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Strain FH26001/95 (ATCC 700045) was previously isolated from a pyogenic liver abscess from a human.
Comparative 16S rRNA gene sequence analysis showed that this strain is related to members of the delta
subgroup of the proteobacteria, within a cluster of sulfate-reducing bacteria (Desulfovibrio spp.) and non-
sulfate-reducing bacteria (Bilophila wadsworthia and Lawsonia spp.). The phenotype of strain FH26001/95 was
found to be typical of members of the genus Desulfovibrio. Growth and substrate transformations were possible
at oxygen concentrations of 2 to 5% (vol/vol) but not at oxygen concentrations of 21% (vol/vol) in air. Its
isolation from an infection in a human suggests that some members of the genus Desulfovibrio can be

considered opportunistic pathogens.

Sulfate-reducing bacteria of the genus Desulfovibrio are typ-
ical inhabitants of anaerobic sediments and anaerobic digesters
and have been reported to occur in the human digestive tract
(3, 11). Desulfovibrio spp. have been isolated from clinical
specimens associated with infections of humans (16, 19, 20, 22,
26, 29), but these have been assigned to the genus Desulfovibrio
mainly on the basis of morphology and by comparative se-
quence analysis of their 16S rRNA genes. However, the genera
Desulfovibrio, Lawsonia, and Bilophila are phylogenetically en-
twined (9, 18, 23, 27, 29) within the delta subgroup of the
proteobacteria. Lawsonia spp. have been detected as intracel-
lular pathogens of the ileum of a range of mammals and birds
(6, 9, 15, 23, 24, 28). They are not known to be able to use
sulfate as an electron acceptor, and their metabolism is un-
studied. Bilophila wadsworthia has been isolated from speci-
mens from patients with appendicitis, human feces and an
anaerobic digester (2, 18, 27). This species is not able to reduce
sulfate as an electron acceptor (2, 18). Assignment of strains to
one of these three genera will require their phenotypic char-
acteristics to be determined.

Strain FH26001/95 (ATCC 700045) was isolated from fluid
from a liver abscess (29). Comparative 16S rRNA gene se-
quence analysis showed that this strain belongs to the delta
subgroup of the proteobacteria, within the cluster of sulfate-
reducing bacteria (Desulfovibrio spp.) and non-sulfate-reduc-
ing bacteria (Bilophila wadsworthia and Lawsonia spp.). We
have characterized this isolate using methods commonly ap-
plied to Desulfovibrio spp. and found it to be a typical sulfate-
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reducing bacterium, with the characteristics that allow an un-
equivocal assignment to the genus Desulfovibrio.

General characteristics. Strain FH26001/95 was able to grow
in the sulfide-reduced, bicarbonate-buffered medium FM (13)
at pH 7.2 with 10 mM sodium lactate, 20 mM Na,SO,, and 1 g
of yeast extract per liter (incubated at 37°C). Completely filled
20-ml screw-cap tubes or 50-ml screw-cap bottles were nor-
mally used; the lids were lined with rubber seals. Yeast extract
(filter sterilized [0.2-wm pore size]), sulfur compounds and
other electron acceptors, and carbon sources and electron do-
nors were added from sterile stock solutions before inocula-
tion.

Cells of strain FH26001/95 were curved rods, with a typical
vibrioid or spiral form, mostly about 4 wm long, but varying
from 2 to 12 pm in length and 0.7 to 0.8 wm in diameter. The
G+C content of the genomic DNA from cells of strain
FH26001/95 was 62.8 mol% (standard deviation = 0.03 mol%;
n = 6), as determined by a high-performance liquid chroma-
tography method (12). Pale tan-colored lens-shaped colonies
were formed in agar-deep cultures (25), made by using me-
dium FM with lactate and sulfate. Other characteristics of
strain FH26001/95 have been reported by Tee et al. (29).

Electron donors with sulfate as electron acceptor. Potential
electron donors were added to sterile media from separately
sterilized (autoclaved or filter sterilized in the case of heat-
labile substrates) and neutralized (NaOH or HCI) stock solu-
tions of b isomers of sugars (final concentration in the medium,
2 mM) or L isomers of organic and amino acids (final concen-
tration, 10 mM). H, was added in a mixture with CO, (H,-
CO,; 4:1 [vol/vol]) by the Hungate technique (30) into the gas
phase of half-filled bottles sealed with black rubber stoppers
(Aldrich Chemical Co., Castle Hill, New South Wales, Austra-
lia).

