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Abstract A strictly anaerobic bacterium dechlorinating 
tetrachloroethene (perchloroethylene, PCE) via trichloro- 
ethene (TCE) to cis-l,2-dichloroethene (DCE) was iso- 
lated from activated sludge with pyruvate plus PCE as en- 
ergy substrates. The organism, called Dehalospirillum 
multivorans, is a gram-negative spirillum that does not 
form spores. The G+C content of the DNA was 41.5 mol%. 
According to 16S rRNA gene sequence analysis, D. mul- 
tivorans represents a new genus and a new species be- 
longing to the epsilon subdivision of Proteobacteria. Qui- 
nones, cytochromes b and c, and corrinoids were extract- 
ed from the cells. D. multivorans grew in defined medium 
with PCE and H 2 as sole energy sources and acetate as 
carbon source; the growth yield under these conditions 
was 1.4 g of cell protein per mol chloride released. Alter- 
natively to PCE, fumarate and nitrate could serve as elec- 
tron acceptors; sulfate could not replace fumarate, nitrate, 
or PCE in this respect. In addition to H2, the organism uti- 
lized a variety of electron donors for dechlorination (pyru- 
vate, lactate, ethanol, formate, glycerol). Upon growth on 
pyruvate plus PCE, the main fermentation products 
formed were acetate, lactate, DCE, and Ha- At optimal pH 
(7.3-7.6) and temperature (30~ and in the presence of 
pyruvate (20mM) and PCE (160gM), a dechlorination 
rate of  about 50mnol rain i (mg cell protein) -~ and a dou- 
bling time of about 2.5 h were obtained with growing cul- 
tures. The ability to reduce PCE to DCE appears to be 
constitutive under the experimental conditions applied 
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since cultures growing in the absence of PCE for several 
generations immediately started dechlorination when 
transferred to a medium containing PCE. The organism 
may be useful for bioremediation of environments pol- 
luted with tetrachloroethene. 
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Introduction 

Tetrachloroethene (perchloroethylene, PCE) is a volatile 
chlorinated hydrocarbon and is one of the pollutants most 
frequently found in ground water. Due to its toxic effects 
on biological systems, the application of PCE in dry 
cleaning in the textile industry, in the scouring of ma- 
chines, and in fat extraction is no longer desirable. There- 
fore, efforts have been made to find substitutes for PCE 
and decontaminate polluted environments. For several 
years, the application of bioremediation for the decontam- 
ination of  polluted environments has been discussed. 

PCE is persistent under oxic conditions. During the last 
two decades, however, several reports on the complete 
dechlorination of tetrachloroethene in anaerobic enrich- 
ment cultures have been published (Vogel and McCarty 
1985; Freedman and Gossett 1989; DiStefano et at. 1992; 
DeBruin et al. 1992). The main dechlorination products in 
these cultures are usually ethene or ethane. Recently, a 
highly enriched mixed culture of anaerobic bacteria has 
been obtained that is able to grow oll an undefined 
medium with PCE plus H2 or formate as sole energy 
sources (Holliger et al. 1993). The end product of PCE 
dechlorination in this system is cis-l,2-dichloroethene, 
which is formed via trichloroethene as intermediate. The 



o r g a n i s m  r e spons ib l e  for  the  d e c h l o r i n a t i o n  is res t r ic ted  to 
H2 or  f o r m a t e  as e l ec t ron  d o n o r  and to t e t r a ch lo roe thene  
as e l ec t ron  accep to r  in ca t abo l i sm.  In addi t ion ,  the  o rgan-  
i s m  requ i res  yeas t  ex t rac t  for  g rowth .  

In  this c o m m u n i c a t i o n ,  w e  p resen t  the  first  r epor t  on  
the  i so la t ion  o f  a pu re  cu l ture  o f  a t e t r a ch lo roe thene -  
dech lo r ina t ing ,  s t r ic t ly  anae rob ic  b a c t e r i u m  g r o w i n g  on 
de f i ned  m e d i u m .  In con t ras t  to the o r g a n i s m  f o r m e r l y  
ca l l ed  P E R - K 2 3  e n r i c h e d  by  H o l l i g e r  et al. (1993) ,  wh ich  
is n o w  ava i l ab l e  in pu re  cu l tu re  (Dehalobacter  restrictus; 
H o l l i g e r  and S c h u m a c h e r ,  in press) ,  the  b a c t e r i u m  de-  
sc r ibed  he re  was  ab le  to u t i l i ze  a va r i e ty  o f  e l ec t ron  
donors  and f u m a r a t e  as an a l t e rna t ive  e l ec t ron  accep to r  in 
its e n e r g y  m e t a b o l i s m .  D u e  to its ou t s t and ing  abi l i ty  to 
d e h a l o g e n a t e  t e t r ach lo roe thene ,  i ts m o r p h o l o g y ,  and its 
r e l a t i ve ly  w i d e  subs t ra te  spec t rum,  the b a c t e r i u m  was  
ca l l ed  Dehalospir i l lum mult ivorans.  T h e  cha rac te r i za t ion  
o f  the  o r g a n i s m  is desc r ibed .  

Materials and methods 

Source of materials 

All chemicals used were of the highest available purity and pur- 
chased from Fluka (Neu-Ulm, Germany) and Merck (Darmstadt, 
Germany). Tetrachloroethene was from Ferak (Berlin, Germany), 
cis-1,2-dichloroethene from Aldrich (Steinheim, Germany). Gases 
(CO2 grade 4.8, H2 grade 4.3, and N 2 grade 4.6) were supplied by 
Messer Griesheim (Diisseldorf, Germany). 

