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Abstract. In addition to three new isolates, six strains
of representative species of sulfate-reducing bacteria
were tested for their capacity to use elemental sulfur
as an electron acceptor for growth. There was good
growth and sulfide production by strain Norway 4
and the three isolates, two of which had been enriched
with sulfur flower and one isolated from a culture with
green sulfur bacteria. Slow but definite growth was
observed with Desulfovibrio gigas. The type strains of
Desulfovibrio desulfuricans, D. vulgaris, and Desulfo-
tomaculum nigrificans as well as Desulfomonas pigra
did not grow with sulfur. The four strains that grew
well with sulfur flower were straight, nonsporulating
rods and did not contain desulfoviridin.
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Recently we described a new type of strictly anaerobic
bacterium, Desulfuromonas acetoxidans, which is able
to grow with acetate as sole carbon and energy
source. The oxidation of acetate to CO, is stoichio-
metrically linked to the reduction of elemental sulfur
or of disulfide compounds (cystine, oxidized gluta-
thione) to sulfide or sulfhydryl compounds, respec-
tively (Pfennig and Biebl, 1976). Sulfate, sulfite or
thiosulfate, the electron acceptors of sulfate-reducing
bacteria, were not reduced by Desulfuromonas. It was
therefore interesting to determine the extent of utiliza-
tion by sulfate-reducing bacteria of elemental sulfur
as electron acceptor. The descriptions of sulfate- reduc-
ing bacteria (Postgate, 1974; Postgate and Campbell,
1966) do not explicitly mention the use of elemental
sulfur. Postgate (1951) was unable to obtain growth
with precipitated sulfur using six different Desulfo-

vibrio strains; however, some sulfide production was
observed with colloidal sulfur. A similar result had
been reported by Baars in 1930. Van Gemerden
(1967) obtained a temporary acceleration of sulfide
production in a sulfate and formate containing
Desulfovibrio culture when elemental sulfur was added.

From enrichment cultures for sulfur-reducing bac-
teria of the Desulfuromonas type, we obtained several
strains of rod-shaped bacteria which proved to be
sulfate-reducers. The strains grew well with elemental
sulfur instead of sulfate when ethanol or lactate was
provided as carbon and energy source. In order to
establish whether good growth with sulfur is restricted
to the new isolates, a number of established strains of
sulfate-reducing bacteria was also tested.

Two of the nine strains were obtained from
enrichment cultures with elemental sulfur: strain 4474
originated from an alder swamp near Hamburg
(Duvenstedter Brook) and strain 5174 from a forest
pond near Braunschweig. Strain 9974 was isolated

-froma culture designated ““Chloropseudomonas ethylica

N2”, kindly provided by M. C. W. Evans, London.
The Norway 4 strain of Desulfovibrio desulfuricans
(NCIB 8310) was sent by J. Le Gall, Marseille, and
Desulfomonas pigra 11112 by W. E. C. Moore, Blacks-
burg, Virginia. All other strains (see Table 1) were
obtained from the German Collection of Micro-
organisms, DSM, Géttingen.

The tests were done in 50 ml screw-cap bottles with
H,S-reduced medium containing in grams per liter:
ethanol, 1.0; yeast extract, 0.2; KH,PO,, 0.4; NH4Cl,
0.5;MgCl,-6H,0,0.4;CaCl, -2H,0,0.05; NaHCO3,
2.0; Na,S -9 H,0, 0.3; trace element solution of
Pfennig and Lippert (1966), 10 ml. Elemental sulfur
was added aseptically from wetted, thoroughly ground
sulfur flower which was autoclaved for 30 min at
112—115°C. The bottles received a glass bead and
were incubated on a rotary shaker at 28°C; thus the
sulfur was gradually ground to a fine suspension.
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Table 1.
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Production of sulfide from elemental sulfur and presence of desulfoviridin in different strains of sulfate-reducing bacteria

