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ent availability. In this article we would like to focus on the
influence of pressure in particular as an environmental vari-
able in the oceans, and its effects on the genetic architecture
of deep-sea bacteria. The physical basis of pressure effects
is well documented to arise from the inhibitory effects of
increased pressure on biochemical processes which are
accompanied by a positive volume change (Bartlett 1992).

ZoBell and Johnson (1949) first coined the term
barophile, and ZoBell and Morita (1957) obtained the first
evidence for barophilic growth in mixed microbial cultures
obtained from deep-sea sediments. The first pure culture
isolates of barophilic bacteria were reported in 1979
(Yayanos et al. 1979). Since that time several studies have
suggested that increased unsaturation of membrane fatty
acids is critical to the maintenance of optimal membrane
function at high pressure in barophiles (DeLong and
Yayanos 1985, 1986; Wirsen et al. 1987; Kamimura et al.
1993). However, the evolution of barophilicity has surely
required the modification of many other cell structures
and processes. Molecular and genetic studies are providing
clues to the identification and characterization of such cellu-
lar components, many of which appear to localize to the
membrane.

Isolation and characterization of pressure-adapted
microorganisms from deep-sea environments

Several species of high-pressure-adapted bacteria have
been isolated from deep-sea sediment samples obtained at
depths of 2500–6500m by means of the manned submers-
ible Shinkai 6500, operated by the Japan Marine Science
and Technology Center (JAMSTEC) (Kato et al. 1995a,c,
1996a). A list of these isolates together with other bacteria
to be described is shown in Table 1. Most of the deep-sea
bacteria isolated are either barophilic or barotolerant, and
also psychrophilic, i.e., unable to grow at temperatures
above 20°C. Examples of typical growth profiles of these
bacteria at several pressures and temperatures were shown
in a previous report (Kato et al. 1995a). The barophilic
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Introduction

The deep-sea is a unique environment typified by high
pressure, low temperature, and reduced and altered nutri-

Communicated by K. Horikoshi

C. Kato (*)
The Deepstar Group, Japan Marine Science and Technology
Center (JAMSTEC), 2-15 Natsushima-cho, Yokosuka 237,
Japan Tel. 181-468-67-5555; Fax 181-468-66-6364
e-mail: katoc@jamstec.go.jp

D.H. Bartlett
Marine Biology Research Division, 0202, Center for Marine
Biotechnology and Biomedicine, Scripps Institution of
Oceanography, University of California, San Diego, La Jolla,
California 92093-0202, USA



112 N. Matsuda et al.: EGF receptor and osteoblastic differentiation

Table 1. Bacterial strains described in this study, and some of their properties

Bacterial strain Properties Source Reference

Barophilic bacteriaa

DB5501 Optimal growth at 50MPa, 108C Suruga Bay, 2485 m depth Kato et al. 1995a
DB6101 Optimal growth at 50MPa, 108C Ryukyu Trench, 5110m depth Kato et al. 1995a
DB6705 Optimal growth at 50MPa, 108C, Japan Trench, 6356 m depth Kato et al. 1995a

no growth at 0.1MPa
DB6906 Optimal growth at 50MPa, 108C, Japan Trench, 6269 m depth Kato et al. 1995a

no growth at 0.1MPa
DB172F Optimal growth at 70MPa, 108C, Izu-Bonin Tench, 6499 m depth Kato et al. 1996b

no growth at 0.1MPa
PT99 Optimal growth at 69MPa, 108C, Philippine Trench, 8600 m depth DeLong and Yayanos 1986

no growth at 0.1MPa

Moderately barophilic bacteriab

DSS12 Optimal growth at 30MPa, 88C Ryukyu Trench, 5110m depth Kato et al. 1995a
S. benthicac Optimal growth at 30MPa, 48C Walvis Ridge, 4575 m depth MacDonell and Colwell 1985
SC2A Optimal growth at 20MPa, 208C San Clemente Basin, 1957 m depth Yayanos et al. 1982
SS9 Optimal growth at 20MPa, 188C Sulu Trough, 2551 m depth DeLong 1986
DSJ4 Optimal growth at 10MPa, 108C Ryukyu Trench, 5110m depth Kato et al. 1995a