Isolation and cultivation of Dehalospirillum multivorans 

DehalospirilIum multivorans was enriched from activated sludge 
using the medium described below containing pyruvate (20raM) 
plus tetrachloroethene (200gM) as energy sources. The bacteria 
were routinely grown on anaerobic media composed of 11 basal 
medium (see below), 0.5ml vitamin solution, 2ml trace element 
solution SL 10, 1 ml B is solution (cyanocobalamin, 50 rag/l), 0.2 ml 
selenite solution (Na2SeO 3 . 5HzO, 26 rag/l), 0.1 ml tungstate solu- 
tion (Na2WO4 . 2 HzO, 33 rag/l), and 30ml NaHCO3 solution (84 
g/l; autoclaved separately under COa). Where indicated, 20ml 
yeast extract solution (yeast extract from Oxoid, Wesel, Germany, 
100g/I) and/or 4ml sulfide solution (NazS - 9H20, 120g/l; auto- 
claved separately under N2) were added. Pyruvate and fumarate, 
when used as substrates, were sterilized by filtration in 1 M solu- 
tions and added later to the medium to give a final concentration of 
40ram each. When tetrachloroethene was applied as electron ac- 
ceptor instead of fumarate, it was added to the medium either di- 
rectly (e.g., for the enrichment) or as an autoclaved solution in 
hexadecane. To obtain single colonies, solid media with 3% agar 
in roll-tubes were used. 

The basal medium contained per liter: 70rag Na2SO4, 200rag 
KHzPO4, 250rag NH4C1, 1 g NaC1, 400rag MgC12 - 6H20, 500rag 
KC1, and 150rag CaC12 . 2H20. For chloride-poor media, the chlo- 
rides were replaced throughout by the corresponding bromides. 
The trace element solution was composed of 11 H20, 10ml HC1 
[25% (w/v)], 1 g FeSO4 �9 7HzO, 70rag ZnCla, 100rag MnC12 �9 4H20, 
6rag H3BO3, 130rag CaC12 - 6H20, 2rag CuC12 - 2H20, 24mg 
NiC12 - 6H20, and 36 mg NazMoO4 �9 2H20. The vitamin solution 
contained per liter: 80rag 4-aminobenzoic acid, 20 mg D(+)biotin, 
200 mg nicotinic acid, 100rag Ca-D(+)pantothenate, 300mg/l pyri- 
doxamine-2HCl, and 200rag thiamine-HC1. The final pH of the 
medium was between 7.2 and 7.4. The bacteria were grown in 
glass bottles stoppered with Teflon-lined rubber septa. The gas 
phase was N2/CO2 [80:20 (v/v); 150kPa]. For the growth experi- 
ment on H s plus PCE, a gas phase of H2/CO2 [90:10 (v/v); 200 
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kPa] was used; PCE was added as a 0.5 M solution in hexadecane 
at a final concentration of 15 raM. Acetate was added as a carbon 
source at a final concentration of 5 raM. The medium was inocu- 
lated with 10% of a grown culture and incubated at 30~ and 200 
rpm in a gyratory water bath shaker. Growth was determined either 
by the absorption at 578 nm, by the cell number per milliliter, or by 
the protein content of the cells. 

Protein was determined essentially according to Bradford 
(1976) using the Bio-Rad reagent (Bio-Rad, Munich, Germany). 
The reagent was diluted 2:5 with quartz-distilled H20, and 45 ml 
HNO 3 was added prior to the addition of the sample (see below). 
NaOH (100~tl; 0.2M) was added to 400-gl samples and the sus- 
pensions were incubated at 100~ for 5 min. After cooling at 02C, 
the suspensions were centrifuged for 1 rain at 13,000 x g in an Ep- 
pendorf centrifuge. Supernatant (455 gl) was added to 500 gl of the 
modified reagent (see above). The absorption of the solution was 
immediately measured at 620nm and 465 nm; the ratio E620/E465 
was plotted versus the protein concentration. An albumin solution 
(concentrate for standard curve preparation with protein assays; 
Pierce, Rockford, Ill., USA) was used as a standard. 

DNA analysis 

The G+C content of the DNA was determined by HPLC by the 
DSM (Deutsche Sammlung yon Mikroorganismen und Zellkul- 
turen, Braunschweig, Germany) essentially according to Mesbah 
et al. (1989). 

Genomic DNA was isolated from about 0.1 g (wet weight) ceils 
and by the method of Wilson (1987). The 16SrDNA was targeted 
for amplification by polymerase chain reaction (PCR; Saiki 1988), 
and DNA sequencing was performed as described by Karlson et al. 
(1993). 

Extraction and determination of quinones, cytochrome b, 
cytochrome c, and corrinoids 

Quinones were extracted from cells of D. multivorans and Es- 
cherichia coli according to Krdger (1978) and to Kr(Sger and ln- 
nerhofer (1976a). Wet cells (1 g) were suspended in 2ml H 2 0  and 
subjected to ultrasonic disintegration for 90 s at 0~ in intervals of 
1 s. A sample was taken from the lysate for the protein determina 
tion (see above). The lysate was diluted with H20 to a protein con- 
centration of about 17-20mg protein per ml. Then, 20 gl of 1% 
H20 z (w/v) was added per milliliter. The extraction was performed 
after subsequent addition of 8ml per ml lysate of 1:1 (v/v) 
methanol/petroleum benzene (bp between 40 and 60~ and 4 ml 
acetone. The samples were incubated for 15 rain at 22~ and 300 
rpm in a gyratory shaker. The lysate was centrifuged for 5 min at 
2,000 • g. The organic phase was carefully removed. The water 
phase was re-extracted with 4ml  methanol/petroleum benzene per 
ml. The organic phases were combined and subjected to rotary 
evaporation under reduced pressure. The residue was dissolved in 
1.8 ml ethanol. The solution was diluted 1:2 with ethanol. Extract 
(1 rnl) was transferred to a quartz cuvette and the absorption spec- 
trum was recorded (200400nm).  Then, 10 gl portions of a KBH 4 
solution (5 mg/ml) were added. After each addition, the spectrum 
was recorded versus the spectrum of the oxidized extract. By the 
addition of KBH 4 (_> 30 gl) the sample was alkalized; only reduced 
ubiquinone should be detected since ubiquinone is stable in the re- 
duced state under alkaline conditions. Subsequently, after the ad- 
dition of 40 gl KBH4, !0 gl portions of sodium acetate buffer 0.5 
M (pH5.5) were added to acidify the solution. The spectrum was 
recorded again, now revealing the presence of menaquinone, the 
reduced state of which is stable under acidic conditions (Kr/Sger 
1978). 

