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Abstract Desulfitobacterium hafniense Y51 is a dechlo-

rinating bacterium that encodes an unusually large set of

O-demethylase paralogs and specialized respiratory sys-

tems including specialized electron donors and acceptors.

To use this organism in bioremediation of tetrachloroeth-

ene (PCE) or trichloroethene (TCE) pollution, expression

patterns of its 5,060 genes were determined under different

conditions using 60-mer probes in DNA microarrays. PCE,

TCE, fumarate, nitrate, and dimethyl sulfoxide (DMSO)

respiration all sustain the growth of strain Y51. Global

transcriptome analyses were thus performed using various

electron donor and acceptor couples (respectively, pyruvate

and either fumarate, TCE, nitrate, or DMSO, and vanillate/

fumarate). When TCE is used as terminal electron accep-

tor, resulting in its detoxification, a series of electron car-

riers comprising a cytochrome bd-type quinol oxidase

(DSY4055-4056), a ferredoxin (DSY1451), and four Fe–S

proteins (DSY1626, DSY1629, DSY0733, DSY3309) are

upregulated, suggesting that the products of these genes are

involved in PCE oxidoreduction. Interestingly, the PCE

dehalogenase cluster (pceABCT) is constitutively expressed

in the media tested, with pceT being upregulated and pceC

downregulated in pyruvate/TCE-containing medium. In

addition, another dehalogenation enzyme (DSY1155 coding

for a putative chlorophenol reductive dehalogenase), is

induced 225-fold in that medium, despite not being

involved in PCE respiration. Remarkably since the reduc-

ing equivalents formed during pyruvate conversion to

acetyl-CoA are channeled to electron acceptors including

halogenated compounds, pyruvate induces expression of a

pyruvate:ferredoxin oxidoreductase. This study paves the

way to understanding the physiology of D. hafniense,

optimizing this microbe as a bioremediation agent, and

designing bioarray sensors to monitor the presence of

dechlorinating organisms in the environment.

Keywords Desulfitobacterium hafniense �
Bioremediation � Dechlorination � Dehalorespiration �
Tetrachloroethene

Introduction

Tetrachloroethene (perchloroethene, PCE) and trichloro-

ethene (TCE) are excellent solvents for dry cleaning, but

their widespread use has caused large-scale environmental

pollution. The remediation of PCE/TCE-contaminated sites

has thus become an urgent issue worldwide [6]. Deha-

lorespiration, or bacterial growth coupled to the utilization

of a chlorinated compound, is to date the only known

biological mechanism for degrading highly halogenated

compounds. In dehalorespiration, the oxidation of electron

donors is coupled to the reduction, and detoxification, of

halogenated organic compounds. Dehalorespiring bacteria

therefore constitute a promising and cost-effective

approach for the bioremediation of PCE-contaminated sites

[38].
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The two most prominent genera comprising species that

dechlorinate a large array of chemical compounds,

including halophenolic compounds and chloroalkenes, are

Dehalococcoides [20] and Desulfitobacterium [43]. Species

of both of these genera have been isolated from

PCE-contaminated sites around the world and analyzed.

For example, the complete genome sequence of Dehalo-

coccoides ethenogenes strain 195 [36] reveals that this

organism contains 17 putative dehalogenases but that it can

only use hydrogen as electron donor and PCE as terminal

electron acceptor, and requires acetate as a carbon source

and cobalamin for dehalogenase activity [17, 36]. This

process involves an Ni/Fe hydrogenase that splits hydrogen

into protons and electrons [44], which are in turn consumed

by the PCE dehalogenase. This mechanism has been

investigated in detail. For example, two dehalorespiration-

deficient mutants of D. dehalogenans have been con-

structed by Tn916 insertion in the upstream region of the

formate-hydrogen lyase (FHL) or Ni/Fe hydrogenase genes

[37]. Similarly, hydrogen consumption with concomitant

transfer of electrons to PCE was observed in D. chloro-

respirans, Desulfuromonas, and Desulfomonile tiedjei [14],

confirming the central role played by hydrogenases in PCE

degradation. Moreover, menaquinone has been reported

to serve as an electron mediator of PCE reduction in

D. restrictus [35]. On the basis of the above information,

the predicted electron transfer chain of dehalogenation in

these organisms is of the following form: formate ? H2 ?
proton ? electron ? menaquinone (MQ) ?? PCE. What

is more, if pyruvate is supplied as the electron donor, it can

be split into formate by pyruvate-formate lyase (PFL) [10].

Desulfitobacterium hafniense Y51 is a strict anaerobe

that was isolated in Japan from PCE-contaminated soil. As

expected, this organism is capable of dechlorinating PCE

via TCE to cis-1,2-dichloroethene (cis-DCE) [6, 40, 41].

The dehalogenase gene cluster (pceABCT) of strain Y51 is

obviously important in dehalorespiration; remarkably, it is

flanked by two nearly identical ISDesp (IS256 family)

transposable elements [6, 7] suggesting it was acquired by

D. hafniense Y51 via horizontal DNA transfer [9, 18, 25].

However, no dehalogenase gene was found adjacent to the

genes encoding electron chain proteins, thus making it

difficult to identify the proteins that are directly linked to

dehalogenases for electron transfer.

In parallel, Dehalococcoides-containing consortia have

been tested for the bioremediation of contaminated sites

with some success [19]. What makes strain Y51 particu-

larly interesting is that it has a much broader range of

electron donor and acceptor metabolism systems than

Dehalococcoides [28]. This includes numerous sequences

coding for dimethyl sulfoxide (DMSO), fumarate, nitrate,

nitrite, sulfate, and sulfite reductases; this property may be

ascribed to its much larger genome [28]. An additional

remarkable feature is that D. hafniense Y51 contains a

large number of O-demethylase analogs, which allow the

utilization of lignin-derived phenyl methyl ethers as elec-

tron donors. As a preliminary to optimizing the bioreme-

diation use of D. hafniense Y51 and to facilitate the study

of the physiology of this microorganism, we confirmed by

various growth experiments that the bacterial strain in our

laboratory exhibited the expected phenotype, and investi-

gated by global transcriptome analysis the expression lev-

els of its main reductases and respiration genes.