Barotolerant bacteria
DSK1 Optimal growth at 0.1MPa, 108C Japan Trench, 6356 m depth Kato et al. 1995a
DSK25 Optimal growth at 0.1MPa, 358C Japan Trench, 6500 m depth Kato et al. 1995c
S. hanedaic Optimal growth at 0.1MPa, 148C – MacDonell and Colwell 1985

Barosensitive bacteria
E. coli W3110 Optimal growth at 0.1MPa, 378C – –
S. algac Optimal growth at 0.1MPa, 308C – Rossell-Mora et al. 1994
S. putrefaciensc Optimal growth at 0.1MPa, 268C – MacDonell and Colwell 1985

a Barophilic bacteria are defined as those whose optimal growth pressure is more than 40MPa.
b Moderately barophilic bacteria are defined as those whose optimal growth pressure is above atmospheric pressure but less than 40MPa, and
which are capable of growth at atmospheric pressure.
c Species numbers of the Shewanella strains are ATCC43992 (S. benthica), IAM12641 (S. hanedai), IAM14159 (S. alga), and IAM12079 (S.
putrefaciens).

strains DB6705 and DB6906 are capable of growth at atmo-
spheric pressure at 4°C but not at temperatures at or above
10°C. In contrast, under high pressure conditions above
50MPa (approximately equal to a depth of 5km) these
strains grow better at 10°C than at 4°C. Growth of the
barotolerant strain DSK1 is also better at a relatively high
temperature (15°C) than at a relatively low temperature
(10°C) under high-pressure conditions above 50MPa. The
specific growth rate profiles of these deep-sea bacteria indi-
cate that they exhibit optimal high-pressure growth near
their upper temperature limit for growth. This appears to be
a general tendency of deep-sea barophilic strains (Yayanos
1986; Kato et al. 1995a, 1996b).

Comparisons of 16S rRNA sequences obtained from
numerous barophilic and barotolerant deep-sea bacteria to
those sequences held in the GenBank and EMBL databases
indicates that many barophilic and barotolerant strains be-
long to the Proteobacteria γ-subgroup (Kato et al. 1996a).
All of the strictly barophilic strains (DB5501, DB6101,
DB6705, DB6906, DB172F, and Shewanella sp. PT99) and
some of the moderately barophilic strains (DSS12 and
Shewanella benthica) group together in the same subbranch
of the genus Shewanella, which has been designated the
“barophile branch” (Fig. 1). Other moderately barophilic
strains (Shewanella sp. SC2A, Photobacterium sp. SS9, and
DSJ4) and barotolerant strains (S. hanedai and DSK1) are
widely distributed throughout the Proteobacteria γ-
subgroup, but outside of the barophile branch, and the

Gram-positive barotolerant strain DSK25 (Kato et al.
1995c) falls into the genus Bacillus. It is striking that all of
the strictly barophilic microbes reported thus far group
within a particular branch of a single genus.

Identification of pressure-regulated genes from deep-
sea Shewanella

In a sense all organisms respond to pressure changes. In the
case of terrestrial organisms (which experience little pres-
sure variation in their natural environment), this probably
reflects a stress response to the adverse effects of increased
pressure (Bartlett et al. 1995). On the other hand, aquatic
organisms from shallow as well as deep environments have
evolved mechanisms for sensing and coping with pressure
changes. Examples from higher organisms include fish swim
bladders and crab statocysts, which help maintain the or-
ganisms’ vertical position within the water column (Pelster
and Scheid 1992; Fraser and Macdonald 1994). Marine
microoganisms may also experience large pressure changes
as a result of physical or biological transport processes
(Bartlett 1991).

