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A B S T R A C T

The deep-sea environment has rich microbial resources, and these resources have been an important subject in
the efforts to culture microflora. Special devices that maintain in situ pressures have been developed and applied
in culturing piezophilic and hyperpiezophilic microbes. However, culturable microorganisms comprise the
minority of deep-sea microbes (archaea and bacteria), which reflects the disadvantages of traditional cultivation
methods, the ignorance of microbial habitats, and the fastidiousness of microbial growth requirements. This
mini-review introduces the diversity of microbes in the deep sea and discusses the deep-sea species that have
been identified in the past two years. In addition, this review summarizes almost all of the recognized piezophilic
microbes and describes the isolation methods that have been employed. Additionally, we recommend that some
of the methods that have been developed to obtain microbes from surface water, freshwater, sediments, soils and
organisms should be modified to enable the isolation of the deep-sea microbes. It is anticipated that this mini-
review will provide novel insights into exploration of “uncultured” deep-sea microbial resources.

1. Introduction

Oceans cover ~71% of our planet and have an average depth of
3800 m with an average pressure of 38 MPa (380 atm). The deep sea,
which generally refers to the sea with a depth of> 1000 m, accounts
for ~75% of the total ocean volume (Fang et al., 2010). The salinity of
deep seawater is ~35, and the deep-sea temperature is ~1–3 °C
(Skropeta and Wei, 2014), except at hydrothermal vents, where the
temperature can reach 460 °C at the heart of the chimney though the
surrounding water may be only 2 °C (Jebbar et al., 2015). The pH is
~7.8–7.9 in most deep-sea locations that have been examined (Park,
1966; Tan et al., 2012). The deep ocean lacks sunlight because light can
only reach to a water depth of 250 m. Current speeds at the sea bottom
are ~10 cm s-1 at bathyal depths, and ~4 cm s-1 at abyssal depths
(Skropeta and Wei, 2014). Pressure increases by 1 atm for every 10-m
depth increase. The oxygen concentration of bottom water in the deep
northeast Pacific Ocean is 200–300 μmol/kg (Cai and Reimers, 1995),
and D'Hondt et al. (2015) found that oxygen penetrates the entire se-
diment column underlying the South Pacific Gyre, where sediment
slowly accumulates in a shallow layer. The concentration of dissolved
organic carbon in the deep ocean is ~35–48 μmol/kg (DeLong et al.,
2006; Bercovici and Hansell, 2016). A variety of topographical features
exist in the deep-sea environments, such as hydrothermal vents, cold

seeps, oceanic trenches, seamounts, and bathyal plains, which possess
different physical and chemical properties. The extreme environment
supports a particular microbial community, which, in turn, affects the
surrounding habitat.

All the above mentioned factors may have considerable influences
on microbial life. However, most critical factors (in order of im-
portance) are nutrient concentration, temperature, and hydrostatic
pressure (Jannasch et al., 1982). Moreover, pressure effects on mi-
crobes are influenced by temperature. High hydrostatic pressure is a
most significant physical characteristic of the deep sea, and distin-
guishes it from shallow seas. Thus, deep-sea bacteria may be considered
as piezotolerant (growth from 0.1 to 10 MPa), piezophilic (growth from
10 to 70 MPa), and hyper-piezophilic (no growth at pressure lower than
50 MPa) based on their optimal growth pressures (Fang and Bazylinski,
2008). As piezotolerant bacteria do not have strict requirement of high
pressure, they have been regularly cultivated and the diversity of pie-
zotolerant bacteria is relatively high (Table 1 and Table 2). Piezophilic
microbes have also been cultured, but their diversity is very low and
mainly includes representatives of five bacterial genera belonging to γ-
proteobacteria, i.e., Photobacterium, Shewanella, Colwellia, Psychromonas
and Moritella, whereas piezophilic archaea are mostly (hyper-) ther-
mophiles from Thermococcales (Oger and Cario, 2013). Obligate pie-
zophilic microbes, whose activities are restricted by unique
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temperature and pressure requirements, may be indigenous deep-sea
residents, such as Psychromonas hadalis/kaikoae, Colwellia hadaliensis/
piezophila, Shewanella benthica, and Moritella yayanosii (Table 2),
whereas some piezotolerant bacteria may originate from other en-
vironments, such as spore-forming bacteria like Clostridium strains
(Lauro et al., 2004) and Bacillus stearothermophillus (Bartholomew and
Rittenberg, 1949).

