and Fig. 3). All three genes
(pceATCE, pceADCE, and rdhA2) were detected in each sample.
While rdhA2 was predominant and remained constant, at around
50%, confirming that this gene is present in both Sulfurospirillum
populations present in SL2-PCEb, a clear gradual change occurred
between pceATCE and pceADCE along the stepwise dechlorination
of PCE to TCE and cis-DCE, an observation that is in complete
agreement with the molecular analysis of the SL2-PCEc and SL2-
TCE consortia.

Furthermore, in order to assess whether all three rdhA genes
were transcribed during dechlorination, an SL2-PCEb culture was
analyzed on the RNA level by using the combination of reverse

FAM

Sul-rdhA-f-FAM
TTRGTRGGTRTTGCAAGATT

pceATCE 1 TTGGTAGGTGTTGCAAGATTAAATCGTAACTGGGTTTATTCTGAGGCAGTAACTATACCA G------------ATGAACAATCTTGGCC.
pceADCE 1 ............................................................ .CTGACGTACCTT............T.TA.
rdhA2 1 ..A..G...A..........G..C..A..T...A.C.T.AAA.....TT.T....CA..ATCAGA.......T.A.CCTG.GGA..ATAA

pceATCE 78 TAAAGAGATTGAAAAGCCAATCGTTTTCAAAGATGTTCCACTACCAATAGAAACTGATGATGAATTAATTATCCCTAATACTTGTGAAAA
pceADCE 90 ....C.T...................................................................................
rdhA2 91 ...CTTT..CAC.........TAAC..T......A..GA.AA.....CG.....A..A.......AC.....T..A....GC.T..CC..

pceATCE 168 TGTTATCGTTGCAGGTATCGCTATGAACCGCGAAATGATGCAAACAGCTCCTGCCAGTAT GTCATGTGCAGCAGCAGCATTTGGTTATTC
pceADCE 180 .................................................... A........G....................T.......
rdhA2 181 ..........T.T.C.T.T..G........T..T........GTGTTTGG..A.TTC....G..CA......T..G...C..T....C..

pceATCE 258 ACGTATGTGTATGTTCGATATGTGGTTATGCCAGTTTATTCGTTATATGGGTTACTATGCAATTCCATGCAGTAATACTCTTGGACAATC
pceADCE 270 ..............TCGA.............................................A......T.....GG.G..........
rdhA2 271 T......GTGGC.CATGA.......A.T..T............A.CCAA..C...........A...A..T.....GG.G..........

Sul-rdhA-r
GAAGCAGGTTTAGGACAAG

pceATCE 348 AGTTCCCTTTGCTGTTGAAGCAGGTTTAGGACAAG
pceADCE 360 ...................................
rdhA2 361 ....G..............................

FIG 2 Sequence alignment of Sul-rdhA gene fragments for rdhA-specific T-RFLP analysis. Sequences were aligned with ClustalX. The Sul-rdhA primers used in
the dedicated T-RFLP analysis match the sequences of all 3 rdhA genes present in Sulfurospirillum spp. and are indicated above the alignment. Positions indicated
by dashes represent a 12-nucleotide deletion in the sequence of pceATCE. Positions indicated by dots are identical to the sequence of pceATCE. A box indicates the
position of the TaqI restriction site.
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transcription and T-RFLP analysis. This analysis revealed that
pceATCE and pceADCE were transcribed, while rdhA2 was not (see
Fig. S3 in the supplemental material).

PceATCE seems to be 5-fold more active than PceADCE with
PCE as substrate. The crude extracts of the SL2-PCEc and SL2-
TCE consortia, expressing the PceATCE and PceADCE reductive
dehalogenases, respectively, were tested for RdhA activity with
PCE or TCE as the substrate. The crude extract of SL2-PCEc
(PceATCE) showed a 5-fold higher RdhA activity with PCE than
that of SL2-TCE (PceADCE) (Table 3). The SL2-PCEc crude ex-
tract displayed no activity at all with TCE, confirming its reduced
dechlorination range. The SL2-TCE crude extract, however, kept
the ability to reduce both PCE and TCE, even though the culture
was cultivated directly on TCE.

The levels of PceA expression in both SL2 consortia were
shown to be similar (see Fig. S4 in the supplemental material),

strongly suggesting that the PceATCE enzyme has a higher specific
activity with PCE than that of PceADCE.