Cytocbrome b was measured according to Krdger and Inner- 
hofer (1976b). Pyruvate plus fumarate plus yeast-extract-grown 
cells [2.2g (wet weight)] of D. muItivorans or of aerobically 
grown E. coli were suspended in 3 ml 0.1 M Tris-HC1 (pH 7.5) con- 
taining 1 mM MgC12. 6H20, 30rag lysozyme, and 3 mg DNaseI. 
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The cell suspension was incubated for 45 min at 37~ and subse- 
quently centrifuged at 4~ and 10,000 x g for 10min. The super- 
natant (3.5ml) was centrifuged for 105min at 100,000 • g and 
4~ The pellet (membrane fraction) was suspended in 2 ml 0.1 M 
Tris-HC1 (pH7.5), and the absorption spectrum was measured. A 
sodium dithionite solution was then added until a constant absorp- 
tion spectrum was obtained. The spectrum of reduced versus oxi- 
dized cytochrome b was recorded. The concentration of cytochrome 
b was calculated from the absorbance difference AE56~-AE575, assum- 
ing a AE561_575 of 26.2mM-lern 1 (see Kr0ger and Innerhofer 1976b). 

Cytochrome c was extracted essentially using the method of 
Krtger  and Innerhofer (1976b) from 10g cells (wet weight) of D. 
multivorans or Wolinella succinogenes. The cells were suspended 
in 20ml of the same buffer (with lysozyme plus DNaseI) used for 
the cytochrome b determination (see above). After incubation for 
45min at 37~ the suspension was centrifuged for 10min at 
10,000 x g and 4~ The supernatant was centrifuged at 100,000 x 
g for 30min at 4~ The supernatant was applied to a DEAE- 
Sepharose fast flow column (10 x 100mm; Pharmacia, Uppsala, 
Sweden). The cytochromes were eluted with 0.1 M Tris-HC1 (pH 
7.5) plus 0 .5mM dithiothreitol. The fractions containing the solu- 
ble cytochromes were combined and subjected to ultrafiltration on 
Centricon (exclusion limit 10,000; Amicon, Beverly, Mass., USA) 
to a final volume of 6.5 ml. The concentrate was then dialyzed 
(tubing exclusion limit 10,000) overnight against H20 and subse- 
quently applied to a Serdolit column CG 50II (200-400 mesh; 
counter ion H+; 10 • 100mm; Serva, Heidelberg, Germany).  Elu- 
tion was carried out with a linear gradient of H 2 0 : 0 . 5 M  Tris-HC1 
(pH7.6) (20ml each); 4-ml fractions were collected. Fraction 7, 
which contained the soluble cytochrome, was analyzed photomet- 
rically by recording the reduced versus the oxidized spectrum as 
described above for the determination of cytochrome b. Cy- 
tochrome c was quantified by calculating the absorbance differ- 
ence at 553 and 540nm using a A~553 540 of 10.8mM-Icm I (see 
KrOger and Innerhofer 1976b). 

Corrinoids were extracted as the dicyano-complex from 2 g of 
cells (wet weight) according to Scherer and Sahm (1981). As a 
control, cells of Clostridium therrnoaceticum were used. Methanol 
(8ml) containing 0.01% KCN (w/v) were added to the cells. The 
pH was adjusted to 6.0 with HC1. The suspension was incubated in 
a tightly closed bottle for 10min at 100~ and then centrifuged at 
25~ and 2,000 x g for 10rain. The pellet was re-extracted using 
the procedure described above. The superuatants were combined 
and methanol was removed by rotary evaporation under reduced 
pressure at 37~ The residue was dissolved in 4 ml quartz-distilled 
H20. To this solution, 2.5 ml (bed volume) of a Q-Sepharose sus- 
pension (Q-Sepharose fast-flow from Pharmacia, Uppsala, Swe- 
den) pre-equilibrated in 50 mM Tris-HC1 (pH 8) was added. After 
stirring for 2h at 0~ the suspension was centrifuged for 10min at 
2,000 • g. The pellet was washed with 5 ml of the same buffer. The 
supernatants were combined and applied to a Q-Sepharose column 
(10 • 30 ram) pre-equilibrated with 50ram Tris-HC1 (pH 8). The 
corrinoids were eluted with the same buffer. The fractions contain- 
ing the corrinoids were applied to an XAD column (10 x 40mm) 
(Amberlite XAD-2, Serva, Heidelberg, Germany) pre-equilibrated 
with 40% (v/v) methanol and washed with 20 ml H20 (degassed) prior 
to the application of the supernatant. The elution was performed 
sequentially with H20, 40% methanol, and 80% methanol, 10ml 
each. The corrinoids were eluted with 80% methanol. The absorp- 
tion spectrum was recorded and the corrinoid concentration was 
calculated from the extinction at 361 nm (E361=28.06 mM lcm-l). 

