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Strain DCB-1 is an obligately anaerobic bacterium which carries out the reductive dehalogenation of
halobenzoates and was previously known to grow only on pyruvate plus 20% ruminal fluid. When various
electron acceptors were supplied, thiosulfate and sulfite were found to stimulate growth. Sulfide was produced
from thiosulfate. Cytochrome ¢ and desulfoviridin were detected. The mol% G+C was 49 (at the thermal
denaturation temperature). Of 55 carbon sources tested, only pyruvate supported growth as the sole carbon
source in mineral medium. Lactate, acetate, L- and p-malate, glycerol, and L- and p-arabinose stimulated
growth when supplemented with 10% ruminal fluid and 20 mM thiosulfate. In mineral medium, pyruvate was
converted to acetate and lactate, with small amounts of succinate and fumarate accumulating transiently.
During growth with thiosulfate, all of these products accumulated transiently. Addition of excess hydrogen to
pyruvate-grown cultures resulted in diversion of carbon to formate, lactate, and butyrate, which caused a
decrease in cell yield. We conclude that strain DCB-1 is a new type of sulfidogenic bacterium.

Microorganisms capable of transforming halogenated aro-
matic compounds are of interest both as an aid in under-
standing the persistence of these compounds and for their
potential use in removing the compounds from contaminated
sites and industrial waste streams. One such organism,
designated strain DCB-1, was isolated from an anaerobic
3-chlorobenzoate-degrading sewage sludge enrichment (19)
and is the first anaerobe in pure culture capable of aromatic
reductive dehalogenation. It is capable of reductively deha-
logenating a variety of meta-halobenzoates (T. G. Linkfield
and J. M. Tiedje, submitted for publication) and of deme-
thoxylating both meta- and para-methoxybenzoate (3), al-
though it does not degrade the benzoate ring itself. The
demethoxylating and dechlorinating activities are not carried
out by the same enzyme system (3). The bacterium was
described as a very slowly growing, gram-negative, non-
sporeforming, obligately anaerobic bacillus which developed
an unusual morphological feature (a collar) and had an
unusually restricted substrate range (19). Clarified ruminal
fluid was the substrate in the original isolation medium; of 28
other substrates tested, only pyruvate was found to support
growth (19). Strain DCB-1 also consumed H,, which inhib-
ited dechlorination at high concentrations (Linkfield and
Tiedje, submitted). DCB-1 was recombined with a benzoate-
oxidizing organism and a methanogen, both from the original
enrichment culture, to produce a syntrophic 3-chloroben-
zoate-mineralizing consortium in which 3-chlorobenzoate
was the sole carbon and energy source (4). We have further
characterized strain DCB-1 in order to better understand its
taxonomic position in relation to other anaerobes and its
unique metabolism.
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MATERIALS AND METHODS

Bacterial strains and culture conditions. Strain DCB-1,
Desulfovibrio strain PS-1, Methanospirillum strain PM-1,
and the butyrate oxidizer strain NSF-2 were isolated in this
laboratory and previously described (19). Desulfovibrio
strain DG-2 is described elsewhere (6).

All bacterial growth media were based on the basal salts
medium described earlier (19). Media were dispensed into
serum bottles or anaerobic culture tubes and sealed with
butyl rubber stoppers by the Hungate technique (8). The
headspace consisted of 80% N,-20% CO, or 80% H,-20%
CO,, as specified. Media were reduced by being boiled under
a stream of the headspace gas and cooled, after which the
reducing agent was added. Initially, the reducing agent was
0.5 mM cysteine hydrochloride plus 0.5 mM Na,S - 9H,0.
Because this reductant exhibited some toxicity to the organ-
ism (23), 0.5 mM sodium dithionite was used to reduce media
in the later experiments on growth yield.

General maintenance medium consisted of the basal salts
medium plus sodium pyruvate (0.2%, wt/vol) and clarified
ruminal fluid (10%, vol/vol). Prior to transfer, each culture
was checked for dechlorination activity by high-pressure
liquid chromatography analysis (see below) and for purity by
microscopic observation. Measurement of dehalogenation
was performed in the same medium but with 800 pM
3-chlorobenzoate. Where described, electron acceptors
were added to achieve a 2, 5, 10, or 20 mM concentration.
Incubations were stationary, in the dark, and at 37°C. Stock
cultures were maintained by transferring with a sterile sy-
ringe 10% inoculum into both fresh maintenance medium
and dechlorination medium.