Materials and methods

Strain and culture media

Strain Y51 is an isolate from a PCE-polluted soil sample

collected in Fukuoka, Japan [40]. MMY (per liter: K2PO4,

7.8 g; KH2PO4, 1.2 g; sodium citrate, 0.5 g; MgSO4�7H2O,

0.1 g; yeast extract, 2.0 g, pH 7.2) was used as growth

medium base [40]. As appropriate, bacteria were grown

anaerobically in an anaerobic chamber (COY Laboratory

Products Inc., Grass Lake, MI, USA) containing 5%

hydrogen and 95% nitrogen at 30�C in MMYPF, i.e.,

MMY supplemented with 75 mM pyruvate (as electron

donor) and 44 mM fumarate (as electron acceptor) [40]. In

this study, various other media containing different elec-

tron donors and acceptors were used as follows: MMYPT

(MMY supplemented with 75 mM pyruvate and 2 mM

TCE), MMYPN (MMY supplemented with 75 mM pyru-

vate and 50 mM NaNO3), MMYPD (MMY supplemented

with 75 mM pyruvate and 30 mM DMSO), MMYVF

(MMY supplemented with 20 mM vanillate and 44 mM

fumarate). MMYP refers to MMY base medium supple-

mented with 75 mM pyruvate. MMYF refers to MMY base

medium supplemented with 44 mM fumarate.

GC–MS analyses

Culture samples (200 ll) were collected and acidified to

pH 2 with hydrochloric acid. The metabolites were

extracted with 300 ll of ethyl acetate, dried in vacuo,

and subsequently trimethylsilylated with TMSI-H (GL

Sciences Co., Tokyo, Japan). The resulting sample was

subjected to gas chromatography–mass spectrometry

(GC–MS) analysis (QP2010 plus, Shimadzu, Kyoto, Japan)

with a DB-5 column (30 m in length and 0.25 mm in

diameter; J&W Scientific Inc.). The column temperature

was first kept at 50�C for 5 min before being increased to

250�C at a rate of 2.5�C/min. The injection and detection

temperatures were 250 and 300�C, respectively.
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HPLC analyses

Samples were centrifuged (10,0009g, 10 min, 4�C), and

the resulting supernatants were subjected to high-perfor-

mance liquid chromatography (HPLC) analysis using

standard protocols as per the manufacturer’s instructions.

The concentrations of pyruvate, fumarate, acetate, succi-

nate, and DMSO were determined using an 8020 apparatus

(Tosoh Co., Tokyo, Japan) equipped with an electric con-

ductivity detector and a TSKgel OApak-A column (Tosoh

Co.) operating at 40�C with a 0.75 mM H2SO4 mobile

phase at a flow rate of 1.0 ml/min.

Nitrate and nitrite assays

Culture samples were centrifuged at 10,0009g for 10 min

at 4�C to remove cells; the resulting supernatants were

subsequently assayed. Nitrate and nitrite concentrations

were determined by a modified Griess method as previ-

ously reported [31] using an NO2/NO3 assay Kit-CII

(Dojindo Co., Kumamoto, Japan).

Nucleic acid manipulations

Cells used in this study for total RNA isolation were col-

lected from exponential phase cultures. Y51 cells were

harvested by centrifugation (10,0009g, 10 min, 4�C).

RNA stabilization and mechanical disruption of the col-

lected cells were performed according to the RNApro-

tectTM bacteria reagent handbook (Qiagen, Inc. Germany).

RNeasy Mini Kit (Qiagen) was used to isolate RNA;

contaminating DNA was digested using an RNase-Free

DNase Set (Qiagen). The RNA samples thus obtained were

concentrated to approximately 10 lg/ll using a Microcon

YM-30 column (Millipore Co., USA). RNA concentrations

were measured at 260 nm with a spectrophotometer.

A CyScribe Post-Labelling Kit (Amersham Pharmacia)

was used to synthesize cDNAs using random hexamers as

primers, and Cy3 or Cy5 dye as labeling agent. A total of

40 lg of total RNA was used for each preparation. The

labeled probe thus generated was purified using a CyScribe

GFX Purification Kit (Amersham Pharmacia). All proce-

dures were performed as per the manufacturers’

instructions.

Microarray preparation

Oligomer (60-mer) probes for the entire set of the coding

sequences of strain Y51 (5,060 sequences; accession

number AP008230) were designed, synthesized, and spot-

ted on a Takara-Hubble slide glass by Takara Bio Inc

(Kyoto, Japan). Notably, the design of each probe was

verified using a BLAST search against the genome of strain

Y51 to ensure specificity. As negative controls, 60-mer

signature sequences of a number of heterologous dehalo-

genase genes were spotted on the same microarray; all

these control genes were selected from the genomes of

halorespiring bacteria such as D. hafniense TCE1, Desul-

fitobacterium sp. PCE-S, Dehalococcoides sp. FL2,

Dehalococcoides sp. BAV1, and Desulfitobacterium

dehalogenase. Moreover, PCE and TCE dehalogenases as

well as putative trigger factors also were included [6].

Microarray hybridization and data analysis

The microarray slides were washed three times using

29 SSC (19 SSC is defined as follows: 0.15 M NaCl,

0.015 M sodium citrate) containing 0.2% SDS and used

immediately for hybridization in a Lucidea SlidePro sys-

tem (Amersham Biosciences). Labeled cDNAs (100 ll)

were mixed with an equal volume of hybridization buffer

(129 SSC, 0.4% SDS, 109 Denhardt’s solution, 0.2 mg/ml

denatured salmon sperm DNA in water). Hybridizations

were performed at 60�C for 14 h. After hybridization,

the slides were washed once with 29 SSC containing

0.2% SDS for 6 min at 35�C, and once with 0.29 SSC

containing 0.2% SDS for 6 min at 35�C. The slides were

subsequently washed three times using 0.29 SSC, rinsed

with isopropanol twice, and dried by airing.

The slides were scanned for Cy3 and Cy5 fluorescent

signals with a scanner (FLA-800, Fujifilm, Japan). Image

processing and normalization were carried out using

GenePix Pro5.1 (Axon Instruments). Median intensities

were used in this study; this is often a preferred method as

compared with arithmetic mean intensities since median

intensity values are less susceptible to the impact of

extreme values at either end of a distribution. The median

ratio is the ratio of the value of the background from which

the median pixel intensity at the second wavelength has

been subtracted to the value of the background from which

the median pixel intensity at the first wavelength has been

subtracted. The average ratio of medians was normalized to

1.0. GeneSpring version 7.3 (Silicon Genetics) was used

for statistical analysis. Each pair was compared in the

Student’s t test using GeneSpring; P values of the data

included in the study and calculated with the Student’s

t test algorithm based on the differences between the ratio

values of medians for three biological cultures with

duplicate were all lower than 0.05, indicating that mea-

sured differences between two conditions were significant

at the 95% confidence level.