DISCUSSION

Neither T-RFLP analysis nor sequencing of 16S rRNA genes al-
lowed discrimination of Sulfurospirillum populations in SL2 con-
sortia. A survey of gene databases (including the genomes of Sul-
furospirillum deleyianum and Sulfurospirillum barnesii) confirmed
that fingerprinting methods targeting rRNA sequences are not
suited to distinguishing Sulfurospirillum spp. from each other (see
Table S3 in the supplemental material). Moreover, OHR is not a
conserved feature in the genus Sulfurospirillum, arguing for the
need of a fingerprinting method directly targeting the key ele-
ments for OHR, i.e., the reductive dehalogenases, in this genus.
Here we developed a simple T-RFLP method dedicated to detect-
ing and distinguishing the three rdhA genes previously identified
in Sulfurospirillum-containing SL2 consortia (30). Another func-
tional T-RFLP study has already been reported for Dehalococcoides
rdhA genes, which required 13 different primer pairs to cover the
larger number of genes and their higher level of sequence diversity
(31).

Using our dedicated T-RFLP method, the dynamic behavior of
rdhA genes was analyzed in the SL2-PCEb consortium, which cat-

TABLE 2 Detection and quantification of rdhA genes during PCE dechlorination in SL2 consortiaa

Consortium Time (days)
Concn of chloride
formed (mM)

Relative abundance determined by:

T-RFLP analysis qPCR

pceATCE pceADCE rdhA2 pceATCE pceADCE rdhA2

SL2-PCEc 2 4.4 � 0.0 57 � 2 ND 44 � 2 41 � 2 ND 59 � 2
3 8.2 � 0.3 54 � 0 ND 46 � 0 43 � 1 ND 57 � 1
4 9.5 � 0.5 53 � 1 ND 48 � 1 36 � 1 ND 64 � 1

SL2-TCE 1 0.9 � 0.0 ND 51 � 3 49 � 3 ND 36 � 2 64 � 2
2 8.6 � 0.2 ND 56 � 3 44 � 3 ND 43 � 2 57 � 2
3 9.9 � 0.3 ND 57 � 1 44 � 1 ND 45 � 4 55 � 4
4 11.5 � 0.4 ND 58 � 2 43 � 2 ND 44 � 1 56 � 1

SL2-PCEb 3 4.0 � 0.0 35 � 3 17 � 5 48 � 2 35 � 3 11 � 2 54 � 6
4 6.2 � 0.0 39 � 3 12 � 4 49 � 2 35 � 6 7 � 1 58 � 4
5 8.7 � 0.3 40 � 2 11 � 2 50 � 4 32 � 4 7 � 0 61 � 5
6 10.8 � 0.4 35 � 1 18 � 1 48 � 1 27 � 2 15 � 2 58 � 2
7 13.2 � 0.2 29 � 2 27 � 1 44 � 2 22 � 3 27 � 2 51 � 5
8 16.0 � 0.0 26 � 0 30 � 1 44 � 1 16 � 1 31 � 4 52 � 8
9 18.4 � 0.0 20 � 3 37 � 6 43 � 8 11 � 1 31 � 6 58 � 5
10 19.3 � 0.9 22 � 4 35 � 3 44 � 2 10 � 1 35 � 0 55 � 8

a Data are means � standard deviations. ND, not detected.
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FIG 3 Transformation of chloroethenes and interplay of rdhA genes in the
SL2-PCEb culture along the dechlorination of PCE to cis-DCE. Chloroethenes
are represented by diamonds for PCE, triangles for TCE, and squares for DCE.
Dark gray bars represent the relative abundances of pceATCE, light gray bars
represent those of pceADCE, and white bars represent those of rdhA2. The figure
was obtained by averaging the data obtained from two independent batch
cultures.

TABLE 3 Reductive dehalogenase enzymatic activities measured in
crude extracts of SL2 consortia

Culture RdhAa

RdhA sp act in crude extracts
(nkat/mg of total protein)

With PCE With TCE

SL2-PCEc PceATCE 37.6 � 0.4 0.0
SL2-TCE PceADCE 7.5 � 1.0 6.0 � 0.5
S. multivorans PceA 7.3b NDc