Determination of chlorinated ethenes 

Tetrachloroethene, trichloroethene, and cis-l,2-dichloroethene 
were determined gas chromatographically by flame ionization de- 
tection using a 2m column of 10% Ucon LB on WAW (WGA 
Analysentechnik, Dtisseldorf, Germany) and N; as carrier gas. The 
following temperatures were applied: column, 80~ injector, 
150~ detector, 250~ The carrier gas flow was 25-30ml/min 
(300kPa), the gas sample volume was 500 gl. The retention times 

were: PCE, 2.76 min; TCE, 1.76 min; cis-1,2-DCE, 1.2 min; trans- 
1,2-DCE, 0.8min; I , I-DCE, 1.0rain. Standard solutions of PCE, 
TCE, or DCE were prepared by adding the chlorinated hydrocar- 
bon (CHC) to H20 (10pol CHC/1 H~O) and stirring overnight. 
These standard solutions were then treated as described below for 
the samples. 

For the analysis of the chlorinated hydrocarbons in the cultures, 
1-ml samples were taken from the liquid phase and added with a 
syringe to 10ml serum bottles stoppered with Teflon-lined butyl 
rubber septa and containing 1 g Na2SO4. The serum bottles were 
incubated for 1 h at 95~ Samples (0.5 ml) were then taken from 
the gas phase, which contained the chlorinated hydrocarbons, and 
analyzed immediately for tetrachloroethene, trichloroethene, and 
dichloroethene. 

The dechlorination activities given in this paper are calculated 
as amount of CI- released per min. Chloride release was deter- 
mined either directly (see below) or calculated from the amount of 
tetrachloroethene (PCE) consumed and trichloroethene (TCE) 
formed or consumed, respectively, according to th e following 
equation: 

v = (2 x A[PCE] . . . . . . .  d + A[TCE])/t 

(A[PCE] . . . . . . . . .  d = [PCE]t = tl - [PCE]t=t2; 
A[TCE] = [TCE] t = t[ - [TCE]t = t2) 

Determination of substrates and metabolites 

The chloride concentration was quantified by means of ion chro- 
matography (Ion chromatograph 690, Metrohm, Filderstadt, Ger- 
many) on Polyspher IC AN (10m) (Merck, Darmstadt, Germany). 
Samples were passed through a guard column 10-4 and subse- 
quently through a pre-packed RT 50-6 column (6 x 501rim). An- 
ions were determined by conductivity detection. The eluent flow 
was 1 ml/min; the eluent was a solution of 0.867 g potassium hy- 
drogen phthalate plus 200 ml 2-propanol and 22.7 ml ethylene gly- 
col in 51 H20, adjusted to pH4.65 with KOH. The column temper- 
ature was 35~ the retention time of chloride, 4.3 rain. 

H2 was determined gas chromatographically using thermal con- 
ductivity detection. Carbonic acids were determined by HPLC us- 
ing a BioRad Aminex HPX-87H column (7.8 • 300mm; BioRad, 
Munich, Germany), and a cation H guard column. Samples were 
taken from the liquid phase of the culture and acidified with con- 
centrated H 2 S O  4 ( 5  ~l/ml sample volume). The sample was cen- 
trifuged at 16,000 x g for 10 min, and 50 gl of the supernatant was 
applied onto the column. A column temperature of 50~ was used; 
the eluent was 5 mM HaSO4 at a flow rate of 0.7 ml/min. The acids 
(e.g., formate, acetate, pyruvate, succinate, and lactate) were de- 
tected by their absorption at 220 nm. The retention times and areas 
of the peaks were related to standard solutions. The retention times 
under the conditions chosen were: pyruvate, 8.2min; succinate, 
10.5 min; lactate, 11.2 min; formate, 12.2 min; acetate, 13.4 rain. 

Results 

I so l a t ion  o f  Dehalospirillum multivorans 

Dehalospirillum multivorans was  e n r i c h e d  f r o m  ac t iva t ed  
s ludge  that  had  no t  b e e n  e x p o s e d  to ch lo r ina t ed  e thenes  
on  a d e f i n e d  m e d i u m  w i t h  p y r u v a t e  ( 2 0 r a M )  plus  tetra-  
c h l o r o e t h e n e  (PCE;  0 . 2 r a M )  as so le  e n e r g y  sources .  A 
pure  cu l ture  was  ob t a ined  by  r epea t ed  t ransfers  in ro l l -  
tubes  on  agar  m e d i u m  con t a in ing  40  m M  p y r u v a t e  as so le  
e n e r g y  source .  A p p r o x i m a t e l y  5 days  af ter  i nocu la t ion ,  
round,  rough ,  and ent i re  co lon i e s  w i th  a d i a m e t e r  o f  al- 
m o s t  1 m m  w e r e  de tec ted .  T h e  co lon i e s  w e r e  r e s u s p e n d e d  
and  aga in  t r ans fe r red  to ro l l - tubes .  Th is  p r o c e d u r e  was  re-  
pea t ed  twice .  S i n g l e  co lon i e s  w e r e  then  t ransfe r red  to li-  



Fig. 1 A Scanning electron micrograph of Dehalospirillum multi- 
vorans fixed on polycarbonate filters with a pore size of 0.2gm 
and sputtered with gold. B Phase-contrast micrograph of the bac- 
terium (bar 20 ~m) 

quid media with 20 mM pyruvate plus 180 gM tetrachloro- 
ethene. Using this procedure, pure cultures of tetrachloro- 
ethene-dechlorinating bacteria were finally obtained that 
grew with a doubling time of about 2.5 h on this medium 
at 30~ The bacteria grew in liquid media at tempera- 
tures between 15 and about 33~ with an optimum near 
30~ no growth was observed at 37~ (data not shown). 
The optimal pH for growth was between 7.0 and 7.5. 
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Morphological characterization, 
phylogenetic classification, and other characteristics 

Phase contrast microscopy, fluorescence microscopy (data 
not shown), and scanning electron microscopy (Fig. 1) of 
the isolate revealed curved or helical rods with a rapid 
darting motility in some of the strains isolated; the cells of 
the strain used in the studies described here appeared to be 
predominantly non-motile. In general, the ceiis occurred 
singly. Endospore formation was not observed. The bacte- 
ria were gram-negative. Under phase contrast microscopy, 
the cells exhibited a low contrast, even for a gram-nega- 
tive bacterium. They were much paler than cells of Woli- 
nella succinogenes, which resembled those of D. multivo- 
tans with respect to cell shape and size. The cell size of D. 
multivorans was 0.45 ~tm (diameter) by 2-5 ~tm (length). 