Real-time PCR

The real-time (RT)-PCR approach implemented here is a

standard method in a 96-well format using a 7500 Fast
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Real-Time PCR system (Applied Biosystems, Warrington,

UK). This experiment required three separate setups

(namely, samples from MMYPF cultures vs. MMYVF;

MMYPT vs. MMYPN, and MMYPF vs. MMYPD) in

which two different samples were tested for each setup.

Reactions contained 10 ll SYBR Green PCR Master Mix

(29 , Applied Biosystems), 0.1 ll reverse transcriptase,

0.8 ll RNA (4 ng/ll), and 1 ll of each forward and reverse

primer in a total volume of 20 ll. The thermal profile used

for amplification was initiated by incubating at 50�C for

30 min and 95�C for 10 min followed by 40 cycles of 95�C

for 15 s and 60�C for 1 min. At the end of the amplification

phase, a melting curve analysis was carried out on the

products formed. All primers were designed by Primer

Express 3.0 (Applied Biosystems). RT-PCR data were

analyzed using the comparative threshold cycle method as

described in a user bulletin from Applied Biosystems. The

RNA polymerase beta subunit gene encoded by DSY0464

was chosen as a housekeeper reporter gene, because it is

essentially expressed at the same level in all media.

Results and discussion

Growth of strain Y51 strain in the presence of various

electron donor/acceptor pairs

The growth of strain Y51 in MMYP medium containing

PCE or TCE as terminal electron acceptor and the identi-

fication of intermediates of PCE and TCE degradation have

been reported in previous studies [6, 40]. Strain Y51 was

reported to grow in MMY medium to an optical density at

660 nm of 0.9 in 24 h when pyruvate is used as a carbon

source and electron donor, with the cell density signifi-

cantly increasing upon the addition of 44 mM fumarate as

an electron acceptor [40]. Lactate also supports the growth

of this strain; however, formate only supports significantly

slower growth than pyruvate or lactate, whereas succinate,

citrate, malate, acetate, glutamate, alanine, methanol,

ethanol, glucose, fructose, lactose, or maltose do not sup-

port growth at all [28, 40]. It is also worth noting that

D. hafniense Y51 cells grow in the presence of nitrate or

sulfate when pyruvate is the electron donor; however, only

poor growth is attained with pyruvate and nitrite or sulfite

[40]. Building on these data, we revisited the range of

electron donors and acceptors that sustain the growth of

strain Y51 (Fig. 1). For example, we observed that strain

Y51 grows slowly in MMYVF medium, which contained

20 mM vanillate and 44 mM fumarate (data not shown).

This may be ascribed to the absence of an efficient vanil-

late transport system in D. hafniense cells, since no specific

vanillate transport system could be found in the strain

Y51 genome. Nevertheless, vanillate was converted to

protocatechuate as determined by GC–MS analysis and

mass spectrometry. Notably, major fragment ions at m/z of

370, 355, 311, 281, 267, and 193 were observed that

indicate the presence of an O-demethylation system

involved in the metabolism of vanillate [5, 26]. This merits

further study since vanillate is one of the phenyl methyl

ethers of lignin, thus abundant in forest soil, and since

dehalorespiring bacteria have been reported to catabolize

these compounds under anoxic conditions and to utilize

them as energy sources [5, 12, 26]. Furthermore, the

observation that D. hafniense is apparently only capable of

nitrate respiration but not of nitrite respiration also is worth

noting since four nitrite reductase gene homologs

(DSY2471-2472 and DSY3065-3066) are present in the

genome of strain Y51.

The outcome of these simple growth and metabolite

detection analyses was a confirmation that strain Y51 is

equipped with apparatuses that support several modes of

respiration, with fumarate being completely reduced to

succinate, DMSO completely consumed after 38 h, and

nitrate reduced to nitrite. To understand the molecular events

and regulation of gene expression that take place under these

different environmental conditions, and to identify the set of

genes involved in these respirations, we compared the tran-

scriptomes of cells grown under these various electron donor

and acceptor pairs by microarray analysis, as follows.

Emphasis was placed on detecting important genes that are

either regulated by a factor of twofold (measured using DNA

arrays and summarized in the tables) or constitutively

expressed in significant amounts (measured by quantitative

PCR and reported in the text as necessary).

Pyruvate oxidation

Total RNA isolated from MMYPF and MMYVF cultures

were reverse-transcribed to cDNAs and labeled with Cy3

and Cy5 dyes. Changes in expression levels were measured

as the ratio of Cy3 to Cy5 signals as described in the

‘‘Materials and methods’’ section. Genes likely involved in

pyruvate or vanillate metabolisms and that were either up-

or downregulated more than twofold as a cutoff level are

shown in Table 1. In halorespiring bacteria, it has been

reported that pyruvate is converted to acetyl-CoA and

formate by PFL [9, 16]. When PCE is present, the electrons

for PCE reduction are transferred through a series of

reactions catalyzed by FHL and hydrogenase. Although on

the genome of strain Y51 there are many coding sequences

(CDSs) that have been annotated as putative genes

encoding PFL (DSY0416-0417, DSY1551, DSY3009,

DSY3016, DSY5006), FHL (DSY2474-2477, DSY2758,

DSY3098-3099, DSY3114-3119, DSY3228, DSY4179,

DSY4290, DSY5043-5044), and hydrogenase (DSY0794-

0796, DSY1596-1599, DSY2100-2101, DSY2238-2240,
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DSY4710) [28], we did not detect on the microarray slides

any outstanding signal for these genes, suggesting that their

expression levels under the conditions tested were very

low. As previously mentioned, unlike what is observed in

other halorespiring bacteria, formate or H2 as electron

donor support only very poor growth of strain Y51 if at all

[28, 40].

Taken together, these results promote the view that the

electron flow from pyruvate to various electron acceptors

does not proceed via formate and H2 in strain Y51 (Fig. 2).

Nevertheless, additional work beyond the scope of this

paper would be needed to confirm or discard this working

hypothesis, including using other electron donors for

growth or carbon sources.