When washed cells were required, a volume of the grown
culture was transferred to a sterile centrifuge bottle under a
stream of O,-free N, or in an anaerobic glove box. The
cultures were centrifuged at 16,000 X g, the pellets were
washed in fresh medium, and the cells were then suspended
in additional fresh medium. The cells were maintained under
anaerobic conditions throughout this procedure.

Growth studies. Growth of DCB-1 was monitored by
measuring the optical density of cultures in 18-mm-diameter
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anaerobic culture tubes, using a Turner model 350 spectro-
photometer set at 660 nm. Data presented are mean values
from five matched tubes used as replicates. Growth on the
various substrates was measured in the presence or absence
of 10% ruminal fluid, as indicated. No growth was defined as
<0.05 and <0.02 optical density units above values for
controls with no substrate and with and without thiosulfate,
respectively. Carbon sources were used at concentrations of
0.1 to 0.3%. Where indicated, hydrogen additions to the
media were made after the cultures were autoclaved by using
a Hungate gassing line (8). The inoculum was from 14-day-
old cultures.

Experiments to determine metabolic products and cell
yield were done by inoculating the washed-cell suspension
from stock cultures into 50 ml of mineral medium amended
as indicated. Samples were removed periodically with a
sterile syringe for determinations of organic acid and pro-
tein. The data presented are mean values from four repli-
cates.

Analytical methods. Organic acids were determined by
high-pressure liquid chromatography, using an Aminex ion
exclusion HPX-87H column (Bio-Rad, Inc., Richmond,
Calif.). The mobile phase was either 0.007 or 0.008 N H,SO,.
Analysis was carried out by using an automated Shimadzu
LC-6A system with a UV spectrophotometric detector set at
210 nm. The flow rate was 0.6 ml/min, and the column
temperature was either 35 or 60°C. Samples to be analyzed
were acidified to pH 3 with 2.5 N H,SO,, filtered through a
0.45-pm-pore-size filter, and transferred into clean 1.5-ml
autosampler vials for automated injection.

meta-Chlorobenzoate and benzoate were determined by
high-pressure liquid chromatography with a Hibar LiChro-
sorb 10-pm RP-18 column. The mobile phase was a 70:40:13
mixture of water, methanol, and acetic acid, diluted with
methanol. The instrument was a Varian 5000 chromatograph
coupled to a Hitachi model 100-40 spectrophotometer with
an Altex 100-55 flow cell. Detection was by UV absorption at
284 nm with a flow rate of 1.5 ml/min, using a 50:50 mix of
the solution described above and methanol. Samples to be
analyzed were filtered through a 0.45-um-pore-size filter
before injection.

Hydrogen concentration was measured with a Carle ana-
lytical gas chromatograph (model 111) as previously de-
scribed (18). Sulfide was measured by the Pachmayr method
as described by Brock et al. (2).

Protein cytochromes and G+C content. Protein was deter-
mined, after washing and alkaline digestion of cells, by the
method of Lowry et al. (12). Cytochromes were determined
as described by Weston and Knowles (24). Sulfite reductase
(desulfoviridin) was identified by the absorption spectrum
(25) and by the Postgate procedure (16). For these analyses,
bacterial cells were centrifuged anaerobically, suspended in
phosphate buffer, pH 7.0, ruptured in a French pressure cell
at 9 x 107 Pa, and recentrifuged at 16,300 X g for 20 min. The
supernatant was analyzed in a double-beam spectrophoto-
meter (model 350; The Perkin-Elmer Corp., Norwalk,
Conn.) scanning from 730 to 180 nm on an arbitrary scale of
—0.01 to 0.09. Sodium dithionite and Fe,(SCN), were used
to reduce and oxidize the cytoplasm to determine the cyto-
chrome spectrum.

