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Several strains of a strictly anaerobic, vibrio-shaped or sigmoid, sulfate-reducing bacterium were isolated 
from deep marine sediments (depth, 80 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA500 m) obtained from the Japan Sea (Ocean Drilling Program Leg 
128, site 798B). This bacterium was identified as a member of the genus zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBADesulfovibrio on the basis of the 
presence of desulfoviridin and characteristic phospholipid fatty acids (is0 17:lw7 and is0 15:0), the small 
number of growth substrates utilized (lactate, pyruvate, and hydrogen), and 16s rRNA gene sequence analysis 
data. Based on data for 16s rRNA sequences (1,369 bp), all of the Japan Sea strains were identical to each 
other and were most closely related to Desulfovibrio salexigens and less closely related to Desulfuvibrio desulfu- 
ricans (levels of similarity, 91 and 89.6%, respectively). There were, however, considerable phenotypic differ- 
ences (in temperatures, pressures, and salinities tolerated, growth substrates, and electron donors) between 
the Japan Sea isolates and the type strains of previously described desulfovibrios, as well as important 
differences among the Japan Sea isolates. The Japan Sea isolates were active (with sulfide production) over a 
wide temperature range (15 to 65°C) and a wide sodium chloride concentration range (0.2 to 10%) (moderate 
halophile), and they were barophiles that were active at pressures up to about 40 MPa (400 atm). The optimum 
pressures for activity corresponded to the calculated pressures at the depths from which the organisms were 
isolated (for isolates obtained at depths of 80 and 500 m the optimum activities occurred at  10 and 15 MPa, 
respectively [lo0 and 150 atm, respectively]). This confirms that the organisms came from deep sediments and 
indicates that they are well-adapted for deep sediment conditions, which is consistent with other characteristics 
(utilization of hydrogen, fermentation, and utilization of ferric iron and organic sulfonates as electron accep- 
tors). We propose that Japan Sea isolate 500-1 is the type strain of a new species, Desulfovibrio profundus. 

Bacterial sulfate reduction is the dominant anaerobic termi- 
nal oxidation process in marine sediments, and in coastal sed- 
iments this process can be responsible for more than 50% of 
the organic matter degradation (21). The importance of sulfate 
reduction decreases in deeper-water sediments, where the di- 
agenetic zones are greatly extended (16, 22), and as a result 
sulfate can be present to a depth of several hundred meters in 
some pelagic sediments zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(4). Thus, there is the potential for 
active sulfate reduction to continue at great depth within ma- 
rine sediments. Recently, this was demonstrated for Japan Sea 
sediments, where sulfate reduction was shown to be present to 
a depth of at least 425 m together with significant bacterial 
populations (30). Viable sulfate-reducing bacteria were also 
present to a depth of 80 m, and other viable bacterial types 
were present at even greater depths. These findings signifi- 
cantly extend the environment for sulfate-reducing bacteria 
and are consistent with reports of sulfate reduction in other 
deep environments, such as oil reservoirs (7,41), deep aquifers 
(20), and groundwaters (33). 

Since readily degradable organic matter is rapidly removed 
in near-surface sediments (32) and since porosity decreases 
and temperature and pressure increase with sediment depth, it 
appears that sulfate-reducing bacteria that are able to survive 
in deep marine sediments must be well-adapted to this hostile 
environment. Deep marine sediments thus may be an impor- 
tant source of unique bacteria, which may have environmental 
and biotechnological significance. In this paper we describe the 
characteristics of sulfate-reducing bacteria isolated from deep 
marine sediments from the Japan Sea. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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MATERIALS AND METHODS 

Sample collection. Sediment samples were collected from Ocean Drilling 
Program Site 798B in the Japan Sea (water depth, 900 m). The deepest sediment 
obtained was sediment from 518 m below the seafloor. Whole round core sam- 
ples were cut from intact cores under sterile anaerobic conditions (9) and were 
transported anaerobically (8) at 4°C back to a laboratory for analysis a few weeks 
later. Full details concerning the subsequent handling of the samples have been 
published elsewhere (9, 31). Briefly, 5-ml subcores were removed under sterile 
anaerobic conditions from the centers of whole round cores and serially diluted 
prior to injection into most-probable-number (MPN) vials containing modified 
Postgate's sulfate-reducing bacterial medium supplemented with either acetate 
or lactate and adjusted to in situ levels of salinity. The medium contained (per 
liter) 0.5 g of KH2P04, 1.0 g of NH,CI, 1.0 g of CaSO,, 5.0 g of MgSO, * 7H,O, 
3.5 g of sodium lactate (70% [vol/vol] solution) or 1.8 g of sodium acetate 
(anhydrous), 1.0 g of yeast extract, 0.1 g of ascorbic acid, 0.1 g of thioglycolic acid, 
0.5 g of FeSO, * 7H20, 32.0 g of NaCI, 5.0 g of MgC12 - 6H20, and 1.0 ml of 
resazurin (0.1%). The pH was adjusted to 7.2, and the medium was autoclaved 
at 121°C and then cooled under 90% N,-10% CO,. When the medium was cool, 
30 ml of a 1 M bicarbonate solution was added, the pH was adjusted to 7.5 with 
Na2C0,-HCI, and the medium was dispensed under N2-C0, into sterile, evac- 
uated, 7-ml, crimp top vials with butyl septa. The vials were incubated at 16"C, 
the mean temperature of the core from the sediment surface to a depth of 518 m. 