Under anaerobic conditions, pyruvate-ferredoxin oxi-

doreductase (POR) has been shown to play a key role in the

oxidative decarboxylation of pyruvate to acetyl-CoA [4,

11, 29]. POR is a thiamine pyrophosphate (TPP)-contain-

ing iron–sulfur protein that uses ferredoxin (Fd), or alter-

natively flavodoxin, as electron acceptor. The low redox

potential electrons released during the TPP-based catalytic

reaction have to be transferred from a two-electron-

donating substrate, pyruvate, to Fd. Strain Y51 harbors two

CDSs coding for POR, namely, DSY0115 and DSY4888

(Fig. 2). Whereas no detectable signal was obtained for

DSY4888, DSY0115 appeared to be upregulated 6.9-fold

in pyruvate-containing medium as opposed to vanillate-

containing medium (Table 1). This suggests that the

product of this gene may play a crucial role in the con-

version of pyruvate to acetyl-CoA. To verify the validity

and the accuracy of this microarray analysis experiment,

several genes, including DSY0115, were selected for RT-

PCR analysis. The data obtained by RT-PCR were in

general in good agreement with those obtained by micro-

array analysis. For example, DSY0115 was measured by

RT-PCR to be upregulated 6.2-fold.

POR genes have been isolated from a variety of anaer-

obic bacteria, archaea, and eukaryotes; three types of POR

can be distinguished on the basis of molecular structures.

DSY0115 belongs to the group of POR that contains four

different subunits per molecule and constitutes a homodi-

meric enzyme. The crystal structure of this group of pro-

teins was reported for Desulfovibrio africanus [4].

DSY0115 exhibits 69% similarity at the amino acid level

with the POR of D. africanus. Three distinct Fds named Fd

I, Fd II, and Fd III have been isolated from D. africanus

[29, 30]. Similarly, three Fd families were found on the

genome of strain Y51: two Fd I, nine Fd II, and three Fd

III. Remarkably, only one of these, Fd I (DSY1451), was

strongly expressed and upregulated by 2.2-fold in MMYPF

medium (Table 1). This result suggests that DSY1451

plays a critical role in this respiration. It is also worth

noting that no CDS similar to Fd-NAD(P)? reductase

genes was found in the genome of strain Y51; these

enzymes have been reported in many anaerobic bacteria to

transfer electrons from Fd to the low potential electron

acceptor, NAD(P)H [3].

It has been proposed that, in strain Y51, pyruvate is

ultimately converted into acetate through acetyl-CoA. A

possible pathway for this conversion was identified in the
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Fig. 1 Growth of D. hafniense strain Y51 in media containing

various electron donors and acceptors. Strain Y51 was grown in

MMYPF (MMY with pyruvate and fumarate) (a), MMYPN (MMY

with pyruvate and nitrate) (b), and MMYPD (MMY with pyruvate

and DMSO) (c). The concentrations of electron donors, electron

acceptors, and their metabolites are represented. The reported data

represent averages calculated from three independent experiments

each performed in duplicate. Standard deviations were less than 5%.

The concentration of each compound was determined by HPLC

analysis using purchased compounds as standards, and the respective

retention times of pyruvate, fumarate, succinate, and DMSO were

18.8, 40.1, 27.1, 30.3, and 22.4 min, respectively
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genome of this strain [28], which contains a phospho-

transacetylase encoded by DSY2400 and acetate kinases

encoded by DSY2668 and DSY2401. Interestingly, only

the acetate kinase encoded by DSY2668 was expressed in

MMYPF medium (Table 1). However, this does not

exclude the possibility that heretofore unidentified gene

products are involved in this conversion.

PCE dehalogenase

We compared the levels of gene expression in cells grown

in either MMYPT (with TCE as electron acceptor) or

MMYPN (with nitrate as electron acceptor) as a means to

identify the genes responsible for both PCE and nitrate

respiration with the view that under industrial field

Table 1 Gene expression ratios comparing MMYPF and MMYVF

CDS ID Predicted function Expression ratio Signal intensity

MMYVF MMYPF

DSY0115 Pyruvate:ferredoxin oxidoreductase (POR) 6.9 89 607

DSY0138 5,10-Methylenetetrahydrofolate reductase 0.16 509 82

DSY0205 Formyltetrahydrofolate synthetase 0.16 660 100

DSY0308 Ferredoxin III 0.04 371 17

DSY0605 Formyltetrahydrofolate synthetase 0.01 151 -1b

DSY0606 Methenyl tetrahydrofolate cyclohydrolase 0.01 129 -1.2b

DSY0607 5,10-Methylenetetrahydrofolate dehydrogenase 0.01 419 -0.67b

DSY1451 Ferredoxin I 2.2 2,487 4,974

DSY1596 Ni,Fe-hydrogenase maturation factor 0.10 1,091 115

DSY1597 Ni,Fe-hydrogenase I cytochrome b subunit 0.03 5,851 151

DSY1598 Ni,Fe-hydrogenase I large subunit 0.02 575 13

DSY1599 Ni,Fe-hydrogenase I small subunit 0.06 2,702 184

DSY1647 N5-Methyltetrahydromethanopterin methyltransferase 0.02 181 2

DSY1648 CO dehydrogenase/acetyl-CoA synthase delta subunit 0.01 2,214 31

DSY1649 CO dehydrogenase maturation factor 0.01 124 -1.5b

DSY1650 Ferredoxin 0.01 960 6.6

DSY1651 CO dehydrogenase/acetyl-CoA synthase gamma subunit 0.01 103 -2.7b

DSY1652 CO dehydrogenase/acetyl-CoA synthase beta subunit 0.01 163 -0.20b

DSY1653 6Fe–6S prismane cluster-containing protein 0.01 1,552 12

DSY1654 CO dehydrogenase maturation factor 0.02 530 11

DSY2355 Methenyl tetrahydrofolate cyclohydrolase 0.34 31 11

DSY2356 5,10-Methylenetetrahydrofolate dehydrogenase 0.29 116 34

DSY2400 Phosphotransacetylase 0.02 50 1.3

DSY2401 Acetate kinase 0.60 20 12

DSY2668 Acetate kinase 5.9 46 270

DSY3155 Corrinoid protein 0.01 6,394 11

DSY3156 Phenyl methylether:corrinoid protein methyl transferase 0.01 283 -1.8b

DSY3157 Methylcorrinoid protein:tetrahydrofolate methyl transferase 0.01 396 -1b

DSY3968 Formate dehydrogenase, typically selenocysteine-containing 0.12 1,516 182

DSY3969 Formate dehydrogenase 0.13 199 26

DSY3970 Formate dehydrogenase 0.17 679 117

DSY3972 5-Formyltetrahydrofolate cyclo-ligase 0.36 725 253

DSY4199 Phenyl methylether:corrinoid protein methyl transferase 2.1 404 915

DSY4888 Pyruvate:ferredoxin oxidoreductase (POR) NDa ND ND

MMYPF MMY supplemented with pyruvate and fumarate, MMYVF MMY supplemented with vanillate and fumarate
a ND, signal was not detected
b Values lower than or equal to 0 were set to 0.01 by the GeneSpring analysis software
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bioremediation conditions, dehalorespiration rather than

nitrate respiration is to be promoted. TCE was used instead

of PCE in our laboratory model because TCE supports

better than PCE the growth of strain Y51. This is appro-

priate at this stage since, as previously reported, PCE and

TCE dehalogenation are catalyzed by the same enzyme

system in this strain [6, 40, 41]. Genes responsible for PCE

and nitrate catabolism, and that were either up- or down-

regulated more than twofold, are reported in Table 2.