Only a minor fraction of the microorganisms in the deep sea has
been obtained in culture (Deming and Baross, 2000). On one hand, cells
may be active in situ, but they can be resistant to culturing or can re-
main inactive (dormant) in situ due to starvation or other stresses for
long periods and require recovery using particular incubation condi-
tions. On the other hand, there are common problems inherent to cul-
ture as follows: (1) Medium: concentration and composition of organic/
inorganic constituents may be inappropriate; growth of some cells may
be activated or suppressed by certain chemicals; some cells may not
grow on a solidified agent. (2) Cultivation condition: physicochemical
factors may be unsuitable, such as pressure, temperature and the con-
centration of O2; the communication among cells may be limited or
destroyed. (3) Method of detection or separation: growth of some cells
is very slow and/or growth may reach saturation at low cell con-
centrations, so that some simple, rapid and highly sensitive methods of
detection or separation are required.

In this mini-review, we summarize the current knowledge of re-
cognized piezophilic microbes (including their isolation methods), and
recommend effective cultivation strategies with the aim of presenting
novel insights into culturing microbes from deep-sea environments.

2. Diverse deep-sea microbes

The deep sea is the largest biome, and it contains more than half of
the ocean’s microbes (Salazar et al., 2016). By culture-independent
methods, highly diverse bacteria have been found in deep-sea sedi-
ments (Schauer et al., 2010) and deep water. For example, using a
massively parallel tag sequecing strategy, Sogin et al. (2006) indicated
that most of the diversity was due to numerous, low-abundance popu-
lations of microbes (or so called “rare biosphere”) in deep-sea water.
Using high-throughput sequencing of the 16S rRNA gene, Salazar et al.

(2016) found that most abundant pelagic prokaryotes present in the
deep ocean at a global scale were Gammaproteobacteria, Alphaproteo-
bacteria, Actinobacteria, Thaumarchaeota and Deltaproteobacteria, and
~50% of the operational taxonomic units (OTUs) belong to previously
unknown prokaryotic taxa, most of which are rare and appear in just a
few samples. In addition, the study of He and Zhang (2016) revealed
that Proteobacteria, Actinobacteria, and Bacteroidetes were the pre-
dominant phyla in deep-sea hydrothermal vents.

On the other hand, many groups have made efforts to explore and
culture special and diverse deep-sea microbes from various environ-
ments. Thermophile archaea and bacteria (Zeng et al., 2015b; Zhao
et al., 2015) were isolated and identified from deep-sea hydrothermal
vent samples (i.e. sediments, black smoker chimney, or sulfide). Gram-
positive piezophilic bacteria were often isolated from deep subsurface
sediments (Runko et al., 2014). Polycyclic aromatic hydro-
carbonoclastic bacteria were obtained from deep-sea sediments, such as
the high-latitude Arctic Ocean (Dong et al., 2014) and the Middle
Atlantic Ridge (Cui et al., 2008). Recently, Ciobanu et al. (2014) en-
deavored to cultivate microbes from 1922 m below the seafloor of the
Canterbury Basin using methods that mimicked in situ conditions, and
showed that both bacteria (belonged to Alpha-, Beta-, Gamma-proteo-
bacteria, Actinobacteria and Armatimonadetes) and fungi (e.g., Cado-
phora) could be recovered from deep sediment layers. In addition,
bacteria from deep-sea water have been regularly cultured and identi-
fied (Cao et al., 2014; Huo et al., 2015; Li et al., 2015). Deep-sea eu-
karyotes, namely, amphipods (Lauro et al., 2007), deep-sea fishes
(Nakayama et al., 1994), holothurians (Deming et al., 1984) and
sponges (Xin et al., 2011), also provide habitats for microbial life.
Sinking particles in the benthic environment were revealed to carry
abundant heterotrophic bacteria that could be cultured (Deming,
1985). Overall, microbes with various characteristics are widely dis-
tributed in almost all areas of the deep sea.

Using traditional culturing methods for surface seawater, freshwater
and soil microorganisms, many researchers have obtained deep-sea
microbes. However, better success has followed from the use of mod-
ified approaches or special strategies for isolating deep-sea microbes.
Recently, using modified media, dilution-to-extinction techniques, or
special devices, more than 40 novel deep-sea bacteria and archaea have

Table 1
Novel bacterial species isolated from deep-sea environments during 2014-2015 and their isolation methods.