Enrichment and isolation of pure cultures. To increase growth rates, the 
incubation temperature for subcultures obtained from positive MPN vials was 
increased to 25°C. Once stable enrichment cultures had been established from 
samples obtained from 2, 10, 80, and 500 m below the seafloor, subsequent 
enrichment cultures were grown in both Postgate's medium and the better- 
defined Widdel's medium (46) (with NaCl and MgCI, - 6H,O concentrations 
adjusted as described above). These cultures were inoculated into agar shake 
dilution series containing different growth substrates (31), and when individual 
black colonies developed, they were inoculated into liquid Widdel's medium 
containing the same substrate. This process was repeated until pure cultures 
were obtained. Purity was assessed by observing a uniform cell type, Gram 
staining, a lack of aerobic growth, and a lack of growth on a range of complex 
substrates under anaerobic conditions and by analyzing 16s rRNA gene librarics 
from putative pure cultures. 

Physiological characterization. The characteristics of Japan Sea isolates were 
compared with the characteristics of the type strains of Desulfivihrio desulfuri- 
cans (DSM 642) and Desulfovibn'o salexigens (DSM 2638) obtained from the 
Deutsche Sammlung von Mikroorganisrnen und Zellkulturen, Braunschweig, 
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TABLE 1. Growth  substrates and  electron acceptors utilized by 
Japan  Sea isolates and  the  type strains of previously 

described zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBADesulfovibrio species 

Japan Sea Japan Sea D. salex- D. desul- 
Characteristic strain strain &ens furicans 

80-55 500-lT DSM 2638T DSM 642= 

Substrate utilization" 

Lactate 

Acetate 

Propionate 

Ethanol 

Benzoate 

Pyruvate 

Choline 

Formate 

Fructose 

Fumarate 

Hydrogen (auto- 

trophic) 

Hydrogen (mixo- 
trophic) 

Isobutyrate 

Malate 

Stearate 

Palmitate 

Alanine 

Glutamate 

Glycine 

Cysteine 

Serine 

Toluene 

Phenol 

Hexadecane 

Fermentation 

Choline 

Pyruvate 

Lactate 

Electron acceptor 

utilizationd 

Sulfate 

Sulfite 

Sulfur 

Thiosulfate 

Fe(II1) 
Nitrate 

Fumarate 

Lignosulfonate 

Dimet hyl sulfoxide zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
" Electron donors utilized when sulfate was the electron acceptor. 
' +, utilized; -, not utilized; (+), poor utilization (less than 1 mM sulfide is 

produced); ND, not determined. 
Growth on solid medium only. 
Electron acceptors utilized when lactate was the electron donor. 

Germany. The type strains were grown in the media recommended by the 
Deutsche Sammlung von Mikroorganismen und Zellkulturen. All cultures were 
routinely incubated in Widdel's medium at 25°C and 0.1 MPa (1 atm). As growth 
in this medium was accompanied by production of an iron sulfide precipitate and 
bacterial clumping, particularly at elevated pressures, absorbance could not re- 
liably be used to measure growth, and sulfide production was used instead (6). 
Sulfide production correlated with both sulfate removal zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(P < 0.001) and bacterial 
concentrations determined microscopically (P = 0.01). When using sulfide pro- 
duction as an index of growth was not appropriate (e.g., in fermentation tests), 
microscopy and substrate removal or formation of metabolic products were used 
to determine growth. 

Substrate and electron acceptor utilization. Metabolic tests were conducted in 
35-ml serum bottles sealed with butyl rubber stoppers (Phase Separations, Dee- 
side, United Kingdom) by using a 1.5% inoculum. Details concerning the various 
electron acceptors and donors and the concentrations used are listed in Table 1. 
Unless specified otherwise, growth was determined in the presence of 20 mM 
sulfate. Growth was determined after at least 21 days of incubation, although in 

some instances incubation times of up to 6 months were required before growth 
was detectable (e.g., when lignosulfonate and dimethyl sulfoxide were used). 