Surprisingly, transcription of the genes pceA and pceB

coding for the tetrachloroethene dehalogenase structural

protein and its putative membrane anchor protein were not

upregulated in TCE-containing medium (Tables 1, 2, 3, 4).

What is more, the entire gene cluster pceABCT was

expressed at high levels also in the other media used in this

study, thus suggesting that the pceABCT genes that form an

operon, with pceABC being transcribed in a polycistronic

manner and pceT being primarily transcribed in a mono-

cistronic manner [8, 22, 28], are constitutively expressed.

These data confirm observations reported elsewhere in the

presence of chloromethanes [8]. Nevertheless, pceT coding

for the trigger factor protein PceT involved in folding of

the PceA precursor and pceC coding for a putative tran-

scriptional regulator of the NirI/NosR family [22] seem

subject to regulatory control (Tables 2, 3), since during

TCE respiration, pceT is induced twofold whereas pceC is

downregulated twofold (Table 2). On the other hand, no

significant changes in the mRNA levels of pceA have been

measured in D. hafniense Y51 in any of the four different

media tested, a result confirmed by RT-PCR data, similarly

to what was observed in D. hafniense TCE1 in TCE-

containing medium 717 [32]. Nevertheless, proteomics

experiments demonstrated in strain TCE1 that the reductive

dehalogenase PceA is highly regulated since its level is

70- to 100-fold higher when cells are grown in the presence

of PCE as compared with fumarate [32].

Remarkably, the transcription of the transposases of the

two insertion sequences of the ISDesp elements (DSY2834

and DSY2840) that flank the pceABCT genes increases by

approximately 50–60% in D. hafniense Y51 cells incubated
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Fig. 2 Proposed metabolic pathways for pyruvate and vanillate.

Genes represented in red were induced by pyruvate or vanillate

(upregulated), genes represented in blue were not expressed in

pyruvate- or vanillate-containing media. Detailed information is

provided in the text. D. hafniense is not known to be autotrophic and

the role of the Wood–Ljungdahl pathway, which is strongly induced

by vanillate, remains unclear in this organism. One of the functions of

the pathway could be to channel methyl groups from phenyl methyl

ethers, such as vanillate, to the central metabolism. Co(I), corrinoid

protein; CH3–Co(III), methylcorrinoid protein; Fdox, oxidized ferre-

doxin; Fdred, reduced ferredoxin. Compounds: FH4, tetrahydrofolate;

5-CH3-FH4, 5-methyl-FH4; 5,10-CH2-FH4, 5,10-methylene-FH4;

5,10-CH-FH4, 5,10-methenyl-FH4; 10-CHO-FH4, 10-formyl-FH4

J Ind Microbiol Biotechnol (2012) 39:255–268 261

123



in the presence of pyruvate/TCE, as compared with cells

incubated in the presence of pyruvate/nitrate (Table 2).

Together with the observation that the RecA protein is

19-fold more abundant in strain TCE1 cells incubated in

the presence of hydrogen/PCE as compared with hydrogen/

fumarate [32], this observation suggests a possible stress

Table 2 Gene expression ratios comparing MMYPT with MMYPN

CDS ID Predicted function Expression

ratio

Signal intensity

MMYPN MMYPT

DSY0185 Uncharacterized component of anaerobic dehydrogenase 5.4 181 922

DSY0188 DMSO reductase anchor subunit 11 28 285

DSY0291 ABC-type cobalamin/Fe3? transport system, periplasmic component 3.2 38 115

DSY0317 Sulfite reductase, gamma subunit 29 11 333

DSY0318 Cobyrinic acid a,c-diamide synthase 5.2 13 68

DSY0332 Nitrate/nitrite transporter 0.01 594 6

DSY0333 Nitrate/nitrite transporter 0.01 57 -0.67a

DSY0334 Anaerobic dehydrogenases, typically selenocysteine-containing (NarG) 0.03 36 0.37

DSY0335 Nitrate reductase beta chain (NarH) 0.12 32 3.6

DSY0336 Nitrate reductase delta subunit (NarJ) 0.08 58 6.5

DSY0337 Nitrate reductase gamma subunit (NarI) 0.13 77 8

DSY0715 Ferredoxin II 0.11 214 22

DSY0733 Flavodoxin 2.3 304 727

DSY1155 Chlorophenol reductive dehalogenase 225 25 5,570

DSY1451 Ferredoxin I 4.0 2,233 8,832

DSY1479 Cobalamin biosynthesis protein CbiM 2.0 48 99

DSY1480 ABC-type cobalt transport system, periplasmic component 2.2 179 391

DSY1626 Ferredoxin-like protein 8.1 52 413

DSY1629 Electron transfer flavoprotein beta subunit 4.1 40 168

DSY1764 ABC-type cobalamin/Fe3? transport system, periplasmic component 5.1 36 185

DSY2231 Fe–S-cluster-containing hydrogenase components 1 5.4 80 404

DSY2471 Nitrate/trimethylamine N-oxide (TMAO) reductases, membrane-bound tetraheme

cytochrome c subunit (NrfH)

NDb ND ND

DSY2472 Formate-dependent nitrite reductase, periplasmic cytochrome c552 subunit (NrfA) ND ND ND

DSY2834 Predicted transposase (TnpA1) 1.5 266 381

DSY2836 Putative trigger factor (PceT) 2.1 1,547 3,039

DSY2837 Putative transcriptional regulator (PceC) 0.52 537 291

DSY2838 Putative membrane anchor protein (PceB) 1.2 5,516 6,340

DSY2839 PCE dehalogenase (PceA) 1.0 1,899 1,909

DSY2840 Predicted transposase (TnpA2) 1.6 246 417

DSY3065 Formate-dependent nitrite reductase, periplasmic cytochrome c552 subunit (NrfA) 3.7 198 753

