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Two strains of obligately barophilic bacteria were isolated from a sample of the world’s deepest sediment,
which was obtained by the unmanned deep-sea submersible Kaiko in the Mariana Trench, Challenger Deep, at
a depth of 10,898 m. From the results of phylogenetic analysis based on 16S rRNA gene sequences, DNA-DNA
relatedness study, and analysis of fatty acid composition, the first strain (DB21MT-2) appears to be most
highly similar to Shewanella benthica and close relatives, and the second strain (DB21MT-5) appears to be
closely related to the genus Moritella. The optimal pressure conditions for growth of these isolates were 70 MPa
for strain DB21MT-2 and 80 MPa for strain DB21MT-5, and no growth was detected at pressures of less than
50 MPa with either strain. This is the first evidence of the existence of an extreme-barophile bacterium of the
genus Moritella isolated from the deep-sea environment.

The Mariana Trench, Challenger Deep (11°22'N, 142°25'E),
is the deepest ocean bottom in the world, and relatively few
kinds of organisms have been isolated from it. Pseudomonas
bathycetes was the first bacterial isolate obtained from a sedi-
ment sample collected from the Mariana Trench (13). Appar-
ently, P. bathycetes is not an organism adapted to the deep-sea
environment, since its generation time is 33 days under such
conditions (2°C, 100 MPa) (18). This bacterium grows nonbar-
ophilically at atmospheric pressure and at temperatures of as
high as 25°C (15). With respect to other deep-sea organisms, in
1978 Yayanos et al. were successful in collecting an amphipod
(Hirondellea gigas) from the Mariana Trench at a depth of
10,476 m by using an insulated trap (22). An obligately bar-
ophilic bacterium strain, MT41, was isolated from this deep-
sea amphipod, and this bacterium could grow only under pres-
sure conditions of greater than 518 bars, i.e., of approximately
50 MPa or more (22). DeLong et al. reported that strain MT41
was closely related to the genus Colwellia and suggested that
this genus was one of the typical deep-sea psychrophilic and
barophilic bacterial genera (2).

To investigate the environment and the biology of the deep-
sea world, several manned and unmanned deep-sea sub-
mersibles have been constructed. The newly constructed un-
manned submersible Kaiko, which means trench in Japanese
and which is operated by the Japan Marine Science and Tech-
nology Center, is the most capable of all, with an ability to
submerge to the world’s deepest sea bottom depth of 11,000 m
(11). On 28 February 1996, we set out to obtain sediment
samples from the world’s deepest point in the ocean. This was
Kaiko dive number 21 during our last Mariana Trench cruise,
which involved the use of a sterilized sediment sampler at a
depth of 10,898 m. It seems likely that this was the first time
sediment samples have been recovered from the world’s deep-
est point without any microbiological contamination derived
from overlying waters. We have reported the molecular anal-
ysis of this sediment and the sequences of pressure-regulated
genes found in DNA extracted from these samples (7). These
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findings suggested that deep-sea-adapted barophilic bacteria
are present in the sediment.

In this paper, we describe the isolation of obligately bar-
ophilic bacteria from the Mariana sediment obtained in the
Kaiko dives described above, and we show that the isolates do
not belong to a single genus but to two genera, Shewanella and
Moritella.

MATERIALS AND METHODS

Sample collection. Deep-sea sediment samples were collected from the Mari-
ana Trench, Challenger Deep (11°22.10'N, 142°25.85'E), at a depth of 10,898 m,
by means of sterilized mud samplers, with the unmanned submersible Kaiko. At
the bottom of the Mariana Trench, brown soft sediment was widespread and no
rock was observed. Several deep-sea animals were observed, suggesting the
presence of a large community of deep-sea invertebrates (6). The deepest mud
samples were taken by Kaiko’s manipulator and put into the sample holder of the
sterilized sampler, and then the samples were carried to the sea surface without
any change in temperature but were subject to changes in pressure (7). A part of
each of the samples employed for isolation of barophilic bacteria was pressurized
at approximately 100 MPa in a pressure vessel which was placed in a refrigerator
(2 to 4°C) on the support ship M. S. Yokosuka.