Temperature. Cultures were incubated at temperatures ranging from 7 to 
70°C. Incubation was continued for 56 days, but whenever growth occurred, 
visible turbidity was detected within 21 days. 

Pressure. Incubation experiments at elevated pressures were conducted by 
using a purpose-built pressure vessel (31). All headspace gas from inoculated 
cultures was removed and replaced with culture medium. As cultures could not 
be observed during incubation under pressure, incubation times were estimated 
by adding 48 h to the incubation times necessary for the development of visible 
turbidity in control cultures incubated at atmospheric pressure. The incubation 
times were generally between 10 and 12 days. Sulfide concentrations were de- 
termined immediately following depressurization and were expressed as percent- 
ages of the sulfide concentrations obtained with 1-atm controls. 

Sodium chloride and pH ranges for growth. Media containing NaCl at con- 
centrations ranging from 0 to 14% were prepared by adding different volumes of 
a sterile stock solution of NaCl (35%) to NaC1-free medium. Media with pH 
values ranging from 3.5 to 9 were prepared as described by Widdel and Bak (46). 

Hibitane resistance. Resistance to hibitane, a known characteristic of D. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsa- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
lexigens (40), was determined by incubating cultures in standard growth medium 
containing hibitane at concentrations ranging from 0.01 to 1 @liter. 

substrate removal and fermentation products. Volatile fatty acid concentra- 
tions in culture media were determined by ion exclusion chromatography (Di- 
onex, Sunnyvale, Calif.) as described by Wellsbury et al. (45). Samples were 
removed anaerobically from growing cultures and were filtered through a 0.1- 
pm-pore-size Anotop filter (Whatman, Maidstone, United Kingdom) prior to 
analysis. 

Desulfoviridin. The presence of bisulfite reductase (desulfoviridin) was deter- 
mined by adding NaOH to a resuspended pellet of cells and viewing the prep- 
aration under UV light as described by Postgate (35). 

DNA base composition. DNA was extracted and purified by the method of 
Ausubel et al. (1). The G + C  content was determined by the method of Tamaoka 
and Komagata (42). DNA was treated with P1 nuclease and alkaline phospha- 
tase, and the nucleosides were separated by high-performance liquid chroma- 
tography by using a model System Gold apparatus (Beckman) equipped with an 
Ultrasphere C,, column (Beckman). DNAs from the following three bacteria 
were used as standards: Clostridium perfnngens, Escherichia coli B, and Micro- 
coccus luteus (Micrococcus lysodeikticus). 

Whole-cell protein profiles. Total cellular proteins were extracted from 10-ml 
portions of pure cultures grown in Widdel's medium. A pellet of each pure 
culture was resuspended in 200 pl of sterile H,O, 225 pl of sample buffer (0.125 
M Tris-HC1 [pH 6.81, 20% glycerol, 4% sodium dodecyl sulfate, 0.05% bromo- 
phenol blue) was added, and then 25 p1 of 14.3 M mercaptoethanol was added. 
The preparations were incubated at 100°C for 5 min, centrifuged at 15,000 X g 
for 5 min, and stored at -20°C until they were needed. Proteins were separated 
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis essentially as de- 
scribed by Laemmli (24). Electrophoresis was performed with a stacking gel 
containing 4% polyacrylamide and a resolving gel containing 12% polyactyl- 
amide. Each gel was silver stained by using a modified method of Morrissey (28). 

Ribotyping and hybridization. Genornic DNAs were isolated from strains 
80-55 and 500-lT (T = type strain) by the method of Ausubel et al. (1) and were 
digested with restriction endonucleases EcoRI and PstI as recommended by the 
manufacturer (Boehringer Mannheim). DNA fragments were separated by elec- 
trophoresis on 0.7% agarose gels with Tris-borate-EDTA buffer at 10 V crn-' 
(39), transferred to an N+ nylon membrane (Boehringer Mannheim) by the 
Southern method (39), and fixed with UV light. Hybridization to the 16s rRNA 
gene was performed with a fluorescein-labelled eubacterium-specific oligonucle- 
otide probe (EUB338; 5'-GCT GCC TCC CGT AGG AGT-3') at 46"C, and the 
preparation was washed at 48°C as recommended by the manufacturer. Chemi- 
luminescence was detected at room temperature by using the instructions of the 
manufacturer (Boehringer Mannheim). The probe was visualized after detection 
by exposing the membrane to Kodak X-OMAT X-ray photographic film and 
developing the film as recommended by the manufacturer (Eastman Kodak). 