Methods Taxon References

Plating methods using regular media Marine agar 2216 Nocardioides pacificus Fan et al. (2014a)
Luteimonas abyssi Fan et al. (2014b)
Luteococcus sediminum Fan et al. (2014c)
Oceanobacillus pacificus Yu et al. (2014)
Achromobacter sediminum Zhang et al. (2014)
Roseivivax marinus Dai et al. (2014)
Salipiger nanhaiensis Dai et al. (2015)

R2A agar Desmospora profundinema Zhang et al. (2015)
Lentisphaera profundi Choi et al. (2015)
Marinithermofilum abyssi Zhang et al. (2015)

Plating methods using modified media Marine agar 2216 containing MnCl2 Altererythrobacter atlanticus Wu et al. (2014)
R2A agar containing cycloheximide Cavicella subterranea França et al. (2015)

Plating methods using special media Marine agar 216L Mameliella atlantica Xu et al. (2015)
Marinibacterium profundimaris Li et al. (2015)
Zunongwangia atlantica Shao et al. (2014)

FRPFO medium Anoxybacter fermentans Zeng et al. (2015b)
Caloranaerobacter ferrireducens Zeng et al. (2015a)

PAH medium Celeribacter indicus Lai et al. (2014)
Others methods Continuous-flow bioreactor Spirochaeta psychrophila Miyazaki et al. (2014)

Dilution to extinction technique Sulfurovum aggregans Mino et al. (2014)
Thermococcus cleftensis Hensley et al. (2014)
Thermococcus paralvinellae Hensley et al. (2014)

Potential controlled electrode Brevundimonas denitrificans Tsubouchi et al. (2014)
Hungate tubes Thermococcus nautili Gorlas et al. (2014)

Crassaminicella profunda Lakhal et al. (2015)
Methanoculleus taiwanensis Weng et al. (2015)

Z. Zhang et al. Deep-Sea Research Part II xxx (xxxx) xxx–xxx

2



Ta
bl
e
2

Li
st

of
kn

ow
n
cu

lt
ur
ed

fa
cu

lt
at
iv
e
an

d
ob

lig
at
e
pi
ez
op

hi
le
s.

Is
ol
at
io
n
m
et
ho

ds
Ph

ys
io
lo
gy

St
ra
in
s

Ta
xo

n
O
ri
gi
n

D
ep

th
(m

)
Sa

m
pl
e
lo
ca

ti
on

R
ef
er
en

ce
s

Si
lic

a
ge

l
po

ur
tu
be

s
(D

ie
tz

an
d
Y
ay

an
os
,
19

78
)

Fa
cu

lt
at
iv
e

pi
ez
op

hi
le
s

C
N
PT

3
Ps
yc
hr
om

on
as

m
ar
in
a

de
ca
yi
ng

am
ph

ip
od

s;
am

ph
ip
od

tr
ap

w
at
er

58
00

N
or
th

Pa
ci
fi
c

Y
ay

an
os

et
al
.(
19

79
);
Y
ay

an
os

(1
98

6)
;

D
el
on

g
an

d
Y
ay

an
os

(1
98

6)
PE

31
/P

E3
5

-
se
aw

at
er

35
84

Ea
st
er
n
Pa

ci
fi
c

Y
ay

an
os

et
al
.(
19

82
)

BB
S2

/3
-

se
di
m
en

t
41

20
N
or
th

A
tl
an

ti
c

D
em

in
g
(1
98

5)
BB

D
T1

/2
-

fe
ca
l
pe

lle
t

39
20

N
or
th

A
tl
an

ti
c

D
em

in
g
(1
98

5)
BB

P5
/6

-
fe
ca
l
pe

lle
t

46
95

N
or
th

A
tl
an

ti
c

D
em

in
g
(1
98

5)
BB

G
3/

4
-

ho
lo
th
ur
ia
n

41
20

N
or
th

A
tl
an

ti
c

D
em

in
g
(1
98

5)
PE

36
M
or
ite
lla

sp
.

am
ph

ip
od

tr
ap

w
at
er

35
84

Ea
st

Pa
ci
fi
c

Y
ay

an
os

(1
98

6)
;D

el
on

g
an

d
Y
ay

an
os

(1
98

6)
SC

2A
Sh

ew
an

el
la

sp
.

se
aw

at
er

19
57

Ea
st

Pa
ci
fi
c

D
el
on

g
an

d
Y
ay

an
os

(1
98

6)
A
T7

C
ar
no

ba
ct
er
iu
m

sp
.

se
aw

at
er

25
00

A
le
ut
ia
n
Tr
en

ch
D
el
on

g
an

d
Y
ay

an
os

(1
98

6)
;L

au
ro

et
al
.(
20

07
)

A
T1

2
C
ar
no

ba
ct
er
iu
m

sp
.

se
aw

at
er

25
00

A
le
ut
ia
n
Tr
en

ch
La

ur
o
et

al
.(
20

07
)