Desulfovibrio strains PS-1 and DG-2 served as positive
controls for the cytochrome analyses and desulfoviridin
tests. Methanospirillum strain PM-1 and the butyrate oxi-
dizer strain NSF-2 served as negative controls for the
Postgate test.

For determination of moles percent G+C, a 20-ml portion
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FIG. 1. Growth of DCB-1 in pyruvate medium plus ruminal fluid
supplemented with the following electron acceptors: 20 mM S,0;%~
(@), no electron acceptor added (O), 20 mM SO, (A), 10 mM
NO;~ (O), S° (A), and 20 mM SO,>~ (M).

of the cell suspension was mixed with 250 pl of RNase A and
the cells were disrupted in a French pressure cell. The lysate
was collected in 10 ml of 3x NaCl-EDTA solution (13) and
10 ml of phenol-CHCI,. After centrifugation, the pellet was
washed with phenol-CHCI;. The DNA was precipitated with
ethanol. Purity was estimated to be 65% by absorbance
ratio. Sheared Escherichia coli b DNA was also prepared
and used as the standard. Samples of DNA from the two test
organisms were dialyzed against the same buffer, and ther-
mal denaturation temperatures were determined with a spec-
trophotometer (Gilford Instrument Laboratories, Inc., Ober-
lin, Ohio). Moles percent G+C was estimated by the
equation of Marmur and Doty (14).

RESULTS

Effect of various electron acceptors. In an attempt to
improve growth and broaden the substrate range of strain
DCB-1, various electron acceptors were supplied in medium
containing 10% ruminal fluid and pyruvate. Thiosulfate
greatly stimulated growth (Fig. 1), but a 20-mM concentra-
tion of nitrate, sulfur, or sulfite had no effect or exhibited
apparent toxicity. Lower concentrations of sulfuroxy anions
were tested (Fig. 2) because of the potential toxicity of some
of these anions. In contrast to the rapid growth in the
presence of thiosulfate, sulfite now produced slow growth (5
mM) or long lag periods plus slow growth (10 mM). Sulfate
was inhibitory to the organism at both 10 and 2 mM;
however, slow growth occurred after 7 days in the tubes with
2 mM sulfate, and after 20 days turbidity began to exceed
that of the controls (Fig. 1 and 2). Cultures grown with
thiosulfate consumed added hydrogen (0.75 kPa/day) more
than twice as fast as they did without thiosulfate (0.34 kPa/
day). When DCB-1 was incubated with 1 or 2 mM thiosulfate
for 14 days, sulfide accumulated to 0.48 and 0.36 mM,
respectively, above background. Although the assay could
reliably detect sulfide production, it was not quantitative in
the presence of thiosulfate.

Cytochromes and G+C content. The cytochrome spectrum
of DCB-1 matched that of Desulfovibrio strain DG-2 (Fig. 3)
and was characteristic of c-type cytochromes, with adsorp-
tion maxima at 420, 521, and 553 nm (24). The absolute
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FIG. 2. Effects of various sulfuroxy anion electron acceptors on
growth of DCB-1 in pyruvate medium plus 20% ruminal fluid.

Symbols: @, 20 mM S,0,%~; O, no electron acceptor added; O, 5
mM SO,27; A, 10 mM SO;>~; B, 2 mM SO,27; A, 10 mM SO2".

absorption spectrum showed a peak at 630 nm (Fig. 4),
which was also found in Desulfovibrio strain DG-2 and
corresponded to desulfoviridin (25). Also, Desulfovibrio
strain PS-1 and strain DCB-1 tested positive for desulfoviri-
din by showing a strong red fluorescence in alkaline solution
(16), whereas two other obligate anaerobes, Methanospiril-
lum strain PM-1 and strain NSF-2, tested negative. The
mol% G+C was 49.