Isolation of the obligately barophilic bacteria and growth studies. Barophilic
bacteria were isolated according to the procedure reported previously (9). For
single-colony isolation, the cultures were incubated under a pressure of 100 MPa
in plastic bags. Growth of the isolates under conditions of 0.1 to 100 MPa at 10°C
in pressure vessels was tested in Marine Broth 2216 (Difco Laboratories, Detroit,
Mich.).

Electron microscopy. The morphology of isolated cells was observed by trans-
mission electron microscopy. For negative staining, 1 drop of culture was placed
on a copper grid coated with Pioloform and carbon and stained with 1% potas-
sium phosphotungstic acid adjusted to pH 6.5 with potassium hydroxide. The
negatively stained cells were observed with a model JEM-1210 transmission
electron microscope (JEOL, Tokyo, Japan) at an accelerating voltage of 80 kV.

Phylogenetic analysis and DNA studies. Chromosomal DNAs were extracted
from the isolates by the method of Saito and Miura (16), and 16S rRNA
genes (16S rDNA) were amplified by PCR with the primers Eubac27F and
Eubacl1492R (1). Amplified DNA was sequenced by a direct sequencing proce-
dure with an automated DNA sequencer (model 373S; Perkin Elmer/Applied
Biosystems Co., Foster City, Calif.) according to the manual. Phylogenetic anal-
ysis was done with the Clustal W Multi-alignment program (19), and a phyloge-
netic tree was constructed by the neighbor-joining (NJ) method (17). For analysis
of relatedness, DNA-DNA hybridization was carried out at 45°C for 3 h and
measured fluorometrically by the method described by Ezaki et al. (5).

Fatty acid analysis. Cells were grown in marine broth 2216 under high pres-
sure (70 MPa for strain DB2IMT-2 and 80 MPa for strain DB21MT-5) at 10°C
for 3 days (early stationary phase), washed twice with 3% NaCl solution at 4°C
by centrifugation at 8,000 X g, and freeze dried. The dried cells (20 mg) were
placed in a Teflon-lined, screw-capped tube containing 2 ml of anhydrous meth-
anolic HCI, and the tube was heated at 100°C for 3 h. After cooling, 1 ml of water
was added, and the fatty acid methyl esters were extracted with n-hexane. The
samples were analyzed for cellular fatty acids by a gas-liquid chromatography-
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FIG. 1. PCR amplification of pressure-regulated operons ORF1.2 and ORF3
from the DNAs of Mariana isolates by using the ORF1.2 and ORF3 primers.
Lanes: 1 and 14, DNA size marker DRIgestIII (AHindIII plus $X174 Haelll;
Pharmacia Biotech, Uppsala, Sweden); 2 and 8, DB2IMT-2; 3 and 9,
DB21MT-4; 4 and 10, DB2IMT-5; 5 and 11, DB21MT-6; 6 and 12, DB21MT-9;
and 7 and 13, DB2IMT-9.

mass spectrometer (model HP5971A-MSD; Hewlett-Packard Co., Palo Alto,
Calif.) (10).

Nucleotide sequence accession numbers. The 16S rDNA sequences of strains
DB21MT-2 and DB2IMT-5 determined in this study have been deposited in the
DDBJ, EMBL, and GenBank nucleotide sequence databases under accession
nos. AB008796 and AB008797, respectively.

RESULTS

Analysis of the Mariana isolates. Six obligately barophilic
strains which were able to grow well at 100 MPa and which
were not able to grow at atmospheric pressure were isolated
from the Mariana Trench sediment. As shown in Fig. 1, the
pressure-regulated operons particularly identified in She-
wanella barophilic strains (12) were amplified by PCR from
DNAs extracted from three strains, DB21MT-2, -4, and -7, but
were not amplified from DNAs from the other three strains,
DB21IMT-5, -6, and -9. From results for partially sequenced
16S ribosomal DNA (rDNA), we determined that two different
16S rDNA sequences were present, one in the three isolates
with the pressure-regulated operons and the other in the three
isolates without these operons. Therefore, two barophilic
strains, DB21MT-2 and -5, were chosen for further study.
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FIG. 3. Growth properties of the extreme barophiles at elevated hydrostatic
pressure. Dotted line, DB21IMT-2; solid line, DB21IMT-5. ¢4, doubling time (in
hours).