Pressure-sensing has been analyzed among the barophile
branch bacteria by searching for genes activated by high
pressure. This was accomplished by screening for promoter
DNA from the barophilic bacterium DB6705 which was
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Fig. 1. Phylogenetic tree showing the relationships between isolated
deep-sea-adapted bacteria within the γ-subgroup of the Proteobacteria
and genus Bacillus as determined by comparing 16S ribosomal DNA

sequences using the neighbor-joining method (Saitou and Nei 1987).
The scale represents the average number of nucleotide substitutions
per site

Fig. 2. Restriction map of the DNA fragment containing the two pres-
sure-regulated operons and flanking open reading frames (ORFs) from
the barophilic strain DB6705, and the structure of the genes. Arrows
indicate open reading frames. Restriction endonucleases are indicated
as follows: Bg, BglII; Bm, BamHI; BsE, BstEII; Cl, ClaI; Ec, EcoRI;

EcT, EcoT22; EV, EcoRV; Hd, HindIII; Pt, PstI; Sc, SacI; Sl, SalI; Sph,
SphI; and Xh, XhoI. The accession number of this DNA sequence from
strain DB6705 is D88688 in the DDBJ, EMBL, and GenBank DNA
databases

capable of controlling chloramphenicol acetyltransferase
gene expression in Escherichia coli at moderate pressure
(Kato et al. 1995b). A promoter fragment isolated in this
manner was subsequently found by primer extension and
Northern blot analysis to direct high-pressure-inducible

transcription in both the barophilic strain DB6705 and in E.
coli transformants harboring plasmids containing this pro-
moter. Downstream from this promoter, two small uniden-
tified open reading frames (ORF1 and ORF2) were found
which together comprise a pressure-regulated operon (Kato
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et al. 1996c), as shown in Fig. 2. The highest transcript levels
of ORFs 1 and 2 mRNA in DB6705 were observed at
70MPa (Kato et al. 1996c). The structure of the promoter
sequence located upstream of ORFs 1 and 2 is similar (14/
20bp match within and upstream of 210 region) to that
of a pressure-inducible promoter discovered in another
unrelated deep-sea bacterium: the ompH promoter from
Photobacterium sp. SS9 (Bartlett et al. 1989; Bartlett and
Welch 1995; see later). A similar pressure-regulated operon
to that present in DB6705 was cloned from the moderately
barophilic bacterium strain DSS12 and sequenced (Kato et
al. 1997a). Its sequence is almost identical to that of the
operon from DB6705, and its expression is also induced by
elevated pressure.

Downstream from this operon, another pressure-
regulated operon exists whose first ORF is designated
ORF3. Expression of ORF3 is also induced by high pres-
sure (Kato et al. 1997a). Unlike the situation with ORFs 1
and 2, it has been possible to identify the function of ORF3.
Based upon its amino acid sequence and the results of het-
erologous complementation studies in E. coli, ORF3 ap-
pears to encode the CydD protein (Kato et al. 1996d). In E.
coli, CydD is required for the assembly of the cytochrome
bd complex, one of the components of the aerobic respira-
tory chain (Poole et al. 1994). E. coli cydD mutants display
increased sensitivity to high pressure, but display wild-type
levels of high pressure sensitivity when bearing the DSS12
ORF3 gene on a plasmid (Kato et al. 1996d). Thus, it is
likely that cytochrome bd localization and assembly within
the inner membrane is critical to growth at high pressure in
strain DSS12 and related bacteria. Studies with other deep-
sea bacteria also indicate the importance of certain mem-
brane proteins to pressure adaptation (DeLong and
Yayanos 1987; Chi and Bartlett 1993; Bidle and Bartlett
unpublished data).