a The corresponding gene was detected in the genomic DNA of the indicated culture.
b Taken from reference 38.
c ND, not determined.
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alyzes the dechlorination of PCE to cis-DCE in a stepwise manner.
This analysis revealed that at least two functionally distinct Sulfu-
rospirillum populations were present and successively selected
during the two dechlorination steps, explaining the peculiar tran-
sient TCE accumulation. Indeed, the latter feature has not been
observed for pure Sulfurospirillum isolates (23, 40), in which PceA
has been shown to catalyze the dechlorination of PCE and TCE to
cis-DCE. While the hypothesis of population dynamics was clearly
demonstrated, the data presented here do not per se exclude a
possible regulation of the different rdhA genes at the transcrip-
tional level. However, the experimental setup used here did not
fulfill the conditions applied in the study by John et al. that re-
ported the peculiar long-term regulation of the pceA gene in S.
multivorans (41). The emergence of the new SL2-PCEc consor-
tium, displaying a dechlorination substrate range restricted to
PCE, further allowed the unambiguous identification of the key
player in the PCE-to-TCE dechlorination, namely, an enzyme we
called PceATCE. The gene encoding the second PCE-dechlorinat-
ing enzyme identified in SL2-PCEb, PceADCE, was enriched in the
SL2-TCE consortium upon cultivation on TCE. The chlorinated
substrate specificities of SL2-PCEc and SL2-TCE were tested in
crude extracts, and they confirmed the restricted substrate range
of PceATCE and further revealed that PceADCE was able to dechlo-
rinate both PCE and TCE. Despite the high level of sequence iden-
tity of their respective PceA enzymes, the 5-fold higher PCE
dechlorination activity of SL2-PCEc crude extract than that of
SL2-TCE crude extract represents, to the best of our knowledge, a
new situation in OHR bacterial consortia and explains why the
Sulfurospirillum sp. population harboring the pceATCE gene was
able to maintain itself in SL2-PCEb over long periods and repeated
culture transfers. It also explains why TCE transiently accumu-
lated in the dechlorination pattern of the SL2-PCEb consortium.
The enrichment of specific dechlorinating populations by varying
the added chlorinated compound has also been reported for the
ANAS consortium, carrying several Dehalococcoides spp., where
the focus has been given to the interplay of the tceA and vcrA gene
homologs along the dechlorination of TCE to cis-DCE and vinyl
chloride (VC) to ethene (19).

The identification of the PceATCE enzyme in the SL2 consortia,
which displays dechlorinating activity toward PCE only, is of great
interest for investigating the sequence-substrate relationships of
Sulfurospirillum reductive dehalogenases. Indeed, in comparing
the sequence of PceATCE to those of the other three Sulfurospiril-
lum PceA enzymes, only 16 amino acid positions (3.2% of the total
number of residues), which are rather scattered throughout the
enzyme sequence, are specific to the enzyme with a restricted sub-
strate range, suggesting that these residues participate in defining
the substrate binding pocket of Sulfurospirillum reductive dehalo-
genases (see Fig. S2 in the supplemental material). Moreover, 42
additional amino acid positions (including 8 indel positions) vary
among all four protein sequences and could also be involved in the
substrate range definition. Seven unique residues are conserved in
both the SL2-PceATCE and -PceADCE sequences but not in the
other two enzymes isolated from S. multivorans and S. halorespi-
rans, possibly reflecting the evolution of both SL2 enzymes from a
common ancestor, which might have diverged toward their re-
spective substrate specificities. The very high sequence identity of
all Sulfurospirillum RdhB proteins clearly confirms the common
origin of all rdh gene clusters in Sulfurospirillum spp. and suggests

that the residues participating in the proposed interaction be-
tween the A and B components are fully conserved.

The divergence toward specific substrates of highly similar re-
ductive dehalogenase sequences has already been highlighted for
the Dehalobacter restrictus PceA (Dre-PceA) and Desulfitobacte-
rium dichloroeliminans DcaA (Ddi-DcaA) enzymes (34, 42, 43).
There are only 62 amino acid positions (11% of the total sequence
length) that are responsible for the drastic change in substrate
specificity of these enzymes (PCE versus 1,2-dichloroethane, re-
spectively). In comparing sequence pairs of early-diverging pro-
teins (Dre-PceA and Ddi-DcaA versus S. multivorans PceA and
SL2-PceATCE), both pairs of sequences share only 11 common
positions with substituted amino acids among the 62 and 40 sub-
stitutions present in each pair, respectively, indicating that the
substrate binding pocket in at least these reductive dehalogenases
is not likely to be defined by discrete amino acid positions but
rather by two variable regions, as previously proposed by Mar-
zorati et al. (43) (see Fig. S5 in the supplemental material for
details).

Recent analysis of a curated set of reductive dehalogenases re-
vealed that sequence similarity and substrate specificity are gener-
ally not correlated, making functional prediction from sequence
information difficult (12). In conclusion, the results obtained in
the present study further emphasize this observation by showing
that minute changes in the sequences of highly similar enzymes
are responsible for differences in their substrate range. Moreover,
the identification of a new PCE reductive dehalogenase restricted
to PCE as the substrate, along with the indication that it displays a
5-fold higher dechlorination activity, suggests that recent evolu-
tion likely promoted new catalytic properties that help individual
OHRB populations to compete for the same substrate.
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