16s rRNA gene sequence analysis. DNA was extracted by standard procedures 
(39), and 16s rRNA gene sequences were amplified by the PCR as described 
previously (37, 38). The PCR primers used for 16s rRNA gene amplification 
were based on the primers described by Lane zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(25) ,  with slight modifications; the 
primers used were primers 27F (5'-GTG CTG CAG AGA G'IT TGA TCC TGG 
CTC AG-3'), 1392R (5'-CAC GGA TCC ACG GGC GGT GTG TRC-3'), and 
1492R (5'-CAC GGA TCC TAC GGG TAC CTT GTT ACG ACT T-3') (the 
numbers in the designations are the positions in the E. coli 16s rRNA sequence 
to which the 3' end of the primer annealed). The primers were designated by 
using the convention of Lane (25). Amplified 16s rRNA gene products were 
ligated into vector pCRII and used to transform E. coli INVaF' with a TA 
cloning kit (Invitrogen) as recommended by the manufacturer. Cloned 16s 
rRNA genes were screened by performing a restriction fragment length poly- 
morphism analysis of the whole plasmid plus the 16s rRNA insert and by DNA 
sequencing with an ALF sequencer (Pharmacia), as described previously (37, 
38). The complete 16s rRNA gene sequence between positions 27 and 1392 (E. 
coli numbering) was obtained by connecting overlapping shorter sequences with 
the DNASIS suite of programs (Hitachi). Sequences were aligned for the phy- 
logenetic analysis with the Clustal V program (18). Additional analyses were 
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FIG. 1. Scanning electron micrograph of D. profundus SOO-lT 

performed with the PHYLIP suite of programs (15) by using data and services 
provided by the Ribosomal Database Project (University of Illinois, Urbana- 
Champaign) (26) and the Antwerp Database (29). A phylogenetic tree was 
constructed by using TREECON software (44). 

Phospholipid fatty acid (PLFA) analysis. Freeze-dried bacterial cells were 
extracted by using a modified Bligh-Dyer monophasic solvent system with phos- 
phate buffer zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(2 ,  17). Phospholipids were isolated from the total lipid extracts by 
column chromatography (aminopropylphase bonded silica cartridgcs) and were 
released as the methyl esters after mild alkaline methanolysis (17) prior to 
identification by gas chromatography and gas chromatography-mass spectrome- 
try. Positions of unsaturation were determined by the formation of dimethyl 
disulfide adducts (47). 

Nucleotide sequence accession number. The 16s rRNA gene sequence of 
Desulfovibrio profundus sp. nov. has been deposited in the GenBank database 
under accession number U90726. 

RESULTS 

Enrichment and isolation. Enrichment in Postgate's me- 
dium required long incubation times (in some cases more than 
9 months) in order to obtain stable, sulfide-producing cultures. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
An unavoidable 18-month delay between inoculation of the 
initial MPN vials and subsequent processing may have contrib- 
uted to this. Cultures were obtained from the 2-, lo-, SO-, and 
500-m samples, and these cultures grew on a range of sub- 
strates in agar shake preparations (31), although long incuba- 
tion times (3 to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 months) were required for some substrates 
(particularly palmitate, fructose, and benzoate; there was also 
variation in incubation times with sample depth). Initially, 
however, growth of colonies from agar shake preparations was 
obtained only from the 80-m sample grown on liquid medium 
with lactate; five similar isolates were obtained, and two of 
these, strains 80-55 and 80-94, were studied further. An isolate 
from the 500-m sample, strain 500-lT, was finally obtained on 
an acetate agar plate, although this organism did not grow in 
liquid acetate medium and growth in liquid culture was con- 
tinued with lactate. While initial enrichment cultures required 
at least 6 weeks of incubation before growth was detectable, 
later enrichment cultures, and eventually pure cultures, pro- 

duced significant amounts of sulfide within 2 weeks after inoc- 
ulation into lactate medium. 

Cell morphology. The Japan Sea isolates were motile, gram- 
negative, vibrio-shaped or sigmoid cells (0.5 to 1 by 1 to 2 pm) 
(Fig. 1) with some pleomorphism. 

Below the Japan Sea isolates are compared with D. salexi- 
gens and D. desulfuricans, as the initial 16s rRNA gene se- 
quence analysis revealed that these sulfate-reducing bacteria 
are closely related. 

Ranges and optimum conditions for activity. Based on sul- 
fide production, Japan Sea strains 80-55 and 500-lT were active 
at temperatures between 15 and 65"C, and optimum activity 
occurred at temperatures around 25°C (Fig. 2). The activity 
temperature profile of these organisms was unusual, with con- 
siderable reproducible activity at the extremes of the temper- 
ature range tested (60% of the sulfide production at the opti- 
mum temperature). This was significantly different zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(P zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA<< 

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 0  20 30 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 0  5 0  60 70 

Temp I"C) 

FIG. 2. Temperature characteristics of Japan Sea isolates and the type strains 
of previously described desulfovibrios. Symbols: 0, strain 80-55; U, strain 500-1*; 
0, D. desulfuricans; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0, D. salexigens. 
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FIG. 3. Salinity characteristics of Japan Sea isolates and the type strain of a 
previously described desulfovibrio. Symbols: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0, strain 80-55; ., strain 500-lT; 0, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
D. salexigens. 