O
bl
ig
at
e
pi
ez
op

hi
le
s

M
T4

1
C
ol
w
el
lia

sp
.

de
ca
yi
ng

am
ph

ip
od

s
10

47
6

M
ar
ia
na

Tr
en

ch
Y
ay

an
os

et
al
.(
19

81
);
D
el
on

g
an

d
Y
ay

an
os

(1
98

6)
PT

99
Sh

ew
an

el
la

be
nt
hi
ca

de
ca
yi
ng

am
ph

ip
od

86
00

Ph
ili
pp

in
e
Tr
en

ch
D
el
on

g
an

d
Y
ay

an
os

(1
98

6)
;D

el
on

g
et

al
.(
19

97
)

PT
48

Sh
ew

an
el
la

be
nt
hi
ca

am
ph

ip
od

tr
ap

w
at
er

61
63

Ph
ili
pp

in
e
Tr
en

ch
D
el
on

g
an

d
Y
ay

an
os

(1
98

6)
;D

el
on

g
et

al
.(
19

97
)

M
T1

99
-

am
ph

ip
od

tr
ap

w
at
er

35
84

N
or
th

Pa
ci
fi
c

Y
ay

an
os

(1
98

6)
Y
C
-1

Pr
of
un

di
m
on

as
pi
ez
op
hi
la

se
aw

at
er

60
00

Pu
er
to

R
ic
o
Tr
en

ch
C
ao

et
al
.(
20

14
)

a P
ie
zo

ph
ile

s
H
S1

1
Ps
yc
hr
om

on
as

sp
.

se
di
m
en

ts
58

00
H
aw

ai
i
co

as
t

D
el
on

g
an

d
Y
ay

an
os

(1
98

6)
PT

64
-

de
ca
yi
ng

am
ph

ip
od

s
35

84
N
or
th

Pa
ci
fi
c

Y
ay

an
os

(1
98

6)
;D

el
on

g
an

d
Y
ay

an
os

(1
98

6)
Th

e
D
EE

P-
BA

TH
sy
st
em

(K
yo

et
al
.,
19

91
)

Fa
cu

lt
at
iv
e

pi
ez
op

hi
le
s

#
30

2
Sh

ew
an

el
la

be
nt
hi
ca

se
di
m
en

ts
30

64
Ja
pa

n
Se

a
A
ra
ka

w
a
et

al
.(
20

06
)

#
30

4
M
or
ite
lla

ya
ya

no
si
i

se
di
m
en

ts
30

64
Ja
pa

n
Se

a
A
ra
ka

w
a
et

al
.(
20

06
)

a P
ie
zo

ph
ile

s
C
T0

1
Sh

ew
an

el
la

sp
.

se
di
m
en

ts
50

00
K
ur
ile

Tr
en

ch
Se

ki
gu

ch
i
et

al
.(
20

10
)

C
T0

3
Sh

ew
an

el
la

sp
.

se
di
m
en

ts
50

00
K
ur
ile

Tr
en

ch
Se

ki
gu

ch
i
et

al
.(
20

10
)

C
T0

8
M
or
ite
lla

sp
.

se
di
m
en

ts
50

00
K
ur
ile

Tr
en

ch
Se

ki
gu

ch
i
et

al
.(
20

10
)

C
T1

2
M
or
ite
lla

sp
.

se
di
m
en

ts
50

00
K
ur
ile

Tr
en

ch
Se

ki
gu

ch
i
et

al
.(
20

10
)

JT
01

M
or
ite
lla

sp
.

se
di
m
en

ts
50

00
/7

00
0

Ja
pa

n
Tr
en

ch
Se

ki
gu

ch
i
et

al
.(
20

10
)

Th
e
do

ra
ya

ki
m
et
ho

d
(N

ak
ay

am
a
et

al
.,
19

94
)

Fa
cu

lt
at
iv
e

pi
ez
op

hi
le
s

36
B1

/3
6C

1
-

de
ep

-s
ea

fi
sh

47
00

N
or
th
w
es
te
rn

Pa
ci
fi
c

Y
an

o
et

al
.(
19

97
)

16
C
1

-
de

ep
-s
ea

fi
sh

31
00

N
or
th
w
es
te
rn

Pa
ci
fi
c

Y
an

o
et

al
.(
19

97
)

47
A
1

-
de

ep
-s
ea

fi
sh

32
00

N
or
th
w
es
te
rn

Pa
ci
fi
c

Y
an

o
et

al
.(
19

97
)

33
E1

-
de

ep
-s
ea

fi
sh

53
00

N
or
th
w
es
te
rn

Pa
ci
fi
c

Y
an

o
et

al
.(
19

97
)