Substrate range. Various carbon sources were tested to
determine whether they supported growth with or without
thiosulfate as the electron acceptor in mineral medium plus
10% ruminal fluid. The following substrates and conditions
were tested and found not to support significant increases in
turbidity: (without thiosulfate) D-gluconic acid, D-glucuronic
acid, p-(—)-ribose, ribitol, p-mannitol, i-inositol, D-(+)-sor-
bitol, amylose, inulin, pectin, N-acetylglycine, L-ascorbic
acid, and malonic acid; (with and without thiosulfate) H,
plus CO,, acetate plus N,, sodium citrate, succinate,
choline, formate, D-(+)-mannose, D-glucose, D-(+)-ga-
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FIG. 3. Reduced-minus-oxidized difference spectrum showing
evidence of cytochrome c in Desulfovibrio strain DG-2 and in
DCB-1, which was grown in medium containing pyruvate plus
thiosulfate.
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FIG. 4. Absolute spectrum (oxidized) showing evidence of sul-
fite reductase (desulfoviridin) in Desulfovibrio strain DG-2 and in
DCB-1, which was grown on medium containing pyruvate plus
thiosulfate.

lactose, B-D-(—)-fructose, maltose, sucrose, lactose, D-(+)-
xylose, a-L-rhamnose, D-(+)-trehalose, D,L-arabitol, cello-
biose, soluble starch, B-alanine, oxalate, valeric acid,
caproic acid, isovaleric acid, crotinic acid, butyric acid,
isobutyric acid, propionic acid, ethanol, benzoate, phenol,
anisole, and D-(+)-fumarate (with thiosulfate only).

Pyruvate was the only substrate on which the culture
could be maintained through several transfers. In medium
containing 10% ruminal fluid and 20 mM thiosulfate, growth
was stimulated by lactate, acetate plus H,, L- and D-malate,
L- and D-arabinose, and glycerol. Very poor growth was
maintained for several transfers with acetate plus H,, thio-
sulfate, and 10% ruminal fluid. In the absence of ruminal
fluid, only pyruvate supported significant growth with or
without an electron acceptor.

Since cysteine was often used as a medium reductant, we
determined whether it influenced growth. Washed and sus-
pended cells were used to inoculate media with either
cysteine-sulfide or sulfide as the reductant. Growth was not
significantly affected by the presence or absence of cysteine,
and we concluded that cysteine was not used as a carbon
source.

Metabolic products. The time course of metabolic products
from pyruvate was studied during growth in mineral me-
dium. Because growth was affected by addition of thiosulfate
(positively) and hydrogen (negatively), the effects of these
products on metabolic patterns were examined (Fig. 5). With
pyruvate alone, acetate and lactate appeared to accumulate
continuously (Fig. 5A), whereas succinate accumulated only
transiently. When hydrogen was added (Fig. 5B), more
acetate and lactate accumulated. Butyrate also accumulated,
whereas formate accumulated transiently. When thiosulfate
was present (Fig. 5C), acetate as well as succinate and
fumarate accumulated only transiently, whereas lactate con-
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FIG. 5. Products of pyruvate fermentation by DCB-1 grown
under the following conditions: (A) pyruvate only, (B) pyruvate plus
H,, (C) pyruvate plus thiosulfate, and (D) pyruvate plus H, plus
thiosulfate.

centrations remained at low levels. The culture with both
thiosulfate and hydrogen (Fig. SD) showed a fermentation
pattern similar to that of the culture with thiosulfate alone,
with the exception that some butyrate accumulated, and
lactate accumulated to concentrations as high as it did in the
treatment containing pyruvate plus hydrogen.

During 25 days of incubation, the pyruvate concentration
declined by 11.3 mM in cultures containing pyruvate alone,
by 15.1 mM in cultures containing pyruvate and hydrogen,
by 10.1 mM in cultures containing pyruvate and thiosulfate,
and by 15.1 mM in cultures containing pyruvate, thiosulfate,
and hydrogen. The recovery of carbon in organic acids at the
end of the experiment was 44% in cultures containing
pyruvate alone, 73% in cultures containing pyruvate and
hydrogen, 48% in cultures containing pyruvate and thiosul-
fate, and 39% in cultures containing pyruvate, thiosulfate,
and hydrogen.