Morphology and growth properties. The cells of strain
DB21MT-2 were 2 by 0.8 to ~1 pwm in size, and those of strain
DB21MT-5 were a little bigger, 2.5 to ~3 by 1 pm. Both of
these strains were found to have a single polar flagellum (Fig.
2). As shown in Fig. 3, the optimal pressure conditions for
growth of strains DB2IMT-2 and -5 were 70 and 80 MPa,
respectively. Neither of these strains was able to grow at pres-
sures of less than 50 MPa, but both were able to grow well at
higher pressures, even at 100 MPa.

Phylogenetic relationships of the isolated hyperbarophiles.
A phylogenetic tree was constructed by the NJ method based
on 16S rDNA sequences, as illustrated in Fig. 4. Strain
DB21MT-2 is closely related to Shewanella benthica and other
barophilic strains belonging to the Shewanella barophile
branch. This result corresponds well with the findings shown in
Fig. 1, since this strain was found to have the pressure-regu-
lated operon identified only in members of this branch (12).
The other isolated strain, DB21IMT-5, is closely related to
Moritella marinus and to the barotolerant strain DSK1 re-
ported previously (9).
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FIG. 2. Electron micrographs (negative staining) of extreme-barophile bacteria (strains DB2IMT-2 [A] and DB2IMT-5 [B]). Bar, 1 pm.
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FIG. 4. Phylogenetic tree showing the relationships among the isolated bacteria within the y subdivision of the class Proteobacteria. The scale represents the average
numbers of nucleotide substitutions per site. Bootstrap values are shown for frequencies per 1,000 times.

DNA-DNA hybridization. The results of DNA-DNA hybrid-
ization analysis comparing the isolated strains DB2IMT-2 and
DB21MT-5 with the related bacterial species suggested from
the 16S rDNA phylogenetic tree (Fig. 4) are shown in Tables
1 and 2, respectively. A high level of DNA-DNA relatedness
among strain DB21MT-2, the previously reported barophilic
isolates DB6705 (9) and DB172F (8), and S. benthica was
evident (77 to 84%), indicating that these strains might be
members of the same species (20). The hybridization values
obtained between strain DB21IMT-5 and the Moritella and
Shewanella reference strains were significantly less than that
accepted as the phylogenetic definition of a species as de-
scribed by Wayne et al. (20). In addition to the phylogenetic
analysis, this suggested that strain DB21MT-5 is a new species

TABLE 1. Levels of homology for the chromosomal DNAs of
strain DB21MT-2 and its closely related strains®

% Homology with DNA from:

Strain
S. han S. put S. ben 172F 6705 MT-2 DSS12

S. han 100 7 7 5 13 10 16
S. put 15 100 6 6 11 9 9
S. ben 12 7 100 79 88 80 47
172F 16 9 90 100 96 77 39
6705 14 10 91 79 100 84 46
MT-2 20 21 81 79 78 100 48
DSS12 11 13 47 43 45 40 100

@S. han, S. hanedai; S. put, S. putrefaciens; S. ben, S. benthica; 172F, strain
DBI172F; 6705, strain DB6705; MT-2, strain DB21MT-2; and DSS12, strain
DSS12.

of the genus Moritella; however, more taxonomic studies are
necessary to clarify this matter.

Fatty acid analysis. The whole-cell fatty acid compositions
of the isolated barophilic strains DB21MT-2 and -5 and those
of selected reference strains (S. benthica and M. marinus, re-
spectively) are shown in Table 3. The dominant fatty acid in
the isolated barophiles was hexadecenoic acid (16:1), and the
long-chain polyunsaturated fatty acids (PUFAs) present in sig-
nificant amounts were eicosapentaenoic acid (EPA) (20:5) in
strain DB2IMT-2 and docosahexaenoic acid (DHA) (22:6) in
strain DB2IMT-5. The fatty acid profiles of these isolated
strains, DB21MT-2 and -5, were basically similar to those of
the reference species S. benthica and M. marinus, respectively,
particularly the PUFA patterns. Approximately 70% of the
membrane lipids in both extreme barophiles were unsaturated
fatty acids, and, compared with the reference strains, higher

TABLE 2. Levels of homology for the chromosomal DNAs of
strain DB21MT-5 and its closely related strains®