Strain FH26001/95 was able to grow with hydrogen, lactate,
pyruvate, malate, fumarate, formate, ethanol, propanol, buta-
nol, and alanine in the presence of 20 mM Na,SO, and 1 g of
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TABLE 1. Characteristics of strain FH26001/95 and members of the genera Desulfovibrio, Bilophila, and Lawsonia

Character Strain Desulfovibrio Bilophilq ) Lawsonia.
FH26001/95 spp.* wadsworthia® intracellularis®
G+C content (mol%) 63 61-67 39-40 36"
Sulfate reduction +< + — -
Sulfite reduction + + + NR
Desulfoviridin +4 + + NR
Obligate intracellular growth - - - +

“ Data from Baron et al. (2), Laue et al. (18), McOrist et al. (23), Tee et al. (29), and Widdel and Bak (30).

P R. T. Good and R. A. Strugnell (personal communication).

¢ Symbols and abbreviations: +, character present; —, character absent; NR, not reported.

yeast extract per liter. Sulfide (assayed qualitatively by a copper
precipitation test [7]) was produced with these electron donors.
Acetate, propionate, butyrate, succinate, citrate, glycerol, fruc-
tose, galactose, glucose, ribose, aspartate, glutamate, glycine,
isoleucine, leucine, phenylalanine, threonine, tryptophan, and
valine did not support growth or sulfide production. The pro-
duction of organic acids and alcohols was analyzed by high-
pressure liquid chromatography with a refractive index detec-
tor (8). Acetate was produced from lactate, pyruvate, ethanol,
and alanine, but when growing with propanol or butanol, the
corresponding fatty acid (propionate or butyrate) was pro-
duced. Acetate and smaller amounts of succinate (<10% of
end-product carbon) were produced when the strain was grown
with fumarate or malate. When it was grown with lactate plus
Na,SO,, the balances of substrates and products showed that 2
mol of lactate was oxidized to 2 mol of acetate coupled to the
reduction of 1 mol of sulfate to 1 mol of sulfide (determined
colorimetrically [5]). The range of electron donors and the
stoichiometry of substrate catabolism are typical of those of
members of the genus Desulfovibrio (30).

Electron acceptors and fermentation. Strain FH26001/95
was able to utilize nitrate, sulfate, thiosulfate, elemental sulfur
(prepared as described elsewhere [13]), and taurine as electron
acceptors with lactate as the electron donor. Nitrite (deter-
mined with sulfanilic acid and N, N-dimethyl-1-naphthylamine
[17]) and ammonia (4) were detected as end products of ni-
trate reduction, but N, gas (assayed by including a Durham
tube in the medium) was not produced. Sulfide was the end
product of reduction of sulfur-containing electron acceptors.
Fumarate was not used as an electron acceptor. The use of
sulfate as a terminal electron acceptor is a diagnostic charac-
teristic of Desulfovibrio spp. (30).

Strain FH26001/95 was able to ferment pyruvate to acetate
and presumably H, and CO, (assays for these gases were not
conducted). Lactate, malate, fumarate, ethanol, propanol, bu-
tanol, glycerol, alanine, aspartate, glutamate, fructose, galac-
tose, formate, and hydrogen did not support growth in the
absence of a suitable electron donor.

Other requirements for growth. Strain FH26001/95 was able
to grow with pyruvate or with lactate plus nitrate in anaerobi-
cally prepared medium FM reduced with 1.5 mM Na,S, with 3
mM cysteine, or without a reducing agent (when 0.5 mM cys-
tine was added as a sulfur source). Cysteine-reduced medium
FM was prepared by adding 5 ml of a freshly prepared, filter-
sterilized 0.4 M L-cysteine solution instead of Na,S.

Strain FH26001/95 was able to utilize sulfate, sulfide, thio-
sulfate, taurine, cysteine, and cystine (all tested at 1 mM with

respect to sulfur atoms) as sulfur sources when the strain was
grown under anoxic conditions with lactate plus nitrate in un-
reduced medium. Yeast extract (at 1 g per liter) and methio-
nine (1 mM) did not serve as sulfur sources for growth. Strain
FH26001/95 required yeast extract for growth, and the yeast
extract could not be replaced by a mixture of 26 growth factors.

Strain FH26001/95 is a Desulfovibrio sp. The phenotypic
characteristics of strain FH26001/95 are consistent with its
assignment to the genus Desulfovibrio (Table 1). Species of the
genus Desulfovibrio are differentiated on the basis of only a few
phenotypic characters (30). A detailed comparative study en-
compassing strain FH26001/95 and its apparent close relatives
(16, 19, 22) will be required to elucidate the taxonomic status
of this group of opportunistic pathogens.