0.001) than the temperature characteristics of D. salexigens and 
D. desulfuricans incubated under identical conditions, which 
had a distinct activity optimum at temperatures around 30 to 
36°C and a maximum temperature for activity of around 40°C 
(Fig. 2). Sulfide production occurred at pH values between 4.5 
and 9, and the optimum pH was about 7. The Japan Sea strains 
were moderate halophiles; they were active in the presence of 
0.6 to about 10% NaCl (Fig. 3), in contrast to the slightly 
halophilic organism D. salexigens, which required at least 2% 
NaCl for sulfide production and was not active at NaCl con- 
centrations above about 6%. 

Based on sulfide production, Japan Sea strains 80-55 and 500- 
lT were more active at an elevated pressure than at 0.1 MPa (1 
atm), and the maximum pressure for activity was ca. 40 MPa 
(400 atm) (Fig. 4). Strains 80-55 and 500-lT had distinctly differ- 
ent pressure optima (10 and 15 MPa, respectively [lo0 and 150 
atm, respectively]). In contrast, D. salexigens and D. desulfuricans 
were active at pressures up to ca. 5 and 15 MPa, respectively 
(50 and 150 atm, respectively). The maximum sulfide produc- 
tion by the Japan Sea strains at elevated pressures was signif- 
icantly greater zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(P < 0.02) than the maximum sulfide produc- 
tion by the other desulfovibrios tested. Limited direct microscopic 

E 
c 

0 '  d 
0 10 20 30 40 50 

Pressure MPa 

FIG. 4. Pressure characteristics of Japan Sea isolates and the type strains of 
previously described desulfovibrios. Symbols: 0, strain 80-55; ., strain 500-lT; 0, 
D. desulfuricans; 0, D. salexigens. 

observations of samples incubated under elevated pressures con- 
firmed that the Japan Sea strains grew better under elevated 
pressures than at 0.1 MPa (1 atm), in contrast to D. salexigens. 

Unlike D. salexigens, neither of the Japan Sea strains could 
grow in the presence of 1 g of hibitane per liter, and these organ- 
isms were inhibited by hibitane concentrations as low as 0 .1pter .  

Biochemical characteristics. Strains 80-55 and 500-1 both 
produced characteristic fluorescence under UV illumination, 
indicating that desulfoviridin was present. The PLFA profiles 
of these two strains were similar to each other and to the PLFA 
profiles of D. salexigens and D. desulfun'cans. The PLFA pro- 
files of all of these organisms were dominated by saturated and 
monounsaturated C,, and C,, fatty acids and contained 
branched fatty acids characteristic of desulfovibrios (is0 17: 107 
and is0 150) (14,43). The protein profiles of strains 80-55 and 
500-lT were identical, but distinct from the protein profiles of 
D. salexigens and D. desulfuricans (data not shown). 

The G+C content of strain 500-lT was estimated to be 53 
mol%; this compares with previously reported values of 49 and 
59 mol% G+C for D. salexigens and D. desulfuricans, respec- 
tively (13). When genomic DNAs from strains 80-55 and 
500-lT were separately digested with EcoRI and PstI and hy- 
bridized with eubacterium-specific 16s ribosomal DNA probe 
EUB338, both organisms produced the same band patterns, 
indicating that they had identical ribotypes. 

Growth substrates and electron acceptors. Growth substrate 
and electron acceptor data for the Japan Sea strains, D. salexi- 
gens, and D. desulfuricans are shown in Table 1. Compared 
with other desulfovibrios, the Japan Sea strains used a rela- 
tively limited number of growth substrates during sulfate re- 
duction (46) (Table 1); both lactate and pyruvate were incom- 
pletely oxidized to acetate, and hydrogen was utilized. Lactate 
and pyruvate were also fermented by the Japan Sea strains, but 
not by D. salexigens and D. desulfuricans. In contrast to both 
D. salexigens and D. desulfuricans, both Japan Sea strains were 
capable of weak growth on hydrogen in the absence of acetate 
as a carbon source. Sulfate, sulfite, thiosulfate (only strain 
500-lT), iron oxyhydroxide, nitrate, dimethyl sulfoxide (only 
strain 80-55), and lignosulfonate were used as electron accep- 
tors. Overall, the metabolic capabilities of the two Japan Sea 
strains were similar but not identical and were substantially 
different from the metabolic capabilities of both D. salexigens 
and D. desulfuricans. 