DSY3066 Nitrate/TMAO reductase, membrane-bound tetraheme cytochrome c subunit (NrfH) 3.1 216 660

DSY3087 Fe–S oxidoreductase 3.0 261 784

DSY3139 Fumarate reductase, flavoprotein subunit (FrdA) 14 89 1,270

DSY3309 Predicted Fe–S oxidoreductase 2.4 44 104

DSY4014 Anaerobic dehydrogenases, typically selenocysteine-containing 2.5 197 491

DSY4055 Cytochrome bd-type quinol oxidase, subunit 2 1.3 90 124

DSY4056 Cytochrome bd-type quinol oxidase, subunit 1 2.9 260 810

DSY4463 Thioredoxin reductase 27 10 273

DSY4471 Thioredoxin reductase 4.6 111 528

MMYPT MMY supplemented with pyruvate and TCE, MMYPN MMY supplemented with pyruvate and nitrate
a ND, signal was not detected
b Values lower than or equal to 0 were set to 0.01 by the GeneSpring analysis software
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response during dechlorination and poses the question

whether the pceABCT gene dosage could increase during

PCE challenge. Noteworthily, the emergence of nonde-

chlorinating variants of strain Y51 has been observed in

serial subcultures in PCE-free media revealing the insta-

bility of the pceABCT cluster [7].

By comparing with other terminal respiration systems

[1, 13, 42, 45], it was expected that in addition to

PceABCT proteins, at least a cytochrome b and an electron

transport protein (Fe–S protein) are required for PCE res-

piration. A list of the CDSs that have been annotated to

encode cytochrome b or Fe–S proteins, and that were

upregulated in TCE-containing medium, is shown in

Table 2. These include DSY4055-4056, which encode a

cytochrome bd-type quinol oxidase, DSY1451, which

encodes a ferredoxin, and DSY1626, DSY1629, DSY0733,

and DSY3309, which encode four different Fe–S proteins.

Further studies are required to determine whether these are

involved in PCE and TCE respiration.

In addition to PceA (DSY2839), strain Y51 exhibits

another dehalogenase (DSY1155), which is very similar to

the ortho-chlorophenol reductase of D. frappieri PCP-1, a

polychlorophenol-respiring bacterium [2]. The function of

this putative chlorophenol reductive dehalogenase is worth

Table 3 Gene expression ratios comparing MMYPF with MMYPN

CDS ID Predicted function Expression

ratio

Signal intensity

MMYPN MMYPF

DSY0332 Nitrate/nitrite transporter 0.01 782 2.0

DSY0333 Nitrate/nitrite transporter 0.01 43 0a

DSY0334 Anaerobic dehydrogenase, typically selenocysteine-containing (NarG) 0.01 90 0a

DSY0335 Nitrate reductase beta chain (NarH) 0.03 24 1.0

DSY0336 Nitrate reductase delta subunit (NarJ) 0.04 62 2.3

DSY0337 Nitrate reductase gamma subunit (NarI) 0.03 148 4.5

DSY0715 Ferredoxin II 0.06 273 16

DSY0735 Fumarate reductase cytochrome b subunit (FrdC) ND ND ND

DSY0736 Fumarate reductase, flavoprotein subunit (FrdA) ND ND ND

DSY0737 Fumarate reductase, Fe–S protein (FrdB) ND ND ND

DSY1155 Chlorophenol reductive dehalogenase 95 22 2,118

DSY1353 ABC-type nitrate/sulfonate/taurine/bicarbonate transport system, ATPase component 0.01 228 2.5

DSY1354 ABC-type nitrate/sulfonate/taurine/bicarbonate transport system, periplasmic component 0.01 161 1.0

DSY1355 ABC-type nitrate/sulfonate/taurine/bicarbonate transport system, permease component 0.02 258 3.7

DSY1451 Ferredoxin I 2.5 1,984 4,832

DSY2471 Nitrate/TMAO reductase, membrane-bound tetraheme cytochrome c subunit (NrfH) NDb ND ND

DSY2472 Formate-dependent nitrite reductase, periplasmic cytochrome c552 subunit (NrfA) ND ND ND

DSY2834 Predicted transposase (TnpA1) 1.5 221 327

DSY2836 Putative trigger factor (PceT) 2.5 966 2,174

DSY2837 Putative transcriptional regulator (PceC) 1.1 691 739

DSY2838 Putative membrane anchor protein (PceB) 1.1 5,254 5,611

DSY2839 PCE dehalogenase (PceA) 1.3 1,496 1,861

DSY2840 Predicted transposase (TnpA2) 1.3 289 370

DSY3065 Formate-dependent nitrite reductase, periplasmic cytochrome c552 subunit (NrfA) 0.77 151 113

DSY3066 Nitrate/TMAO reductase, membrane-bound tetraheme cytochrome c subunit (NrfH) 0.69 234 159

DSY3139 Fumarate reductase, flavoprotein subunit (FrdA) 8.4 62 464

DSY4006 ABC-type nitrate/sulfonate/taurine/bicarbonate transport system, ATPase component 0.12 190 22

DSY4007 ABC-type nitrate/sulfonate/taurine/bicarbonate transport system, permease component 0.08 1,433 107

DSY4008 ABC-type nitrate/sulfonate/taurine/bicarbonate transport system, periplasmic component 0.14 377 51

DSY4055 Cytochrome bd-type quinol oxidase, subunit 2 2.5 194 482

DSY4056 Cytochrome bd-type quinol oxidase, subunit 1 2.1 428 883

MMYPF MMY supplemented with pyruvate and fumarate, MMYPN MMY supplemented with pyruvate and nitrate
a Values lower than or equal to 0 were set to 0.01 by the GeneSpring analysis software
b ND, signal was not detected

J Ind Microbiol Biotechnol (2012) 39:255–268 263

123



exploring further, since our microarray analyses indicated

that DSY1155 is induced 225-fold in MMYPT medium

(Table 2). In spite of this, strain Y51 has been reported to

have no ability for dehalogenating o-, m-, and p-chloro-

benzoates [40]. DSY1155 neither occurs in a cluster nor is

it surrounded by genes coding for transposases. DSY1155

is not involved in PCE respiration because Y51 strain

mutants that lost pceA no longer exhibit any PCE dechlo-

rination activity [7, 8]. Moreover, it is currently not known

whether strain Y51 dechlorinates polychlorophenols.