Oxygen relations. Strain FH26001/95 was able to grow in
opposing gradients of O, and lactate in the absence of other
electron acceptors. Gradient systems were set up in foil-
capped, 250-ml, “tall-form” glass beakers with a height of 115
mm and an internal diameter of 58 mm. The gradient systems
contained two layers, the lower with the growth substrate and
the upper with the preparation being inoculated. The lower
layer consisted of 25 ml made up of equal volumes of 2MOPS-
FM and a 3% (wt/vol) molten washed-agar preparation (30),
mixed just prior to addition to the sterile beaker. 2ZMOPS-FM
contained the components of medium FM at double the nor-
mal concentrations, except that sodium sulfide and sodium
bicarbonate were omitted, and 50 ml of 1 M 3-(N-morpholin-
o)propanesulfonic acid (MOPS; adjusted to pH 7.0 with
NaOH and autoclaved), 10 ml of filter-sterilized 10% (wt/vol)
yeast extract, and 25 ml of filter-sterilized 20 mM L-cystine
(adjusted to pH 10 with NaOH) were added per liter. When a
growth substrate was required, this layer was supplemented
with sodium lactate to give a final concentration of 10 mM.
Once this layer had solidified, the upper layer of 75 ml was
added. This upper layer consisted of equal volumes of 2MOPS-
FM and a 1% (wt/vol) molten washed-agar preparation. The
two components were mixed, cooled to 42°C, and inoculated
with 0.75 ml of a stationary-phase culture of strain FH26001/95
before being poured into the beaker to form a layer 28 mm
deep. After 3 to 6 days of incubation at 37°C in air, a plate of
cells with a thickness of about 200 pm formed 6 mm below the
agar surface. No growth or plate formation was observed if
lactate was omitted from the system or if the cultures were
incubated anaerobically in anaerobic jars with GasPak Plus
anaerobic system envelopes (Becton Dickinson and Co., Cock-
eysville, Md.) or in uninoculated controls. When incubated
anaerobically with lactate in the upper agar layer and with 20
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mM Na,SO, in both agar layers, up to five plates of cells
formed at depths of 10 to 20 mm below the surface (8 to 18 mm
above the lactate-containing layer).

Oxygen concentrations in the aerobically incubated agar-
stabilized gradient cultures were measured polarographically
with a 760 needle oxygen electrode (Diamond General, Ann
Arbor, Mich.). The surface of the gradient system (0 mm
reference position) was determined by first inserting the E207
reference electrode (SDR Clinical Technology, Middle Cove,
New South Wales, Australia) into the agar near the wall of the
beaker and then lowering the needle electrode on a vernier-
scaled manipulator into the agar until a signal was obtained.
Oxygen concentrations were then read at increments of 0.1
mm. The needle electrode-reference electrode-polarographic
amplifier system was calibrated with air- and N,-saturated dis-
tilled water before the measurements were made (and was
checked again after the measurements were made). The oxy-
gen concentration at the position of the plate of cells was 19 to
24 uM, equivalent to a headspace partial pressure of about 2%
(volfvol) O,. The cells in the plate were collected with a Pas-
teur pipette and were immediately viewed by phase-contrast
microscopy with a video monitor calibrated with a stage mi-
crometer. These cells were motile, with a rapid darting motility
at a rate of 50 to 60 wm s~ '. The rapid darting motility of the
cells presumably played a role in maintaining the highly de-
fined plates.

Cultures under different O, partial pressures were grown in
anaerobically prepared medium FM without the addition of
sodium sulfide. Aliquots of 30 ml were dispensed into 200-ml
glass bottles which were closed with black rubber stoppers, and
the headspace was immediately flushed with O,-free N, plus
CO, (N,-CO,; 4:1 [volivol]). These cultures were supple-
mented with 10 mM sodium lactate, 1 g of yeast extract per
liter, and 0.5 mM L-cystine. Oxygen was then added with a
syringe to give the desired final partial pressure. Growth was
observed with lactate in the presence of 5% (vol/vol) O, in the
headspace, at which the dissolved O, concentration would be
54 uM at 37°C. A total of 4.1 mM lactate was utilized and 3.5
mM acetate formed. No growth or lactate degradation was
observed with 0, 10, or 20% (vol/vol) O, in the headspace.
Growth was observed in parallel cultures without O, but with
20 mM Na,SO,, and all the added lactate was oxidized to
acetate.