O
bl
ig
at
e
pi
ez
op

hi
le
s

2D
2

-
de

ep
-s
ea

fi
sh

61
00

N
or
th
w
es
te
rn

Pa
ci
fi
c

Y
an

o
et

al
.(
19

97
)

56
D
1/

56
E1

-
de

ep
-s
ea

fi
sh

56
00

N
or
th
w
es
te
rn

Pa
ci
fi
c

Y
an

o
et

al
.(
19

97
)

38
D
1

-
de

ep
-s
ea

fi
sh

59
00

N
or
th
w
es
te
rn

Pa
ci
fi
c

Y
an

o
et

al
.(
19

97
)

G
ro
w
in
g
th
e
ce
lls

w
it
h
lo
w
-m

el
ti
ng

ag
ar

m
ed

iu
m

un
de

r
th
e
hi
gh

pr
es
su
re

(K
at
o
et

al
.,
19

95
)

Fa
cu

lt
at
iv
e

pi
ez
op

hi
le
s

D
B5

50
1

Sh
ew

an
el
la

be
nt
hi
ca

se
di
m
en

t
24

85
Su

ru
ga

Ba
y

K
at
o
et

al
.(
19

95
)

D
B6

10
1

Sh
ew

an
el
la

be
nt
hi
ca

se
di
m
en

t
51

10
R
yu

ky
u
Tr
en

ch
K
at
o
et

al
.(
19

95
)

D
B-
17

2F
/R

Sh
ew

an
el
la

be
nt
hi
ca

se
di
m
en

t
64

99
Iz
u-
Bo

ni
n
Tr
en

ch
K
at
o
et

al
.(
19

96
);
Q
ur
es
hi

et
al
.

(1
99

8)
D
SS

12
Sh

ew
an

el
la

vi
ol
ac
ea

se
di
m
en

t
51

10
R
yu

ky
u
Tr
en

ch
N
og

i
et

al
.(
19

98
b)

D
SK

1
M
or
ite
lla

ja
po
ni
ca

se
di
m
en

t
63

56
Ja
pa

n
Tr
en

ch
N
og

i
et

al
.(
19

98
a)

D
SJ

4
Ph

ot
ob
ac
te
ri
um

pr
of
un

du
m

se
di
m
en

t
51

10
R
yu

ky
u
Tr
en

ch
N
og

i
et

al
.(
19

98
c)

O
bl
ig
at
e
pi
ez
op

hi
le
s

D
B2

1M
T-
2

Sh
ew

an
el
la

be
nt
hi
ca

se
di
m
en

t
10

89
8

M
ar
ia
na

Tr
en

ch
N
og

i
an

d
K
at
o
(1
99

9)
;K

at
o
et

al
.

(1
99

8)
D
B2

1M
T-
5

M
or
ite
lla

ya
ya

no
si
i

se
di
m
en

t
10

89
8

M
ar
ia
na

Tr
en

ch
N
og

i
an

d
K
at
o
(1
99

9)
;K

at
o
et

al
.

(1
99

8)
Y
22

3G
C
ol
w
el
lia

pi
ez
op
hi
la

se
di
m
en

t
62

78
Ja
pa

n
Tr
en

ch
N
og

i
et

al
.(
20

04
)

Y
25

1E
C
ol
w
el
lia

pi
ez
op
hi
la

se
di
m
en

t
62

78
Ja
pa

n
Tr
en

ch
N
og

i
et

al
.(
20

04
)

a P
ie
zo

ph
ile

s
D
B6

70
5

Sh
ew

an
el
la

be
nt
hi
ca

se
di
m
en

t
63

56
Ja
pa

n
Tr
en

ch
K
at
o
et

al
.(
19

95
)

D
B6

90
6

Sh
ew

an
el
la

be
nt
hi
ca

se
di
m
en

t
62

69
Ja
pa

n
Tr
en

ch
K
at
o
et

al
.(
19

95
)

G
ro
w
in
g
th
e
ce
lls

w
it
h
lo
w
-m

el
ti
ng

ag
ar
os
e

Fa
cu

lt
at
iv
e
pi
ez
op

hi
le

JT
40

3
-

se
aw

at
er

40
00

Ja
pa

n
Tr
en

ch
Sa

ki
ya

m
a
an

d
O
hw

ad
a
(1
99

7)
(c
on

tin
ue
d
on

ne
xt

pa
ge
)

Z. Zhang et al. Deep-Sea Research Part II xxx (xxxx) xxx–xxx

3



Ta
bl
e
2
(c
on

tin
ue
d)