Notably, in contrast to strain Y51, D. ethenogenes strain

195 contains 17 dehalogenase CDSs, four PCE dehalo-

genase genes, and a periplasmic Ni–Fe hydrogenase gene

that exhibited the highest overall expression levels in PCE-

fed cultures [23, 24, 27, 34].

Vanillate metabolism

Desulfitobacterium hafniense [26], like Acetobacterium

dehalogenans [5], and Moorella thermoacetica [12], has

been reported to employ a tetrahydrofolate (FH4)-

dependent aromatic O-demethylation system, which con-

verts vanillate to protocatechuate and mediates the transfer

of the methyl group to FH4. One gene cluster (DSY3155-

3157) of the strain Y51 genome encodes a putative

FH4-dependent aromatic O-demethylation system; we

demonstrated here that this cluster is induced when

D. hafniense is grown in vanillate-containing medium

(Table 1). This observation promotes the view that the

methyl group from vanillate is ultimately transferred to a

CO dehydrogenase (CODH) and acetyl-CoA synthase

(ACS) complex (DSY1647-1654) for generating acetyl-

CoA to enter the central metabolism (Fig. 2), since these

latter genes also are significantly upregulated in the pres-

ence of vanillate (Table 1, and DSY1647 RT-PCR data that

indicate a 73-fold upregulation). This hypothesis is further

promoted by the observation that the transcriptional

upregulation reported here is likely to translate into pro-

teomic abundance in light of the observation that the

products of genes DSY1651, DSY1653, and DSY1654 are

13-, 42-, and 13-fold, respectively, more abundant in D.

hafniense TCE1 cells incubated in the presence of H2/PCE

Table 4 Gene expression ratios comparing MMYPF with MMYPD

CDS ID Predicted function Expression ratio Signal intensity

MMYPD MMYPF

DSY0185 Uncharacterized component of anaerobic dehydrogenase 0.34 581 183

DSY0186 Anaerobic dehydrogenase, typically selenocysteine-containing (DmsA) 0.11 132 16

DSY0187 Fe–S-cluster-containing hydrogenase component (DmsB) 0.12 75 9.3

DSY0188 DMSO reductase anchor subunit (DmsC) 0.15 580 90

DSY0596 Uncharacterized component of anaerobic dehydrogenase 0.01 4,446 2.2

DSY0597 Anaerobic dehydrogenase, typically selenocysteine-containing (DmsA) 0.01 138 -3.4a

DSY0598 Fe–S-cluster-containing hydrogenase component (DmsB) 0.01 413 -1.2a

DSY0599 DMSO reductase anchor subunit (DmsC) 0.01 1,229 -1.4a

DSY1647 Methylcorrinoid protein:tetrahydrofolate methyl transferase 0.01 326 2.2

DSY1648 CO dehydrogenase/acetyl-CoA synthase delta subunit 0.01 978 11

DSY1649 CO dehydrogenase maturation factor 0.01 287 0.50

DSY1650 Ferredoxin 0.01 442 3.0

DSY1651 CO dehydrogenase/acetyl-CoA synthase gamma subunit 0.01 428 2.5

DSY1652 CO dehydrogenase/acetyl-CoA synthase beta subunit 0.01 1,058 0.83

DSY1653 6Fe–6S prismane cluster-containing protein 0.02 523 5.7

DSY1654 CO dehydrogenase maturation factor 0.02 300 5.8

DSY3139 Fumarate reductase, flavoprotein subunit (FrdA) 0.51 1,486 707

DSY3155 Corrinoid protein 1.0 21 22

DSY3408 Uncharacterized component of anaerobic dehydrogenase 0.20 134 26

DSY3409 DMSO reductase anchor subunit (DmsC) 0.21 165 35

DSY3410 Fe–S-cluster-containing hydrogenase component (DmsB) 0.12 144 17

DSY3411 Anaerobic dehydrogenase, typically selenocysteine-containing (DmsA) 0.34 208 71

DSY4199 Phenyl methylether:corrinoid protein methyl transferase 1.4 236 327

MMYPF MMY supplemented with pyruvate and fumarate, MMYPD MMY supplemented with pyruvate and DMSO
a Values lower than or equal to 0 were set to 0.01 by the GeneSpring analysis software
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as compared with H2/fumarate [32]. Noteworthily, CODH

and ACS form the key enzymatic complex of the Wood–

Ljungdahl pathway, which is a pathway of organic carbon

fixation from carbon dioxide present in some bacteria and

archaea [33]. This pathway appears functional in strain

Y51 since in addition to the CODH/ACS-encoding genes

(DSY1647-1654), other genes typical of this pathway are

strongly induced in vanillate-containing medium

(DSY2356, DSY3155-3157, DSY0138, DSY3968-3970,

DSY0605-0607, DSY0205, DSY3972) (Fig. 2). Nonethe-

less, the specific role of the Wood–Ljungdahl pathway in

Desulfitobacterium still needs to be demonstrated [32]. It

has been proposed that the Wood–Ljungdahl pathway is

employed by bacteria for the synthesis of acetyl-CoA when

phenyl methyl ethers are present in the culture medium.

Moreover, another PCE halorespiring bacterium, D. tiedjei

DCB-1, has the ability to grow autotrophically using

hydrogen as the electron donor in bicarbonate-buffered

medium; this metabolism involves CODH/ACS activity as

detected in grown cells [21, 39].

Fumarate reductase

Genes involved in fumarate and nitrate respiration were

identified by comparing the transcriptome profiles attained

from cells that were grown on either MMYPF or MMYPN.

The pceABCT operon, genes coding for electron transfer

proteins, or genes coding for proteins involved in nitrate or

nitrite metabolism and that exhibited an up- or downreg-

ulation greater than or equal to twofold are shown in

Table 3.