Species and strains

Final concentration
of sulfide produced

Presence
of desulfoviridin®

Cell shape

from sulfur mg % /1

Desulfovibrio desulfuricans Essex 6 58
Desulfovibrio vulgaris Hildenborough 77
Cf. Desulfovibrio desulfuricans Norway 4 434
Sulfate-reducing bacterium 9974 513
Sulfate-reducing bacterium 4474 390
Sulfate-reducing bacterium 5174 460
Desuifovibrio gigas DSM 496 283
Desulfotomaculum nigrificans Delft 74 83
Desulfomonas pigra 11112 23

] slender vibrios
or spirilla

+ o+

— short,
straight rods

fat vibrios
long, thin rods
long, fat rods

+ 1+

Medium as described in the text, for D. nigrificans lactate was used instead of ethanol

a

b

Control cultures without sulfur flower as well as
with sulfate were run in parallel. Sulfide production
was followed by the methylene blue method (Triiper
and Schlegel, 1964). Tests for c-type cytochromes and
desulfoviridin were carried out spectrophotometrically
using cell free preparations.

Table 1 shows the concentration of sulfide pro-
duced from sulfur by nine strains after 7 and 10 days
of incubation. Although none of the strains completely
lacked the ability to reduce sulfur, four strains at-
tacked it only to a very limited extent, namely the
type strains of Desulfovibrio desulfuricans and D.
vulgaris and the Desulfomonas pigra strain 11112
(Moore et al., 1976). Apart from the two sulfur-
enriched isolates (4474 and 5174), good sulfur utiliza-
tion occurred in strain 9974 and in the Norway 4
strain. Growth of these four strains ceased after
2—3 days of incubation, when the growth limiting
sulfide concentration was reached.

As the amount of sulfide produced from a given
amount of electrons is four times higher with sulfur
than with sulfate:

8§[H] +4S° - 4H,S

8 [H] + HaSOs — HoS + 4 H;0,

the maximal sulfide concentration tolerated by the cells
is reached faster and at a lower cell density with sulfur
than in sulfate grown cultures. Nontheless growth was
clearly established in all cultures that produced
significant amounts of sulfide. This was also true for
Desulfovibrio gigas in which growth and sulfide
production was markedly slower.

Two of the four strains growing well with elemental
sulfur, Norway 4 and 9974, are known to lack de-
sulfoviridin, the typical pigment of the genus De-

Values obtained after subtraction of the sulfide concentration in a sulfur-free control (about 35 mg S2~ per litre)
From published data, except for strains 4474 and 5174 which were tested in this investigation

sulfovibrio (Miller and Saleh, 1964 ; Lee et al., 1973). It
appears significant that in the two other sulfur-
utilizing strains (4473 and 5174), no desulfoviridin was
detected as well. However, all four strains exhibited the
absorption maxima characteristic for cytochrome c3.
Lee et al. (1973) showed that strains Norway 4 and
9974 contain desulforubidin which is masked by the
cytochrome in the absorption spectra. It remains to be
determined whether the two strains 4474 and 5174
also have desulforubidin.

That the capacity to utilize sulfur for growth is not
necessarily correlated with the possession of desulfo-
rubidin, can be seen in the case of Desulfovibrio gigas
which contains desulfoviridin. As both pigments are
part of the sulfite-reducing enzyme (Le Gall, 1975),
none of them should be involved in the reduction
of sulfur.

The four strains that grow well with sulfur are
morphologically different from Desulfovibrio desul-
furicans strain Essex 6 and D. vulgaris strain Hilden-
borough. While the cells of these two type strains
were distinct vibrios or short spirilla, the cells of the
four strains were straight rods (0.6 pm wide, 1.4—
2.8 um long) under all conditions tested. These dif-
ferences were apparent in our medium as well as in
Baars’ medium which was proposed as a reference
medium for cell shape and size (Postgate and Camp-
bell, 1966). Electron microscopy of negatively stained
cells showed a single polar flagellum in strains 4474,
5174 and 9974. In contrast to the original description
(Miller and Saleh, 1964), strain Norway 4 exhibited
peritrichous flagellation. The classification of this
strain with Desulfovibrio desulfuricans needs to be
reconsidered.