The G+C content, determined after isolation of the 
DNA by HPLC, was determined to be 41.5 mo1%. PCR 
amplification of the 16SrRNA gene, using primers an- 
nealing at positions 8-27 (Escherichia coli 16SrDNA 
numbering) and the complement of positions 1524-1541, 
allowed the determination of an estimated 97% of the 
complete gene (1464 nucleotide positions). The 16S 
rDNA sequence has been deposited with the EMBL under 
accession number X82931. Derived phylogenetic/taxo- 
nomic relationships of Dehalospirillum multivorans with- 
in the epsilon subgroup of Proteobacteria are depicted in 
Fig. 2. 

Quinones and cytochromes were extracted from cells 
grown on a medium supplemented with 0.2% yeast ex- 
tract with pyruvate plus fumarate as energy sources. For 
the extraction of quinones, 1 g of cells (wet weight) was 
used; cells of aerobically grown E. coli served as a con- 
trol. The absorption spectrum of reduced versus oxidized 
quinones extracted from D. muItivorans cells strongly re- 
sembled that of menaquinone obtained from Wolinella 
succinogenes as published by Krrger  and [nnerhofer 
(1976a) and was different from that of the E. coli extracts, 
indicating that the quinone extracted from cells of D. mul- 
tivorans was menaquinone. This assumption was substan- 
tiated by the finding that the quinone was easily re-oxi- 
dized by oxygen under alkaline conditions (Krrger 1978). 
The amount of quinone in D. muItivorans (Table 1) was 
comparable to that of E. coli cells (which contain ubiqui- 
none rather than menaquinone) and about half the amount 

Fig.2 Estimated phylogenetic 
position of Dehalospirillum 
multivorans among members 
of the epsilon and delta sub- 
groups of Proteobacteria ac- 
cording to 16SrDNA analysis 
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Table 1 Amount of menaquinone, cytochrome b (membrane frac- 
tion), cytochrome c (soluble fraction), and corrinoids detected in 
cells of D. multivorans. The analysis of the compounds is de- 
scribed in detail in 'materials and methods' 

Compound Amount in the cells 
(nmol per g cell protein) 

Menaquinone 1,800 
Cytochrome b 40 
Cytochrome c 550 
Corrinoids 20 

of menaquinone reported to be present in W. succinogenes 
(Krrger  and Innerhofer 1976a). 

Cytochromes were extracted from D. multivorans 
cells; E. coli (for cytochrome b) or W. succinogenes (for 
cytochrome c) served as a control. Cytochrome b was de- 
tected in the membrane fraction of D. multivorans after 
ultracentrifugation of the extracts (Table 1). The super- 
natant of the ultracentrifugation was subjected to column 
chromatography as described in Materials and methods 
for the detection of soluble cytochromes (cytochrome c). 
The absorption spectrum revealed the presence of a cy- 
tochrome of the c-type in D. multivorans (Table 1). It was 
almost identical to that of the column eluate obtained 
from extracts of W. succinogenes. 

The corrinoid content of  the cells was determined by 
extraction of the corrinoids as the dicyano-complex. 
Clostridium thermoaceticurn served as a positive control. 
The absorption spectrum of the purified corrinoid re- 
vealed the presence of about 20 nmol per g of  cell protein 
for D. multivorans (Table 1). This corresponded to about 
one-tenth of  the corrinoid content of C. thermoaceticum. 

Growth with pyruvate plus tetrachloroethene 

D. multivorans was grown on a defined medium with 20 
mM pyruvate as electron donor in the absence or presence 
of tetrachloroethene (18 gmol  added directly to 50ml  cul- 
ture; gas phase was 65 ml) or 20raM fumarate as electron 
acceptors. The growth curves are depicted in Fig. 3A. The 
organisms were also able to utilize nitrate (10raM) as 
electron acceptor (data not shown); growth with nitrate 
appeared to be dependent on yeast extract under the con- 
ditions applied. Although the organisms contained a ni- 
trate as well as a nitrite reductase, nitrite rather than am- 
monia or N2 was formed from nitrate. Growth with pyru- 
vate as sole energy source under the conditions applied was 
poor. Tetrachloroethene significantly stimulated growth. 
The highest cell densities were obtained with fumarate or 
nitrate as electron acceptors (shown for fumarate in Fig. 3 
A). The ability to dechlorinate PCE was not lost even af- 
ter numerous transfers of the bacteria on medium contain- 
ing pyruvate plus fumarate as energy sources and supple- 
mented with yeast extract. 