Cell yields. The molar growth yields obtained under the
four sets of conditions listed above are shown in Table 1.
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TABLE 1. Cell yields of strain DCB-1 grown on pyruvate
and corrected yields with nonproductive diversion
of carbon subtracted

Cell yield (g of protein/mol of

Growth medium pyruvate oxidized)

Original Corrected
Pyruvate 6.8 (1.0)¢ 7.6 (1.2)
Pyruvate + H, 2.4 (0.3) 3.9(0.2)
Pyruvate + S,0;%~ 10.3 (2.0) 10.7 (2.1)
Pyruvate + H, + S,0,2~ 8.4 (1.0) 11.7 2.4)

“ Numbers in parentheses are standard deviations.

The corrected values were calculated by assuming that the
carbon excreted as lactate was not utilized as a carbon
source and by subtracting the number of moles of lactate
from the amount of pyruvate utilized. Addition of thiosulfate
increased growth yields, whereas addition of hydrogen ap-
peared to decrease them. With the effect of substrate diver-
sion to lactate subtracted, however, the cell yields of cul-
tures containing thiosulfate and hydrogen were similar to
those of cultures without added hydrogen. Even with this
correction, hydrogen had a negative effect on cell yields
during growth on pyruvate only.

DISCUSSION

The stimulation of growth with sulfite and thiosulfate and
the production of sulfide from thiosulfate indicate that strain
DCB-1 is a sulfidogen. Only thiosulfate and sulfite were able
to stimulate growth above that attained without electron
acceptors in mineral medium (without ruminal fluid). The
slow growth in the presence of sulfate may indicate a low
energy yield resulting from the activation energy require-
ment incurred by formation of adenylphosphosulfate (15). If
so, this characteristic would represent a stronger taxonomic
link to the Desulfovibrio-like organisms than to the Desulfo-
tomaculum group, which can conserve this activation en-
ergy. Sulfate was a much less desirable electron acceptor
than was thiosulfite or sulfite, since growth with sulfate did
not exceed that of the controls until 20 days of incubation
and then only when the medium was supplemented with
ruminal fluid. A further link of DCB-1 to sulfidogenic bacte-
ria was the spectral evidence, which indicated the presence
of a c-type cytochrome and sulfite reductase (desulfoviridin).
In mineral medium with pyruvate as the carbon source,
addition of 10 mM thiosulfate caused a 41 to 50% increase in
molar growth yield and resulted in only transient production
of metabolic products, which accumulated in the absence of
an electron acceptor. This finding suggests a shift from a
fermentative-type growth on pyruvate to respiration with
thiosulfate.

The known substrate range of strain DCB-1 remains quite
narrow, as is characteristic of some anaerobic bacteria,
although with thiosulfate as the electron acceptor DCB-1
was shown to benefit from the presence of lactate, acetate,
L- and D-malate, L- and D-arabinose, and glycerol in complex
media. In mineral media, however, only pyruvate could
support growth with or without thiosulfate. This requirement
for a complex nutrient such as ruminal fluid complicates the
interpretation of the growth results. Some unknown growth
factors present in ruminal fluid may be required. On the
other hand, because of the rich content of fatty acids and
other substances in ruminal fluid, it is possible that catabolite
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repression interfered with utilization of some of the sub-
strates tested. It is also possible that some yet unknown
growth factors would allow growth on more carbon sources.
This last possibility is supported by the failure of all sub-
strates except pyruvate and acetate plus H, (very poor
growth) to support growth through repeated transfers to
fresh medium, which suggests gradual dilution of some
required nutrient.

Strain DCB-1 has been shown to grow mixotrophically,
and the organism fixes CO, to provide a large portion of cell
carbon while utilizing organic molecules as an energy source
(21). That study showed that although little growth occurred
with lactate or acetate in mineral media, a mineral medium
containing two substrates (lactate and acetate or butyrate
and acetate) was capable of supporting growth of DCB-1
with or without thiosulfate. This finding helps to explain why
lactate or acetate alone could support growth only in the
presence of ruminal fluid; an organic hydrogen acceptor or
donor, respectively, was evidently required in addition to
thiosulfate.