Molecular analysis of pure cultures obtained from Japan 
Sea sediment. DNAs were extracted from all six Japan Sea 
isolates, and small 16s rRNA gene libraries were prepared. 
Selected clones (5 to 12 clones from each library) were com- 
pared and were shown to produce identical 16s ribosomal 
DNA restriction fragment length polymorphism profiles with 
restriction endonucleases EcoRI, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAvaII, and TaqI. The results 
of a partial sequence analysis of a subset of the clones obtained 
from the sulfate-reducing bacterial cultures were consistent 
with the purity established previously by microscopy and 
growth checks and also suggested that the isolates in the dif- 
ferent cultures were members of the same species. 

Phylogenetic analysis of sulfate-reducing bacterial strains 
isolated from Japan Sea sediments based on 16s rRNA gene 
sequences. 16s rRNA genes from sulfate-reducing bacterial 
strains 80-55 and 500-1* were sequenced over almost their 
entire length (1,369 bp) and were found to be identical. The 
sequences obtained was compared with the sequences of other 
sulfate-reducing bacteria, and this comparison revealed that 
strains 80-55 and 500-lT were most closely related to D. salexi- 
gens and less closely related to D. desulfuricans (levels of se- 
quence similarity for the 1,369 bp, 91.0 and 89.6%, respective- 
ly). Figure 5 shows a dendrogram based on a phylogenetic 
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Desulfovibrio longreachir 

Desulfovibrro vulgaris 

Desulfovibrio desulfiricans 
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FIG. 5. Phylogenetic relationships based on 16s rRNA gene sequences, showing 
the position of D. profundus with respect to other sulfate-reducing bacteria be- 
longing to the delta subclass of the Proteobacteria. The tree was constructed by 
the neighbor-joining method from a similarity matrix based on the Jukes-Cantor 
algorithm and was rooted by using E. coli as an outgroup. Scale bar = 10% se- 
quence similarity. Most of the reference sulfate-reducing bacterial sequences were 
obtained from the Ribosomal Database Project (26); the only exceptions were the D. 
gabonenszs and D. halophilus sequences, which were obtained from GenBank (ac- 
cession numbers U31080 and U48243, respectively). Base positions 29 to 1357 (num- 
bering based on the E. coli 16s rRNA gene [25]) were included in the analysis. The 
numbers at the branch points are bootstrap values, which derived from 500 analyses. 

analysis in which the 16s rRNA gene sequence obtained from 
strains 80-55 and 500-lT was compared with the sequences of 
other Desulfovibrio species and other sulfate-reducing bacterial 
species belonging to the 6 subclass of the Proteobacteria (13). 
This tree includes the moderately halophilic organisms Desul- 
fovibrio halophilus (4) and Desulfovibrio gabonensis (42). Al- 
though neither of the latter species is more closely related to 
strains 80-55 and 500-lT than D. salexigens is, D. halophilus 
does cluster in the same group (Fig. 5). 

Trees constructed by using distance, maximum-parsimony, 
and maximum-likelihood methods gave identical topologies 
and assignments of the 80-55 and 500-lT 16s rRNA gene 
sequences. 

DISCUSSION 

The recent demonstration of a deep bacterial biosphere 
which is widespread in marine sediments to depths of more 
than 500 m below the seafloor (10-12, 30, 31) not only has 
confirmed geochemical evidence for deep bacterial activity (4, 
5,23) but also has raised questions about what types of bacteria 
are present and how they survive at such depths and in sedi- 
ments deposited more than 10 X lo6 years ago. Initial esti- 
mates indicate that the global bacterial biomass in marine 
sediments is equivalent to 10% of the carbon in the surface 
biosphere (30), and hence deep marine sediments represent a 
newly discovered bacterial environment with potentially 
unique diversity, including tolerance to elevated temperatures 
and pressures, which increase during burial. Sulfate-reducing 
bacteria have been found previously in deep marine deposits; 
for example, Morita and Zobell (27) described sparse and 
sporadic occurrence of such organisms down to a depth of 8 m. 
However, as near-surface sediments contain high bacterial 
populations (3, 36), bacteria obtained from deep sediments 
have usually been considered contaminants from surface layers 
or reactivated dormant bacteria (49). In addition, previously 

there has been no physiological evidence that bacteria ob- 
tained from deep sediments were adapted to deep conditions 
to support a deep sediment origin for these organisms. 