Strains 4474, 5174 and 9974 fermented pyruvate
in the absence of sulfate while strain Norway 4 grew
very poor under these conditions. Except for strain
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4474, malate was used in the presence of sulfate. All
strains grew well on ethanol and lactate with sulfate.

In view of the fact that sulfate reduction with
acetate had been described (Baars, 1930), all strains
listed in the table were tested for their capacity to
reduce sulfur or sulfate with acetate. Neither sulfide
formation nor growth were observed with any of the
strains tested.

The present investigation confirmed for the type
strains of Desulfovibrio desulfuricans and D. vulgaris
that elemental sulfur cannot be used as an electron
acceptor for growth, although some sulfide is formed.
The same is true for the type strain of Desulfotomacu-
lum nigrificans and for Desulfomonas pigra strain
11112. In view of these results it appears that the four
strains of sulfur-utilizing rod-shaped sulfate-reducing
bacteria have a broader ecological valence and, there-
fore, represent a different physiological-ecological
group. As enrichment cultures for three of the four
strains have shown, these bacteria have a selective
advantage in ecological niches where elemental sulfur
is available either directly or as a metabolic product of
green sulfur bacteria. Further studies will show wheth-
er the capacity to use sulfur is important in taxonomy
and identification among the sulfate-reducing bac-
teria.

Acknowledgements. We thank Rudi Lurz for the electron microscopy

of negatively stained preparations and Mrs. Regine Hettenhausen
for careful technical assistance.

REFERENCES

Baars, J. K.: Over sulphaatreductie door bacterien. Dissertation,
Univ. Delft, Holland; publ. W. D. Meinema (1930)

van Gemerden, H.: On the bacterial sulfur cycle of inland waters.
Thesis, Univ. Leiden (1967)

Lee, J. P., Ching-Sun Yi, Le Gall, J., Peck, H. D., Jr.: Isolation of
a new pigment, desulforubidin, from Desulfovibrio desulfuricans
(Norway strain) and its role in sulfite reduction. J. Bact. 115,
453 —455(1973)

Le Gall, J.: Bactéries sulfato-réductrices: Enzymologie de 1a réduc-
tion dissimilative des sulfates. Plant and Soil, 43, 115—-124
(1975)

Miller, J. D. A., Saleh, A. M.: A sulfate-reducing bacterium con-
taining cytochrome cs but lacking desulfoviridin. J. gen.
Microbiol. 37, 419 —423 (1964)

Moore, W. E. C., Johnson,J. L., Holdeman, L. V.: Emendation
of Bacteroidaceae and Butyrivibrio and descriptions of Desulfo-
monas gen. nov. and ten new species in the genera Desulfomonas,
Butyrivibrio, Eubacterium, Clostridium, and Ruminococcus. Int.
J. Syst. Bact. 26, 238 —253 (1976)

Pfennig, N., Biebl, H.: Desulfuromonas acetoxidans gen. nov. and
sp. nov., a new anaerobic, sulfur-reducing, acetate-oxidizing
bacterium. Arch. Microbiol. 110, 3—12 (1976)

Pfennig, N., Lippert, K. D.: Uber das Vitamin By,-Bediirfnis photo-
tropher Schwefelbakterien. Arch. Mikrobiol. 55, 245--256
(1966)

Postgate, J. R.: The reduction of sulphur compounds by De-
sulphovibrio desulphuricans. J. gen. Microbiol. 5, 725-—-738
(1951)

Postgate, J. R.: Genus Desulfovibrio. In: Bergey’s manual of de-
terminative bacteriology (R. E. Buchanan, N. E. Gibbons, eds.),
8th ed., pp.418—421. Baltimore: Williams and Wilkins 1974

Postgate, J. R., Campbell, L. L.: Classification of Desulfovibrio
species, the nonsporulating sulfate-reducing bacteria. Bact.
Rev. 30, 732—738 (1966)

Triiper, H. G., Schlegel, H. G.: Sulfur metabolism in Thio-
rhodaceae. I. Quantitative measurements on growing cells of
Chromatium okenii. Antonie v. Leeuwenhoek 30, 225-—-238
(1964)

Received October 25, 1976