Desulfovibrio vulgaris has been shown to prefer and grow at
O, concentrations of 0.24 to 0.48 wM (14). Marschall et al. (21)
found that Desulfovibrio desulfuricans strain CSN formed
plates in oxygen-sulfide gradients at positions where the O,
concentration was up to 9 wuM. D. desulfuricans strain Holland
SH-1 grew optimally in continuous culture at a dissolved O,
concentration of 16 uM and was able to tolerate concentra-
tions of 45 M and greater (1). We observed growth of strain
FH26001/95 in oxygen-lactate gradients at about 20 pM dis-
solved O, and in liquid cultures at initial dissolved O, concen-
trations of about 50 wM. The free dissolved O, concentration
in arterial blood is about 110 wM, while that in venous blood
is about 45 pM (10). The dissolved O, concentration in tissues
will be lower. The oxygen tolerance of strains like FH26001/95
may be an essential factor in the ability of opportunistically
pathogenic strains of Desulfovibrio spp. to survive in blood and
infected tissues.

10.

11.

12.

13.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

NOTES 789

REFERENCES

. Abdollahi, H., and J. W. T. Wimpenny. 1990. Effects of oxygen on the growth

of Desulfovibrio desulfuricans. J. Gen. Microbiol. 136:1025-1030.

. Baron, E. J., P. Summanen, J. Downes, M. C. Roberts, H. Wexler, and S. M.

Finegold. 1989. Bilophila wadsworthia, gen. nov. and sp. nov., a unique
gram-negative anaerobic rod recovered from appendicitis specimens and
human faeces. J. Gen. Microbiol. 135:3405-3411.

. Beerens, H., and C. Romond. 1977. Sulfate-reducing anaerobic bacteria in

human feces. Am. J. Clin. Nutr. 30:1770-1776.

. Chaney, A. L., and E. P. Marbach. 1962. Modified reagents for determina-

tion of urea and ammonia. Clin. Chem. 8:130-132.

. Cline, J. D. 1969. Spectrophotometric determination of hydrogen sulfide in

natural waters. Limnol. Oceanogr. 14:454-458.

. Cooper, D. M., D. L. Swanson, S. M. Barns, and C. J. Gebhardt. 1997.

Comparison of the 16S ribosomal DNA sequences from the intracellular
agents of proliferative enteritis in a hamster, deer, and ostrich with the
sequence of a porcine isolate of Lawsonia intracellularis. Int. J. Syst. Bacte-
riol. 47:635-639.

. Cord-Ruwisch, R. 1985. A quick method for the determination of dissolved

and precipitated sulfides in cultures of sulfate reducing bacteria. J. Micro-
biol. Methods 4:33-36.

. Ehrlich, G. G., D. F. Goerlitz, J. H. Bourell, G. V. Eisen, and E. M. Godsey.

1981. Liquid chromatographic procedure for fermentation product analysis
in the identification of anaerobic bacteria. Appl. Environ. Microbiol. 42:878—
885.

. Fox, J. G., F. E. Dewhirst, G. J. Fraser, B. J. Paster, B. Shames, and J. C.

Murphy. 1994. Intracellular Campylobacter-like organism from ferrets and
hamsters with proliferative bowel disease is a Desulfovibrio sp. J. Clin. Mi-
crobiol. 32:1229-1237.

Ganong, W. F. 1999. Review of medical physiology, 19th ed. Appleton and
Lange, Stamford, Conn.

Gibson, G. R,, J. H. Cummings, and G. T. Macfarlane. 1991. Growth and
activities of sulphate-reducing bacteria in gut contents of healthy subjects
and patients with ulcerative colitis. FEMS Microbiol. Ecol. 86:103-112.
Janssen, P. H., W. Liesack, C. Kluge, S. Seeliger, B. Schink, and C. G.
Harfoot. 1996. Sodium-dependent succinate decarboxylation by a new an-
aerobic bacterium belonging to the genus Peptostreptococcus. Antonie Leeu-
wenhoek 70:11-20.

Janssen, P. H., A. Schuhmann, E. Mérschel, and F. A. Rainey. 1997. Novel
anaerobic ultramicrobacteria belonging to the Verrucomicrobiales lineage of
bacterial descent isolated by dilution culture from anoxic rice paddy soil.
Appl. Environ. Microbiol. 63:1382-1388.

. Johnson, M. S., I. G. Zhulin, M. A. R. Gapuzan, and B. L. Taylor. 1997.