The kinetics of  tetrachloroethene dechlorination during 
growth of D. multivorans with pyruvate plus tetrachloro- 
ethene are shown in Fig. 3B. During growth, tetrachloro- 
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Fig. 3 A Growth of Dehalospirillum multivorans on defined me- 
dia with pyruvate (20raM) in the absence (filled diamonds) and 
presence of fumarate (20 mM; filled triangles) or tetrachloroethene 
(added directly to the culture; filled circles). B Dechlorination ki- 
netics of D. multivorans growing with pyruvate plus tetrachloro- 
ethene. Growth temperature was 30~ the pH was 7.3. At the time 
points indicated, samples were taken from the liquid phase and an- 
alyzed for the chlorinated ethenes. Since cis-l,2-dichloroethene is 
more soluble in water than tetrachloroethene (see text), the con- 
centration of DCE in the liquid phase at the end of growth is higher 
than that of PCE. A AA578 value of 1 corresponds to a cell protein 
concentration of approximately 250 mg per 1 culture. CHC Chlori- 
nated hydrocarbon [PCE (open diamonds), TCE (open triangles), 
DCE (open squares)], growth (filled circles) 

ethene is reductively dehalogenated via trichloroethene to 
cis-l,2-dichloroethene. For the evaluation of the stoi- 
chiometry of DCE formed per PCE reduced, it has to be 
kept in mind that the CHC concentration given in Fig. 3B 
represents the concentration in the liquid phase. Henry 's  
constant H c ([CHC]gas/[CHC]Iiq) at 30~ for PCE, TCE, 
and DCE was 0.92, 0.50, and 0.19, respectively. From the 
culture (50ml liquid phase, 65ml gas phase initially), 2- 
ml samples were taken from the liquid phase and analyzed 
for the CHC concentration. Due to the sampling (12ml of 
the culture) and to CHC diffusion through the rubber 
septa (20% within 40 h of incubation), the CHC recovery 
in DCE was about 70%. It can be calculated from the ex- 
periment shown in Fig. 3B that the total amount of  PCE 
added to the flask was about 18 gmol; at the end of the ex- 
periment about 12.5 gmol  DCE was recovered in the cul- 
ture (liquid phase plus gas phase). 

D. multivorans was grown on chloride-poor mineral 
medium with pyruvate plus tetrachloroethene, and the 
concentrations of  pyruvate and of the fermentation prod- 
ucts as well as the biomass were determined at the start of  
the growth experiment and in the exponential growth 
phase. Acetate, lactate, H 2, and C1- (as the product of re- 
ductive dechlorination of PCE and TCE) were formed 
from pyruvate plus tetrachloroethene. Neither ethanol nor 
formate was detected; the detection limit was lower than 
0.1 mM. CO2 could not be measured since a carbonate 
buffer was used to ensure optimal growth conditions. The 
concentration of substrates and products measured at the 
start and in the log phase is given in Table 2. It should be 
noted that the ratio of  products formed varied within a 
limited range in different experiments performed under 
identical experimental conditions. The variation was re- 
stricted mainly to the H2, lactate, and C1- concentrations. 



Table 2 Exemplary fermentation balance of DehalospiriIlum 
muItivorans upon growth on pyruvate plus tetrachloroethene. For 
details see text and 'Materials and methods'. [S] = substrate con- 
centration, [P] = product concentration 

S(ubstrate) or [S] or [P] [S] or [P] A [S] or A [P] 
P(roduct) at t : 0 h at t = 47 h 

Pyruvate 15,8 raM 7.8 mM 8.0 mM 
Acetate 0 mM 6.1 mM 6. l mM 
Lactate 0 mM 1.4 mM 1.4 mM 
H 2 0 mM 0.5 mM 0,5 mM 
C #  0.2 mM 1.6 mM 1.4 mM 
Biomass < 0.1 mg/1 22.8 mg/1 22.8 mg/1 

The more CI- was released, the less H2 and/or lactate was 
formed. Depending on the cultures, up to 50% of the re- 
ducing equivalents derived from pyruvate oxidation was 
recovered in the reduced chloroethenes or in the chloride 
released. In the experiment presented in Table2, the re- 
covery of carbon was 94% and the recovery of reducing 
equivalents about 91%, assuming the amount of CO2 to be 
equivalent to that of acetate formed. When balancing the 
H and O recovery with respect to the H20 required for 
substrate conversion, the following fermentation equation 
was deduced from the experiments shown in Table2: 

100 pyruvate- + 18 XC1 + 53 H20 --~ 
76 acetate- + 76 CO2 + 18 lactate- + 6H2 + 18 XH 
+ 1 8 H  + + 1 8 C 1 -  
(XCI = chlorinated ethene = 
tetrachloroethene or trichloroethene). 

For the reasons described above, this reaction equation 
must be considered as an example rather than as a con- 
stant fermentation balance. 

In the absence of tetrachloroethene, essentially the 
same fermentation products were formed, with the excep- 
tion of chloride. Under these conditions, H 2 and/or lactate 
formation, rather than tetrachloroethene reduction, served 
as an electron sink for metabolic oxidations (data not 
shown). 

Utilization of other substrates 

It was already stated above that D. mult ivorans was able 
to utilize fumarate or nitrate instead of tetrachloroethene 
as electron acceptors. The organism was also able to grow 
with electron donors other than pyruvate (see also Table 
3). In this respect, it was of great interest to determine 
whether D. mult ivorans is able to utilize electron donors 
that do not supply ATP via substrate level phosphoryla- 
tion upon metabolic oxidation, for example, H2 or for- 
mate. D. mul t ivorans  was not abte to grow with H 2 or for- 
mate plus tetrachloroethene without an additional carbon 
source, indicating that the organism is not capable of au- 
totrophic growth with CO2. Therefore, the organism was 
grown on a defined medium with H2/CO2 (90:10; v/v) 
plus tetrachloroethene (dissolved in hexadecane; 15 mmol 
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Fig.4 Growth and chloride production of Dehalospirillum multi- 
vorans upon growth on chloride-poor defined media with H2/CO2 
(90:10, v/v; 200kPa) plus PCE (total concentration 15mM, ap- 
plied as a solution in hexadecane) as sole energy sources and ac- 
etate (5 raM) as carbon source. Inoculated medium without PCE 
served as a controI. Growth temperature was 30~ In the experi- 
ment, less than 1 mM acetate was consumed 

total amount of PCE added to 11 culture volume) as sole 
energy sources and with acetate (5 mM) as sole carbon 
source. (Hexadecane was not metabolized by the bac- 
terium). The kinetics of growth and of chloride released 
are shown in Fig. 4. As a control, medium without tetra- 
chloroethene containing H2 plus acetate was inoculated 
and growth was determined (Fig.4). In the presence of 
PCE, the bacteria grew to a cell density of approximately 
5 • I 0 '  ceils per mI, corresponding to acelI  protein con- 
centration of about 15 mg/1; less than 1 mM of acetate was 
consumed in the experiment. From the chloride released 
and biomass (given as cell protein) formed in the late ex- 
ponential growth phase (t = 64h to t = 94h), a specific 
growth yield of 1.4 g cell protein per mol C1- released was 
calculated. 