Is
ol
at
io
n
m
et
ho

ds
Ph

ys
io
lo
gy

St
ra
in
s

Ta
xo

n
O
ri
gi
n

D
ep

th
(m

)
Sa

m
pl
e
lo
ca

ti
on

R
ef
er
en

ce
s

m
ed

iu
m

un
de

r
th
e
hi
gh

pr
es
su
re

(S
ak

iy
am

a
an

d
O
hw

ad
a,

19
97

)
O
bl
ig
at
e
pi
ez
op

hi
le
s

JT
76

1
-

se
aw

at
er

74
81

Ja
pa

n
Tr
en

ch
Sa

ki
ya

m
a
an

d
O
hw

ad
a
(1
99

7)
JT

W
-8
63

M
or
ite
lla

ya
ya

no
si
i

se
aw

at
er

60
00

Ja
pa

n
Tr
en

ch
R
ad

ja
sa

(2
01

3)
M
TW

-1
Sh

ew
an

el
la

be
nt
hi
ca

se
aw

at
er

10
50

0
Ja
pa

n
Tr
en

ch
R
ad

ja
sa

(2
01

3)
M
TW

-1
3

-
se
aw

at
er

10
50

0
Ja
pa

n
Tr
en

ch
R
ad

ja
sa

(2
01

3)
Is
ol
at
io
n
pr
oc

ed
ur
e
on

ce
rt
ai
n
m
ed

iu
m

un
de

r
th
e

hi
gh

pr
es
su
re

Fa
cu

lt
at
iv
e

pi
ez
op

hi
le
s

23
/2

7/
72

-
se
aw

at
er

49
00

N
or
th
w
es
t
A
tl
an

ti
c

Ja
nn

as
ch

an
d
W
ir
se
n
(1
98

4)
27

A
/A

B/
A
S/

51
A

-
am

ph
ip
od

s
51

00
N
or
th
w
es
t
A
tl
an

ti
c

Ja
nn

as
ch

an
d
W
ir
se
n
(1
98

4)

En
ri
ch

m
en

t
cu

lt
ur
es

in
ce
rt
ai
n
co

nd
it
io
n;

pu
re

cu
lt
ur
e
on

ag
ar

pl
at
e

Fa
cu

lt
at
iv
e

pi
ez
op

hi
le
s

U
M
40

V
ib
ri
o
sp
.

am
ph

ip
od

59
20

Pu
er
to

R
ic
o
Tr
en

ch
D
em

in
g
et

al
.(
19

84
)

W
14

5
V
ib
ri
o
sp
.

ho
lo
th
ur
ia
n

45
75

So
ut
h
A
tl
an

ti
c

D
em

in
g
et

al
.(
19

84
)

26
74

M
or
ite
lla

pr
of
un

da
se
di
m
en

ts
28

15
A
tl
an

ti
c
O
ce
an

R
üg

er
an

d
Ta

n
(1
99

2)
;X

u
et

al
.

(2
00

3a
)

26
93

M
or
ite
lla

ab
ys
si

se
di
m
en

ts
28

15
A
tl
an

ti
c
O
ce
an

R
üg

er
an

d
Ta

n
(1
99

2)
;X

u
et

al
.

(2
00

3a
)

28
25

Ps
yc
hr
om

on
as

pr
of
un

da
.

se
di
m
en

ts
27

70
A
tl
an

ti
c
O
ce
an

R
üg

er
an

d
Ta

n
(1
99

2)
;X

u
et

al
.

(2
00

3b
)

LT
13

a
Sh

ew
an

el
la

pr
of
un

da
se
di
m
en

ts
47

95
N
an

ka
i
Tr
ou

gh
To

ffi
n
et

al
.(
20

04
)

JA
L-
1

M
et
ha

no
ca
ld
oc
oc
cu
s

ja
nn

as
ch
ii

hy
dr
ot
he

rm
al

ve
nt

sa
m
pl
e

26
00

Ea
st

Pa
ci
fi
c
R
is
e

Jo
ne

s
et

al
.(
19

83
);
Je
bb

ar
et

al
.

(2
01

5)
IH

B1
Th

er
m
os
ip
ho

ja
po
ni
ca
s

bl
ac
k
sm

ok
er

ch
im

ne
y

97
2

Ih
ey

a
Ba

si
n

Ta
ka

i
an

d
H
or
ik
os
hi

(2
00

0)
En

ri
ch

m
en

ts
us
in
g
ce
rt
ai
n
m
ed

iu
m
,p

ur
ifi
ed

w
it
h

an
ag

ar
os
e
m
ed

iu
m

O
bl
ig
at
e
pi
ez
op

hi
le

W
H
B4

6
Sh

ew
an

el
la

be
nt
hi
ca

se
aw

at
er

49
95

W
ed

de
ll
Se

a
Li
es
ac
k
et

al
.(
19

91
);
Fa

ng
et

al
.