In the Japan Sea sediments the presence of deep bacterial 
populations and activity was confirmed by a range of indepen- 
dent methods (9, 30), and viable counts of sulfate-reducing 
bacteria correlated with sulfate reduction rates, changes in 
pore water sulfate content, and concentrations of reduced sul- 
fur species. Sulfate-reducing bacterial strains 80-55 and 500-lT 
were isolated from the original MPN vials inoculated with 
sediment obtained from 80 and 500 m below the seafloor, 
respectively. These isolates are gram-negative, desulfoviridin- 
positive, sulfate-reducing bacteria which incompletely oxidize 
lactate and pyruvate. This, together with the presence of PLFA 
characteristic of desulfovibrios (14), places them in the Desul- 
fovibrio group. This was confirmed by 16s rRNA gene se- 
quence analysis data, which also indicate that these bacteria 
are closely related, but not identical, to D. salexigens and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAD. 
desulfuricans (levels of sequence similarity, 91.0 and 89.6%, 
respectively) (Fig. 5). 

The growth substrates utilized b Ja an Sea sulfate-reducing 
bacterial strains 80-55 and 500-1 were similar to the growth 
substrates utilized by other desulfovibrios, but even more re- 
stricted. For example, the Japan Sea isolates did not utilize 
ethanol, formate, or malate (Table 1). However, they did ex- 
hibit enhanced fermentation abilities and were able to ferment 
both lactate and pyruvate, unlike either D. salexigens or D. 
desulfiricans. The utilization of inorganic electron acceptors in 
addition to sulfate, iron oxyhydroxide, nitrate, sulfite, and thio- 
sulfate (only strain 500-lT) by the Japan Sea strains is similar 
to the utilization by other desulfovibrios. However, the ability 
of the Japan Sea strains to use lignosulfonate, although previ- 
ously found in another sulfate-reducing bacterium (48), is in 
contrast to the characteristics of the Desulfovibrio type strains 
tested in this study (Table 1). Although not remarkable, the 
metabolic capabilities of the Japan Sea isolates, which exhibit 
enhanced fermentation, an ability to use complex organic sul- 
fonates and ferric iron as electron acceptors, and an ability to 
grow on hydrogen, are characteristics that are consistent with 
the deep sulfate-limited environment from which they were 
isolated (9). Hydrogen can be produced by several deep min- 
eral reactions (13a, 41a). 

As the Japan Sea strains are the first bacteria from very deep 
sediment layers to be isolated and characterized, it was impor- 
tant that the ability of these organisms to be active under 
simulated in situ conditions be established and that the maxi- 
mum temperature and pressure ranges for activity be deter- 
mined. As considerable bacterial activity may occur in the 
environment without growth, a situation that is particularly 
true for anaerobic bacteria (45a), sulfide production rather 
than growth was used to determine activity ranges. As both the 
Japan Sea strains and type strains of previously described de- 
sulfovibrios were grown under the same conditions, compari- 
sons between them were valid, but the results may not be 
identical to the results of experiments based on growth. Sulfide 
production, however, was correlated with bacterial concentra- 
tion (P = 0.05), and the experiments were reproducible and 
statistically significant. The pressure characteristics of the Ja- 
pan Sea strains, compared to either D. salexigens or D. desul- 
furicans, are remarkable. Based on sulfide production, not only 
are the Japan Sea strains barophiles, but the optimum pres- 
sures for activity for 80-55 and 500-lT coincided with the pres- 
sures at the total depths (water column and sediment depths) 
from which they were isolated (10 and 15 MPa, respectively 
[loo and 150 atm, respectively]) (Fig. 4). This characteristic is 
similar to characteristics of other barophiles (46a) and pro- 
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vides strong evidence that the organisms were obtained from 
deep sediments. Fyurthermore, the Japan Sea isolates were 
active at pressures up to about 40 MPa (400 atm), in marked 
contrast to both zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAD. salexigens and D. desulfuricans. Limited 
data for bacterial growth under elevated pressures confirmed 
that the Japan Sea strains could also grow better at elevated 
pressures than at 0.1 MPa (1 atm); however, overall, growth was 
reduced with increasing pressure more rapidly than activity. 

The broad temperature profiles (15 to 65°C) (Fig. 2) of the 
Japan Sea isolates were also very different from the tempera- 
ture profiles of other desulfovibrios, which normally are not 
active at temperatures above 40°C (46). There was consider- 
able sulfate reduction at the extreme temperatures and there 
was no sharp temperature optimum, characteristics that are 
markedly different from the characteristics of the type strains 
of the previously described desulfovibrios. The thermal gradi- 
ent in the Japan Sea was 111"Ckm (19), and hence the tem- 
perature characteristics of the Japan Sea isolates enable them 
to grow in sediments more than 500 m deep. 