PCR amplification of ORFs 1 and 2 or an internal por-
tion of ORF3 have been attempted from many different
bacteria. Using primers specific for ORF1 and ORF3, am-
plification was positive for all of the strictly barophilic
strains (DB5501, DB6101, DB6705, DB6906, DB172F, and
Shewanella sp. PT99) and some of moderately barophilic
strains (DSS12 and S. benthica), but not for the other
Shewanella strains (S. hanedai, S. alga, S. putrefaciens, and
Shewanella sp. SC2A), other deep-sea bacterial strains,
(Photobacterium sp. SS9, DSK1, DSJ4, and DSK25), or E.
coli. All of the strains which yielded positive PCR results
belong in the barophile branch (Fig. 1). Thus, the ability to
amplify ORFs 1 and 2 and part of ORF3 from certain deep-
sea bacterial strains appears to reflect the close taxonomic
relationships of these bacteria to DB6705 and DSS12 (Li et
al. unpublished data).

To investigate the distribution of ORF1, 2, and 3 within
deep-sea microbial assemblages, DNA fragments encoding
portions of these genes were amplified by PCR from DNA
isolated from the world’s deepest ocean basin, the Mariana
Trench, at a depth of approximately 11000m using the new
unmanned submersible Kaiko operated by JAMSTEC.
DNA fragments corresponding to the pressure-regulated
gene clusters were clearly amplified by PCR. DNA ob-
tained from PCR was cloned and sequenced, and the results
of ORF1-3 sequence comparisons are shown in Table 2.
The sequences corresponding to ORFs1-3 found in DNA
from the Mariana sediment were more similar to those of
the strictly barophilic strain DB6705 than those of the
moderately barophilic strain DSS12 (Table 2a,b). These
results suggest that those benthic bacteria inhabiting
the sediments within the Mariana Trench which possess the
pressure-regulated operons are strictly barophilic organ-
isms (Kato et al. 1997b). In fact, it has been possible
to isolate obligately barophilic strains from the Mariana

Table 2. Similarity (%) of DNA sequences of a the pressure-regulated operon (ORF1, 2) and b
ORF3, amplified from the Mariana sediment DNA
a

DB6705 DSS12 #9 #11 #13 #24 #55

DB6705 100% 93.4% 97.9% 98.6% 98.3% 98.3% 98.2%
DSS12 100 92.2 92.4 92.2 92.7 92.5
#9 100 99.3 99.0 99.0 99.2
#11 100 99.8 99.8 99.7
#13 100 99.5 99.5
#24 100 99.5
#55 100

b

DB6705 DSS12 #26 #28 #30 #63 #66

DB6705 100% 87.3% 95.8% 99.8% 95.6% 95.0% 95.3%
DSS12 100 88.3 87.2 88.2 87.8 88.1
#26 100 95.6 99.8 99.6 99.8
#28 100 95.4 94.8 95.1
#30 100 99.4 99.6
#63 100 99.6
#66 100
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ter 1986), this effect may be counterbalanced by membrane
fluidizing agents such as anesthetics (Fig. 3). The anesthetic
result is particularly interesting in view of the fact that
opposing effects of pressure and anesthetics on a variety of
neurological activities in higher organisms have long been
known (Johnson and Miller 1970). It will be interesting in
the future to learn in greater detail how ToxR and ToxS
sense changes in pressure, what additional genes are under
the control of ToxR at low and high pressure, and if
the activities of these genes influence SS9 adaptation to
pressure changes.

Conclusion

The study of barophilic bacteria promises to provide infor-
mation on the requirements for life in the largest portion of
the biosphere, the cold, dark, low-nutrient, high-pressure
conditions prevailing in the deep sea. In addition to the
value inherent in studying a major category of extre-
mophiles whose adaptational mechanisms are only begin-
ning to be understood, barophiles may also contribute to
biotechnology in a broad range of areas including deep-sea
waste disposal, the production of novel natural products
and catabolic activities, and the provision of enzymes for
high-pressure bioreactors. There is value in the exploration
of both the deep-sea and the genomes of its denizens.
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