(2
01

0)
En

ri
ch

m
en

t
us
in
g
ce
rt
ai
n
m
ed

iu
m
,p

ur
ifi
ed

by
ag

ar
sh
ak

e
di
lu
ti
on

se
ri
es

Fa
cu

lt
at
iv
e

pi
ez
op

hi
le
s

50
0-
l

D
es
ul
fo
vi
br
io

pr
of
un

du
s

se
di
m
en

t
14

00
Ja
pa

n
Se

a
Ba

le
et

al
.(
19

97
)

80
-5
5

D
es
ul
fo
vi
br
io

pr
of
un

du
s

se
di
m
en

t
98

0
Ja
pa

n
Se

a
Ba

le
et

al
.(
19

97
)

En
ri
ch

m
en

ts
us
in
g
ce
rt
ai
n
m
ed

iu
m
,p

ur
ifi
ed

by
se
ri
al

di
lu
ti
on

s
Fa

cu
lt
at
iv
e

pi
ez
op

hi
lic

ar
ch

ae
on

G
E5

Py
ro
co
cc
us

ab
ys
si

a
fl
ui
d
sa
m
pl
e

20
00

N
or
th

Fi
ji
ba

si
n

Er
au

so
et

al
.(
19

93
)

TY
S

Th
er
m
oc
oc
cu
s
gu
ay

m
as
en
si
s

se
di
m
en

t
20

00
G
ua

ym
as

Ba
si
n

C
an

ga
ne

lla
an

d
Jo

ne
s
(1
99

4)
;

C
an

ga
ne

lla
et

al
.(
19

98
);
C
an

ga
ne

lla
et

al
.(
20

00
)

TY
Th

er
m
oc
oc
cu
s
ag
gr
eg
an

s
se
di
m
en

t
20

00
G
ua

ym
as

Ba
si
n

C
an

ga
ne

lla
an

d
Jo

ne
s
(1
99

4)
;

C
an

ga
ne

lla
et

al
.(
19

98
);
C
an

ga
ne

lla
et

al
.(
20

00
)

A
rc
ha

eo
n
M
P

Th
er
m
oc
oc
cu
s
ba

ro
ph

ilu
s

ch
im

ne
y
sa
m
pl
es

35
50

M
id
-A
tl
an

ti
c
R
id
ge

M
ar
te
in
ss
on

et
al
.(
19

99
)

a P
ie
zo

ph
ile

s
K
T2

7
C
ol
w
el
lia

sp
.

am
ph

ip
od

s
98

56
K
er
m
ad

ec
Tr
en

ch
La

ur
o
et

al
.(
20

07
);
La

ur
o
et

al
.

(2
01

3)
;

K
T9

9
Sh

ew
an

el
la

be
nt
hi
ca

am
ph

ip
od

s
98

56
K
er
m
ad

ec
Tr
en

ch
La

ur
o
et

al
.(
20

07
);
La

ur
o
et

al
.

(2
01

3)
;

En
ri
ch

m
en

t
cu

lt
ur
es

in
ce
rt
ai
n
co

nd
it
io
n.

Pu
ri
fi
ed

by
th
e
di
lu
ti
on

-t
o-
ex
ti
nc

ti
on

m
et
ho

d
Fa

cu
lt
at
iv
e

pi
ez
op

hi
le
s

11
6

M
et
ha

no
py
ru
s
ka

nd
le
ri

bl
ac
k
sm

ok
er

fl
ui
d

24
20

C
en

tr
al

In
di
an

R
id
ge

Ta
ka

i
et

al
.(
20

08
)

10
6

Th
io
pr
of
un

du
m

lit
ho

tr
op
hi
ca

bl
ac
k
sm

ok
er

ch
im

ne
y

36
26

M
id
-A
tl
an

ti
c
R
id
ge

Ta
ka

i
et

al
.(
20

09
)

10
8

Pi
ez
ob
ac
te
r
th
er
m
op
hi
lu
s

bl
ac
k
sm

ok
er

ch
im

ne
y

36
26

M
id
-A
tl
an

ti
c
R
id
ge

Ta
ka

i
et

al
.(
20

09
)

D
Y
22

61
3

A
no

xy
ba

ct
er

fe
rm

en
ta
ns

hy
dr
ot
he

rm
al

su
lfi
de

s
28

91
Ea

st
Pa

ci
fi
c
R
is
e

Ze
ng

et
al
.(
20

15
)