% Homology with DNA from:

Strain
S. put S. ben M. mar DSK1 MT-5
S. put 100 8 9 10 7
S. ben 7 100 11 14 12
M. mar 9 8 100 33 28
DSK1 16 4 17 100 22
MT-5 10 8 32 41 100

4 M. mar, M. marinus; DSK1, strain DSK1; MT-5, strain DB21MT-5.
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TABLE 3. Fatty acid compositions of the isolated strains and
type strains”

% showing the following compositions:

Strain
. 150 ] ) ) 20:5 22:6
14:0  14:1 is0 16:0 16:1  18:1 (EPA)  (DHA)
DB21MT-2 4 5 22 31 19 18
S. benthica 21 6 18 45 1 10
DB2IMT-5 25 12 9 45 1 8
M. marinus 16 1 1 21 45 2 12

“ Type strains were grown at atmospheric pressure and at 4°C (8. benthica) or
at 15°C (M. marinus).

amounts of octadecenoic acid (18:1) in strain DB21MT-2 and
tetradecenoic acid (14:1) in strain DB21MT-5 were evident.

DISCUSSION

Extremely barophilic bacteria, which we defined as bacteria
that are unable to grow at pressures of less than 50 MPa but
that are able to grow well at 100 MPa, were isolated from
sediment obtained by means of the unmanned submersible
Kaiko system from the world’s deepest ocean bottom, the
Mariana Trench, Challenger Deep, at a depth of 10,898 m.
One of the isolates, strain DB21MT-2, which showed optimal
growth at a pressure of 70 MPa, belongs to the species S.
benthica as determined based on 16S rDNA sequence compar-
isons and DNA-DNA hybridization analysis (Fig. 4; Table 1).
This strain particularly produces EPA as a component of its
membrane lipids (Table 3). All of the barophilic Shewanella
strains isolated from the deep sea produce EPA. Another
isolate, strain DB21MT-5, which shows optimal growth at a
pressure of 80 MPa, is closely related to the genus Moritella as
determined based on 16S rDNA sequence comparisons; how-
ever, DNA-DNA hybridization results suggest that this strain
does not belong to the same species as known Moritella strains
(Fig. 4; Table 2). This strain produces DHA as a component of
its membrane lipids (Table 3). M. marinus also produces DHA
(Table 3); thus, strain DB21MT-5 may share some similar
properties with this species, except for its pressure require-
ments for growth. The Moritella strains reported are not obli-
gately barophilic; they are barotolerant (strain DSK1 [9]) and
facultatively barophilic (strain PE36 [21]) deep-sea bacteria.

We have reported that EPA production is one of the par-
ticular characteristics of deep-sea-adapted Photobacterium spe-
cies, such as Photobacterium profundum (14), and the incidence
of such PUFAs in barophilic genera suggests that PUFAs play
an important role in maintenance of membrane fluidity at low
temperature and high pressure (3).

The first obligately barophilic strain isolated from the Mari-
ana Trench was strain MT41 (22), which was unable to grow at
pressures of less than 50 MPa, and its optimal pressure for
growth was approximately 100 MPa (21). Thus, this strain is
also an extreme-barophile bacterium. It is not related to the
genus Shewanella or Moritella but is closely related to the genus
Colwellia (2). Deming et al. reported that optimal pressures for
growth of the obligately barophilic bacterium strain BNL-1
were 925 atm (about 93 MPa) at 10°C and 740 atm (about 74
MPa) at 2°C (4). Strain BNL-1 was designated Colwellia
hadaliensis, and this strain is very similar to extreme bar-
ophiles. Shewanella sp. strains PT99, PT48 (3), and DB172F
(8) are also obligate barophiles, showing optimal growth at
pressures of 69, 62, and 70 MPa, respectively. However, these
Shewanella strains are able to grow at pressures of less than 50
MPa; thus, they are not extreme-barophile strains. Among the
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members of the genus Moritella, a facultatively barophilic
strain, PE36, has been reported (21), but no obligately bar-
ophilic strains are known.

Therefore, this is the first evidence of the existence of an
obligately barophilic Moritella sp. from the deep-sea environ-
ment, and it is an extreme-barophile bacterium.
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