In the absence of PCE, no growth was observed (Fig. 
4). The same was valid for inoculated media without H2 
and with acetate plus PCE (data not shown). H2 could be 
replaced by formate. The findings show that D. multivo- 
tans  is able to couple the electron transfer from H2 or for- 
mate to tetrachloroethene with energy conservation. 

In addition to pyruvate, formate, or H> D. mult ivorans 
was able to utilize other electron donors for PCE, nitrate, 
or fumarate reduction.. The organism grew with lactate, 
ethanol, and glycerol as electron donors; none of these 
substrates could be utilized in the absence of tetrachloro- 
ethene or fumarate as electron acceptors. It should be 
noted that the growth yield was much lower with lactate 
plus PCE than with pyruvate plus PCE. The sugars and 
sugar alcohols tested (with the exception of glycerol) 
were not fermentable (Table3). Acetate and succinate 
were not utilized and they did not serve as electron donors 
for tetrachloroethene reduction (Table3; see also Neu- 
mann et al. 1994). Pyruvate was the only substrate fer- 
mentable in the absence of an electron acceptor. On a 
complex medium with pyruvate plus fumarate supple- 
mented with yeast extract (0.2%), D. mult ivorans grew 
within 12 to 15 h to an OD57 s of about 0.7, corresponding 
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Table 3 Substrate spectrum of Dehalospirillum multivorans on 
defined medium. For details see 'materials and methods'. The sub- 
strates were applied in a concentration of 20 mM with the excep- 
tion of H2 (33%) and PCE (200 gM). When H2 or formate were 
used as energy sources, acetate (5 mM) was added as carbon 
s o u r c e  

Electron donor Electron acceptor Growth Dechlorination 

Pyruvate None + 
Fumarate +++ 
PCE ++ Yes 

Lactate None - 
Fumarate ++ 
PCE + Yes 

Ethanol None - 
Fumarate +++ 
PCE + Yes 

Formate None - 
Fumarate ++ 
PCE + Yes 

Glycerol None - 
Fumarate ++ 
PCE + Yes 

H2 None - 
Fumarate ++ 
PCE + Yes 

Acetate None - 
Fumarate ND 
PCE - No 

Na2S None ND 
Fumarate ++ 
PCE ND ND 

Glucose None - 
Fumarate 
PCE - No 

Fructose None - 
Fumarate 
PCE - No 

Mannitol None - 
Fumarate 
PCE - No 

Sorbitol None - 
Fumarate 
PCE - No 

+++ = Good growth, ++ = reasonable growth, + = growth, - = No 
growth; ND = Not determined 

to a cell  prote in  concentra t ion  o f  about  175 mg/1. Since the 
abi l i ty  to dechlor ina te  appeared  to be  const i tut ive  (see 
above) ,  large numbers  of  cel ls  with dechlor ina t ion  act ivi ty  
can be  obtained.  Yeast extract  s t imula ted  growth  in the 
sense that h igher  growth  yields ,  rather  than h igher  growth  
rates, were  obtained.  

Discussion 

In this communica t ion ,  the first i sola t ion of  a pure culture 
o f  te t rachloroe thene-dechlor ina t ing  bacter ia ,  Dehalospir- 
illum multivorans, capable  of  g rowing  on minera l  med-  
ium with H2 plus te t rachloroethene  as sole energy sources 
is descr ibed.  Compared  to Dehalobacter restrictus (strain 
PER-K23)  descr ibed  by  Hol l ige r  et al. (1993), D. multivo- 
tans is versat i le  with respect  to its substrate spectrum. D. 
restrictus is res t r ic ted to the use of  H 2 or  formate  as elec-  
tron donors  and te t rachloroethene as the only ut i l izable  
e lect ron acceptor  and requires  supplementa t ion  of  the 
m e d i u m  with yeas t  extract.  D. multivorans grew on de- 
f ined med ia  with a var ie ty  o f  e lect ron donors  and at least  
fumara te  and nitrate as a l ternat ive e lect ron acceptors;  pre- 
l iminary  exper iments  indicate  that sulfur might  also serve 
as e lect ron acceptor  for  D. multivorans (Neumann et al. 
1994). With  respect  to its morpho log ica l  and phys io log i -  
cal character is t ics ,  the isola te  c losely  resembles  W. suc- 
cinogenes, al though the latter o rgan ism is not able to 
dechlor ina te  te trachloroethene.  Cy toch rome  b and mena-  
quinone,  both  o f  which  are components  of  the fumarate  
respi ra tory  chain,  and cy tochrome  c were  found to be pre-  
sent  in D. multivorans cells.  In addit ion,  the presence  of  
corr inoids  was conf i rmed.  This is important ,  as the in- 
vo lvement  o f  corr inoids  in the abiot ic  dechlor ina t ion  of  
chlor inated  hydrocarbons  has been repor ted  (see for ex- 
ample  Krone  et al. 1989; Gantzer  and Wacket t  1991; 
Jablonski  and Fer ry  1992). Moreover ,  it has been shown 
that te t rachloroethene dechlor ina t ion  in cell  suspensions  
o f  D. multivorans is inhibi ted  by  p ropy l  iod ide  (Neumann 
et al. 1994), which supports  the idea of  the invo lvement  o f  
a cor r inoid  in te t rachloroethene dechlor inat ion,  a l though 
the effect  of  p ropy l  iod ide  is not  absolute  proof.  A n  abi-  
otic dechlor inat ion  of  te t rachloroethene  by  corr inoids  pre- 
sent in the cells was exc luded  by  exper iments  with heat-  
t reated cell  extracts  o f  the o rgan ism (Neumann et al. 
1994). The  high rates of  dechlor ina t ion  [near 5 0 n m o l  
rain -I (mg cel l  protein)  1 in g rowing  cultures and about  
5 0 0 n m o l  min  -l  (rag cell  protein)  -1 in cell  extracts  (Neu- 
mann  et al. 1994)] also argue agains t  abiot ic  dechlor ina-  
tion. The  f inding that D. multivorans was able to g row 
with H 2 plus te t rachloroethene as sole energy sources 
demons t ra tes  that the o rgan ism couples  the e lect ron trans- 
fer f rom H 2 to te t rachloroethene with ATP synthesis.  
Since  nei ther  the oxida t ion  of  H2 nor the reduct ive  dechlo-  
r inat ion of  ch lor ina ted  ethenes can be mechanis t i ca l ly  
coupled  to substrate  level  phosphory la t ion ,  ATP synthesis  
must  p roceed  via  a chemiosmot ic  mechanism.  