The patterns of formation of fermentation products (Fig.
5) show that in mineral medium, strain DCB-1 metabolized
pyruvate to lactate and acetate. During growth with thiosul-
fate, thiosulfate was reduced instead of pyruvate and lactate
could be reoxidized, which resulted in only a transient
accumulation of fermentation products. The transient accu-
mulation of succinate and fumarate, especially when the
organism was switched to respiratory growth (Fig. SC and
D), suggests a possible role of these compounds in the
energy metabolism of strain DCB-1. It is possible that
enzymes of the tricarboxylic acid cycle are present in this
organism, as has been described for many sulfate-reducing
bacteria (1, 10). The transient accumulation of many prod-
ucts seen in Fig. 5 was probably due to slow metabolic
changes incurred by the shift from growth in complex
medium to growth in defined medium.

When excess hydrogen was present, lactate was excreted
in relatively large amounts, as was butyrate. This diversion
of carbon, possibly a mechanism of regulating internal
reducing equivalent levels, resulted in a decrease in growth
yield (Table 1). When this diverted carbon (lactate) was
subtracted from total carbon utilized, the cell yields, at least
for growth in thiosulfate, were not significantly different
regardless of whether hydrogen was present. During growth
without thiosulfate, however, there was an additional de-
pression in cell yield. Addition of hydrogen also resulted in
increased acetate excretion, especially in the treatments
without thiosulfate (Fig. 5B). This acetate has been shown to
be made up mainly of pyruvate carbon; without excess
hydrogen, however, a larger portion of this acetate was
derived from fixed CO, (21). It is likely that this additional
diversion of pyruvate carbon was responsible for the portion
of cell yield depression not accounted for by diversion to
lactate.

Although strain DCB-1 was responsible for the rate-
limiting reaction in the 3-chlorobenzoate-degrading enrich-
ment from which it was isolated, it seems unlikely that it
plays a key role in food webs of the sewage sludge environ-
ment from which that enrichment was derived. A likely
niche that DCB-1 may occupy is that of a scavenger of
metabolic products from other organisms. It does not seem
to be able to utilize larger molecules such as polymers,
starches, or sugars as sole carbon sources, but it can use a
number of compounds mixotrophically (e.g., with ruminal
fluid [21]). These are mostly reduced organic compounds
that are commonly excreted by other anaerobic organisms
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during intermediary metabolism (7, 9, 11) and could be
expected in anaerobic environments. Because of its very low
growth rate (19), DCB-1 may not compete well for interme-
diary metabolic compounds. Perhaps it is able to use
amounts of carbon too low for other organisms to take up, to
use more unusual electron acceptors, or to exploit a more
refractory pool of fatty acids that may be present in anaer-
obic environments (22).

DCB-1 grows as a member of a syntrophic consortium,
which may gain energy by the dechlorination of 3-chloroben-
zoate (5). Since chlorobenzoate is unlikely to be the original
substrate of an energy-conserving pathway, this character-
istic may indicate an ability to derive energy from some
other complex but naturally occurring molecule. It is possi-
ble that strain DCB-1 has adapted to a primarily syntrophic
niche which laboratory conditions approximate only poorly.

Strain DCB-1 appears to be closely related to the sulfate-
reducing bacteria in that its growth is stimulated by oxidized
sulfur compounds as electron acceptors and it has a similarly
restricted substrate range. The presence of cytochrome ¢
and desulfoviridin in DCB-1 and the mixotrophic metabolism
of the bacterium, previously described in some sulfate-
reducing bacteria (17, 20), also seem to indicate a close
relationship. Its mol% G+C of 49 is lower than that of most
sulfate-reducing bacteria but is in the range reported (26) for
Desulfuromonas acetoxidans (50 to 52%), Desulfovibrio
salexigens (46.1%), Desulfovibrio saprorovans (52.7%), and
Desulfosarcina spp. (51.2%). With respect to other major
characteristics, however, these organisms are dissimilar to
DCB-1. Furthermore, because of the poor growth of DCB-1
in the presence of sulfate, the unique collar surrounding
every cell (19), and the organism’s excretion of acetate
formed from CO, (21) and unique dehalogenating ability, we
have decided not to name this bacterium until molecular
taxonomic studies have been completed.
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