Since D. salexigens requires about 2% NaCl for growth and 
is resistant to 1 g of hibitane per liter (34, 40), these charac- 
teristics were checked for the Japan Sea isolates. Both isolates 
required only 0.6% NaCl for activity and growth and could 
grow at higher NaCl concentrations than D. salexigens (Fig. 3). 
The ability to grow at high concentrations of NaCl is also a 
characteristic of D. halophilus (4a); however, this sulfate-re- 
ducing bacterium requires at least 3% NaCl for growth and can 
tolerate up to 189% NaC1, compared to 10% NaCl for the Japan 
Sea strains. D. halophilus is also different from the Japan Sea 
strains in terms of growth substrates since it is able to use 
formate and ethanol for sulfate reduction but cannot ferment 
pyruvate. D. gabonensis, a recently isolated moderately halo- 
philic desulfovibrio (42a), differs markedly from the Japan Sea 
isolates as it has a salinity range of 1 to 17%, can grow on a 
much wider range of substrates, and utilizes different electron 
acceptors. In contrast to D. salexigens, hibitane concentrations 
as low as 0.1 g/liter inhibited growth of the Japan Sea isolates. 
The inability of the Japan Sea isolates to respire or ferment 
choline distinguishes them from D. desulfuricans. Therefore, 
consistent with the 16s rRNA gene sequence analysis data 
(Fig. 5) ,  the phenotypic characteristics of the Japan Sea iso- 
lates are similar to, but distinct from, the phenotypic charac- 
teristics of D. salexigens and other desulfovibrios, and we pro- 
pose a new species of the genus Desulfovibrio, Desulfovibrio 
profundus, for the Japan Sea isolates. D. profundus clusters 
with the moderately halophilic organism D. halophilus and the 
slightly halophilic organism D. salexigens, to which it is most 
closely related on the basis of 16s rRNA gene analysis data. 

The 16s rRNA gene sequences of strains 80-55 and 500-lT 
were identical despite clear phenotypic differences between 
these organisms, including differences in optimum pressure for 
activity (Fig. 4) and some metabolic activities (Table 1). Hence, 
bacteria can be very closely related as determined by 16s 
rRNA analysis but still have phenotypic differences that are 
environmentally important. The close relationship between the 
Japan Sea isolates and near-surface desulfovibrios (0. salexi- 
gens and D. desulfuricans), combined with the high optimum 
pressures of genetically identical strains 80-55 and 500-lT, 
which were isolated from different sediment depths (80 and 
500 m below the seafloor, respectively), suggests that adapta- 
tion during burial is a possible mechanism for the origin of 
specialized deep-sediment bacteria. When bacterial popula- 
tions originally in surface sediments become buried, they have 
to adapt to increased temperatures and pressures and the 
geochemical changes that occur during burial to survive. In 
addition, the results of an analysis of 16s rRNA genes ampli- 

fied from high-molecular-weight bacterial DNA from deep Ja- 
pan Sea sediment indicated that there are other novel bacterial 
types present (37). Pressure tolerance and other characteristics 
of the Japan Sea isolates demonstrate that these bacteria are 
well-adapted to their deep sediment environment and hence 
that they are not dormant or just surviving in situ, but are an 
active and important component of this environment. D. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBApro- 
fundus is the first sulfate-reducing bacteria from extreme 
depths in marine sediments that has been characterized. Bac- 
terial populations deep within marine sediments represent a 
unique new source of bacterial diversity with potential signif- 
icance for biotechnological application (for example, microbi- 
ally enhanced oil recovery) (la). 

Description of Desulfovibrio profundus sp. nov. Desulfovibrio 
profindus (pro.fun'dus. L. adj.profundus, deep). Motile, gram- 
negative, desulfoviridin-positive, vibrio-shaped or sigmoid cells 
(0.5 to 1 by 1 to 2 pm). The following growth ranges are based 
on sulfide production: temperature range for growth, 15 to 
65°C (optimum growth occurs at temperatures around 25°C); 
pH range for growth, 4.5 to 9, (optimum pH, around 7); salinity 
range for growth, 0.2 to 10% NaCl (optimum NaCl concentra- 
tion, 0.6 to 8%); pressure range, 0.1 to 40 MPa (1 to 400 atm) 
(optimum pressure, 10 to 15 MPa [lo0 to 150 atm], depending 
on the strain). Strict anaerobe. Reduces sulfate, sulfite, and 
thiosulfate (depending on the strain) to sulfide. Nitrate, ferric 
iron, dimethyl sulfoxide (depending on the strain), and ligno- 
sulfonate are used as alternative electron acceptors. Substrates 
used for dissimilatory sulfate reduction are lactate and pyru- 
vate, which are incompletely oxidized to acetate, and hydro- 
gen. Lactate and pyruvate are fermented in the absence of 
sulfate. Desulfoviridin is present. The G+C content of the 
DNA is 53 mol% (as determined by high-performance liquid 
chromatography). Isolated from deep marine sediment. The 
type strain is strain 500-1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(= DSM 11384). 
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