The redox  potent ia l  o f  the PCE /T CE  pair  is es t imated  
to be  +0.58V, that of  the T C E / D C E  pair, +0 .53V (Vogel 
et al. 1987). F r o m  these data, the free energy under  stan- 
dard condi t ions  (AG ~ for H 2 plus PCE convers ion  to 
D C E  according  to the equat ion 

PCE + 2 H2 --~ cis-1,2-DCE + 2 H + + 2 CI- 

can be es t imated  to be  about  - 3 7 6 k J / m o l .  The low growth  
y ie ld  (1.4 g cell  prote in  per  mol  C1- re leased)  with H2 plus 



tetrachloroethene as energy substrates indicates that the 
organism conserves only a minor  part of  the energy theo- 
retically available for the synthesis o f  ATR Holliger et al. 
(1993) reported a growth yield for D. restrictus of  2 .1g  
protein per mol  C1- released. The higher growth yield o f  
this organism as compared to that of  D. multivorans may 
be due to the fermented yeast extract supplement to the 
medium used for cultivation of  D. restrictus, whereas D. 
muItivorans was grown on a defined medium with acetate 
plus CO2 as sole carbon sources. 

The question remains unanswered as to which reaction(s) 
of  the electron transport chain, f rom H2 to tetrachloro- 
ethene or trichloroethene, is (are) coupled to energy con- 
servation. It is doubtful that the reduction of  tetrachloro- 
ethene or trichloroethene or the reduction of  trichloro- 
ethene to dichloroethene is directly coupled to proton ex- 
trusion, as evidence is available that the tetrachloroethene 
dehalogenase, measured by methyl viologen oxidation with 
PCE, is probably not membrane-associated,  which would 
be a prerequisite for its activity as a proton pump (Neumann 
et al. 1994), Therefore, it is feasible that an extremely 
primitive electron transport chain is involved, wherein H 2 
is converted to protons outside the cells, thus building up 
a proton gradient. The electrons are somehow translocated 
across the cytoplasmic membrane to an electron carrier 
that serves as electron donor  for reductive dechlorination 
inside the cell, thus consuming one proton per chloride re- 
leased (see also Holliger and Schumacher,  in press). This 
mechanism would not require a membrane-bound dehalo- 
genase. The only prerequisite for such a mechanism would 
be a localization of  the hydrogenase either outside the cells 
(which would imply the involvement of  an additional elec- 
tron carrier in the membrane)  or within the cytoplasmic 
membrane (which would imply the involvement o f  an elec- 
tron carrier in the cytoplasm). Extensive studies on the lo- 
calization and electron carrier specificity of  enzymes pos- 
sibly involved in energy conservation of  D. multivorans 
are presently being carried out in our laboratory. 

Description o f  Dehalospirillum gen. nov. 

Dehalospirillum (De.ha.lo.spi.rillum. L. pref. de from; Gr. 
n. halos the sea, salt; gr. n. spira a spiral; M.L. dim. neut. 
n. spirillum a small spiral; Dehalospirillum, a dehalo- 
genating small spiral). Cells forming small spirals that 
may be motile. Strictly anaerobic bacteria capable of  us- 
ing tetrachloroethene as terminal electron acceptor that is 
dehalogenated to cis-l,2-dichloroethene; alternative elec- 
tron acceptors, such as fumarate or nitrate, are also re- 
duced. A variety of  organic and inorganic electron donors 
may  be utilized. Dehalospirillum belongs to the epsilon 
subgroup of  Proteobacteria. 

Description of  Dehalospirillum multivorans sp. nov. 

Dehalospirillum multivorans (mul.ti.vorans. L. adj. mul- 
tus many, numerous;  L. v. voro to devour, swallow; M.L. 
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part. adj. multivorans devouring numerous kinds of  sub- 
strates), Cells are 0.4-0.5 btm in diameter and 2-5  btm in 
length. Motility may  occur. H2, NaaS, formate, pyruvate, 
lactate, ethanol, and glycerol serve as electron donors; ac- 
etate is required as carbon source for growth with Hz or 
formate plus tetrachloroethene. Sugars and sugar alcohols 
(with the exception of  glycerol) are not utilized. The opti- 
m u m  pH for growth is between pH7 .0  and 7.5, opt imum 
temperature is 30~ No growth is observed at 37~ The 
G+C content of  the D N A  is 41.5 mol%. Cells contain cor- 
rinoids, menaquinone,  and cytochromes of  the b- and c- 
type. The bacterium was isolated f rom activated sludge. 
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