Fumarate reductase has been shown to play a key role in

the bioenergetic mechanisms of anaerobic cells using

fumarate as a terminal electron acceptor [1, 13]. The

enzyme is composed of three subunits: a flavoprotein

(FrdA), an iron–sulfur protein (FrdB), and a cytochrome

b (FrdC). The genome of strain Y51 has a cluster

(DSY0735-0737) encoding FrdABC. However, this cluster

is neither expressed in MMYPF medium nor in any of the

other culture media used in this study. Furthermore, it is

surprising that strain Y51 has no fewer than 31 FrdA

analogs that do not occur as clusters and to which no

FrdBC genes are adjacent. Within the course of these

studies, we observed that only one FrdA analog, encoded

by DSY3139, is significantly expressed and induced

8.4-fold in MMYPF medium as compared with MMPYN

(Table 3; RT-PCR indicates a 6.1-fold increase). Interest-

ingly, DSY3139 is also induced in MMYPT medium as

compared with MMYPN (Table 2; RT-PCR indicates a

7.9-fold increase). Considering that fumarate has a struc-

ture that is somewhat similar to that of PCE (TCE), a

striking hypothesis to explore is whether PCE and fumarate

respiration could use the same electron transfer system,

since Fd (DSY1451) and cytochrome bd-type quinol oxi-

dase (DSY4055-4056) were both upregulated in this

pyruvate/fumarate vs. pyruvate/nitrate electron-donor/

electron-acceptor comparative experiment.

DMSO reductase

The genes responsible for DMSO respiration were identi-

fied by comparing the patterns of gene expression attained

from cells grown in MMYPF or MMYPD (Table 4). It is

striking that the CDSs that form the largest group of par-

alogs in the genome of strain Y51 are those that encode

DMSO reductases. These enzymes are terminal electron

transfer enzymes, which allow bacteria to grow anaerobi-

cally on DMSO as the respiratory oxidant [42, 45]. They

consist of a molybdoprotein cofactor-containing subunit

(DmsA), an electron-transfer subunit (DmsB), and a

membrane-spanning anchor subunit (DmsC). In cells

grown in MMYPD, three gene clusters were induced thus

indicating their probable involvement in DMSO respira-

tion: DSY0185-0188 and DSY3408-3411, and particularly

DSY0596-0599 that reached very high transcript levels

(Table 4). These three DMSO reductase clusters share the

same four structural genes that code for DmsABC and for

an uncharacterized protein.

In addition, we observed that the CODH/ACS gene

cluster (DSY1647-1654) is not only induced in MMYVF,

but also in MMYPD. This suggests that dimethyl sulfide

formed from DMSO is further converted into methanethiol

in a demethylation reaction whereby the released methyl

group may be used by CODH/ACS to synthesize acetyl-

CoA with CO2, as has been reported in other bacteria [15].

Conclusion and perspectives

The electron flow for PCE respiration has been predicted to

occur as follows in various PCE-dechlorinating bacteria:

formate ? H2 ? proton ? electron ? MQ ?? PCE

[12, 35–37, 44]. In our hands, formate and H2 as electron

donors for PCE respiration supported only poorly if at all

the respiration and growth of strain Y51 [28] suggesting a

different electron flow in D. hafniense Y51. The putative

electron flows to various electron acceptors described in

this study are shown in Fig. 3.

Specifically regarding the electron flow when pyruvate

is used as an electron donor, we propose as a working

model that pyruvate is converted to acetyl-CoA by the

POR encoded by DSY0115 (Fig. 3). According to this

model, the electrons from pyruvate are transferred to the

Fd encoded by DSY1451, and subsequently to NADH via

an unknown route. Remarkably, strain Y51 has one

NADH dehydrogenase gene cluster (DSY2578-DSY2588;
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nuoNMLKJIHDCBA), which is constitutively expressed in

all culture media used in this study. Although the route of

electron transfer from NADH to various reductases

remains unclear, it might include several Fe–S proteins.

Importantly, the pceABCT cluster of strain Y51 appears to

be constitutively expressed at a high level, despite being

subject to regulation. During lignin degradation initiated

by environmental microbial consortia, the Wood–Ljung-

dahl pathway is apparently used by D. hafniense to

channel the methyl group from vanillate to the central

metabolism via protocatechuate. Nonetheless, this

hypothesis would need to be further verified by appro-

priate physiological experiments.

Strain Y51 exhibits a variety of electron donor and

terminal electron acceptor catabolic systems; it can syn-

thesize all its required nucleotides, amino acids, and

cofactors, including the complete cobalamin biosynthetic

pathway that is involved in the PceA catalytic center [28].

Because there are numerous analogs for each reductase on

the genome, analysis of these pathways by microarrays is

not sufficient to definitely identify which reductase genes

are expressed and at what levels. Nevertheless, transcri-

ptomics data provide an initial view of the very complex

physiology of D. hafniense. This is important because

strain Y51 could potentially be developed into a useful

bioremediation agent given its ability to survive in various

environmental conditions with or without PCE. Nonethe-

less, understanding of the instability of the pceABCT

operon appears to be a prerequisite to the field-scale use of

D. hafniense Y51. Although this microarray study for the

global analysis of the regulation of gene expression in a

PCE-dehalorespiring bacterium remains preliminary, it

provides the necessary information for formulating

research hypotheses for further study, including for the

development of a PCE bioremediation activity monitoring

device or to engineer a more complete detoxification
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Fig. 3 Schematic diagram of the metabolic pathway of strain Y51.

The proposed electron flow routes are indicated by wide blue lines.

The reductases that are functional are displayed in green. Strain Y51

proteins represented in gray did not function under the conditions

tested. Notably, high signal intensities were measured in MMYPF for

the ATP synthase genes atpABCDEFGH (data not shown). The Hup-

type Ni–Fe hydrogenase is encoded by DSY0794-0796, DSY1596-

1599, DSY2100-2101, DSY2238-2240, and DSY4710; FHL by

DSY2474-2477, DSY2758, DSY3098-3099, DSY3114-3119,

DSY3228, DSY4179, DSY4290, DSY5043-5044 [28]. POR

pyruvate:ferredoxin oxidoreductase, DMSO dimethyl sulfoxide,

DMS dimethyl sulfide, CODH/ACS CO dehydrogenase/acetyl-CoA

synthase. Chlorinated compounds are represented as R-Cl (e.g., PCE

or TCE), dechlorinated compounds as R-H (e.g., DCE). The reductive

dehalogenase PceA is believed to be anchored into the inner

membrane on the periplasmic face by PceB, whereas the trigger

factor protein PceT contributes to the correct folding of the PceA

precursor for processing by the TAT secretion system and PceC is a

putative membrane binding transcriptional regulator [22]. The figure

is an adaptation of a diagram published by Nonaka et al. [28]
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pathway, thereby extending the detoxification of PCE/TCE

by D. hafniense beyond DCE and ideally onto ethene.
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