Oxygen-dependent growth of the obligate anaerobe Desulfovibrio vulgaris
Hildenborough. J. Bacteriol. 179:5598-5601.

Klein, E. C., C. J. Gebhart, and G. E. Duhamel. 1999. Fatal outbreaks of
proliferative enteritis caused by Lawsonia intracellularis in young colony-
raised rhesus macaques. J. Med. Primatol. 28:11-18.

La Scola, B., and D. Raoult. 1999. Third human isolate of Desulfovibrio sp.
identical to the provisionally named Desulfovibrio fairfieldensis. J. Clin. Mi-
crobiol. 37:3076-3077.

Lauderdale, T.-L., K. C. Chapin, and P. R. Murray. 1999. Reagents, p.
1665-1673. In P. R. Murray, E. J. Baron, M. A. Pfaller, F. C. Tenover, and
R. H. Yolken (ed.), Manual of clinical microbiology, 7th ed. American
Society for Microbiology, Washington, D.C.

Laue, H., K. Denger, and A. M. Cook. 1997. Taurine reduction in anaerobic
respiration of Bilophila wadsworthia RZATAU. Appl. Environ. Microbiol.
63:2016-2021.

Loubinoux, J., F. Mory, I. A. C. Pereira, and A. E. Le Faou. 2000. Bacteremia
caused by a strain of Desulfovibrio related to the provisionally named Desul-
fovibrio fairfieldensis. J. Clin. Microbiol. 38:931-934.

Lozniewski, A., P. Maurer, H. Schuhmacher, J. P. Carlier, and F. Mory.
1999. First isolation of Desulfovibrio sp. as part of a polymicrobial infection
from a brain abscess. Eur. J. Clin. Microbiol. Infect. Dis. 18:602-603.
Marschall, C., P. Frenzel, and H. Cypionka. 1993. Influence of oxygen on
sulfate reduction and growth of sulfate-reducing bacteria. Arch. Microbiol.
159:168-173.

McDougall, R., J. Robson, D. Paterson, and W. Tee. 1997. Bacteremia
caused by a recently described novel Desulfovibrio species. J. Clin. Microbiol.
35:1805-1808.

McOrist, S., C. J. Gebhart, R. Boid, and S. M. Barns. 1995. Characterization
of Lawsonia intracellularis gen. nov., sp. nov., the obligately intracellular
bacterium of porcine proliferative enteropathy. Int. J. Syst. Bacteriol. 45:
820-825.

Peace, T. A,, K. V. Brock, and H. F. Stills, Jr. 1994. Comparative analysis of
the 16S rRNA gene sequence of the putative agent of proliferative ileitis of
hamsters. Int. J. Syst. Bacteriol. 44:832-835.

Pfennig, N. 1978. Rhodocyclus purpureus gen. nov., sp. nov., a ring-shaped,
vitamin B,,-requiring member of the family Rhodospirillaceae. Int. J. Syst.
Bacteriol. 28:283-288.

Porschen, R. K., and P. Chan. 1977. Anaerobic vibrio-like organisms cul-



790

27.

28.

NOTES

tured from blood: Desulfovibrio desulfuricans and Succinivibrio species.
J. Clin. Microbiol. 5:444-447.

Sapico, F. L., D. Reeves, H. M. Wexler, J. Duncan, K. H. Wilson, and S. M.
Finegold. 1994. Preliminary study using species-specific oligonucleotide
probe for rRNA of Bilophila wadsworthia. J. Clin. Microbiol. 32:2510-2513.
Stills, H. F., Jr. 1991. Isolation of an intracellular bacterium from hamsters
(Mesocricetus auratus) with proliferative ileitis and reproduction of the dis-
ease with a pure culture. Infect. Immun. 59:3227-3236.

29.

30.

J. CLIN. MICROBIOL.

Tee, W., M. Dyall-Smith, W. Woods, and D. Eisen. 1996. Probable new
species of Desulfovibrio isolated from a pyogenic liver abscess. J. Clin. Mi-
crobiol. 34:1760-1764.

Widdel, F., and F. Bak. 1992. Gram-negative mesophilic sulfate-reducing
bacteria, p. 3352-3378. In A. Balows, H. G. Triiper, M. Dworkin, W. Harder,
and K. H. Schleifer (ed.), The prokaryotes. A handbook on the biology of
bacteria: ecophysiology, isolation, identification, applications. Springer-Ver-
lag, New York, N.Y.