A
rc
ha

eo
n
D
M
J

Pa
la
eo
co
cc
us

fe
rr
op
hi
lu
s

bl
ac
k
sm

ok
er

ch
im

ne
y

13
38

O
ga

sa
w
ar
a
Tr
ou

gh
Ta

ka
i
et

al
.(
20

00
)

A
rc
ha

eo
n

D
Y
20

34
1

Pa
la
eo
co
cc
us

pa
ci
fi
cu
s

se
di
m
en

t
27

37
Ea

st
Pa

ci
fi
c
O
ce
an

hy
dr
ot
he

rm
al

fi
el
d

Ze
ng

et
al
.(
20

13
)

A
rc
ha

eo
n
A
50

1
Th

er
m
oc
oc
cu
s
eu
ry
th
er
m
al
is

th
e
sp
ir
e
of

ch
im

ne
y
of

a
hy

dr
ot
he

rm
al

ve
nt

20
06

.9
G
ua

ym
as

Ba
si
n

Zh
ao

et
al
.(
20

15
)

O
bl
ig
at
e
pi
ez
op

hi
le
s

BN
L-
l

C
ol
w
el
lia

ha
da

lie
ns
is

pa
rt
ic
le
-r
ic
h
se
aw

at
er

74
10

Pu
er
to

R
ic
o
Tr
en

ch
D
em

in
g
et

al
.(
19

88
)

K
A
3

M
ar
in
ito

ga
pi
ez
op
hi
la

ch
im

ne
y
sa
m
pl
es

26
30

Ea
st
-P
ac
ifi
c
R
is
e

A
la
in

et
al
.(
20

02
)

A
rc
ha

eo
n
C
H
1

Py
ro
co
cc
us

ya
no

si
i

bl
ac
k
sm

ok
er

su
lp
hi
de

41
00

M
id
-A
tl
an

ti
c
R
id
ge

Ze
ng

et
al
.(
20

09
);
Bi
rr
ie
n
et

al
.(
20

11
)

D
ilu

ti
on

-t
o-
ex
ti
nc

ti
on

cu
lt
iv
at
io
n
m
et
ho

ds
O
bl
ig
at
e
pi
ez
op

hi
le

PR
T1

R
os
eo
ba

ct
er

sp
.

se
aw

at
er

83
50

Pu
er
to

R
ic
o
Tr
en

ch
El
oe

et
al
.(
20

11
)

En
ri
ch

m
en

t
us
in
g
SR

B
gr
ow

th
m
ed

iu
m
.P

ur
ifi
ed

by
re
pe

at
ed

us
e
of

th
e
ro
ll-
tu
be

m
et
ho

d
Fa

cu
lt
at
iv
e

pi
ez
op

hi
le
s

A
M
13

D
es
ul
fo
vi
br
io

hy
dr
ot
he
rm

al
is

hy
dr
ot
he

rm
al

ch
im

ne
y

sa
m
pl
e

26
00

Ea
st

Pa
ci
fi
c
R
is
e

A
la
za
rd

et
al
.(
20

03
)

C
1T

LV
30

D
es
ul
fo
vi
br
io

pi
ez
op
hi
lu
s

w
oo

d
fa
lls

pl
ac
ed

on
de

ep
-

se
a
se
di
m
en

ts
_

Ea
st
er
n
M
ed

it
er
ra
ne

an
K
he

la
ifi
a
et

al
.(
20

11
)

Fi
lt
er

sa
m
pl
er

w
it
h
at
ta
ch

ed
tr
an

sf
er

un
it

Fa
cu

lt
at
iv
e
pi
ez
op

hi
le

F1
A

Sh
ew

an
el
la

be
nt
hi
ca

se
aw

at
er

49
00

N
or
th

A
tl
an

ti
c

Ja
nn

as
ch

an
d
W
ir
se
n
(1
97

7)
;W

ir
se
n

et
al
.(
19

86
);
D
el
on

g
et

al
.(
19

97
)

Se
aw

at
er

sa
m
pl
es

w
er
e
fi
lt
er
ed

an
d
fi
lt
er
s
w
er
e

Fa
cu

lt
at
iv
e
pi
ez
op

hi
le

A
N
T-
22

00
Ph

ot
ob
ac
te
ri
um

ph
os
ph

or
eu
m

se
aw

at
er

22
00

N
or
th
w
es
te
rn

A
l
A
li
et

al
.(
20

10
);
M
ar
ti
ni

et
al
.

(c
on

tin
ue
d
on

ne
xt

pa
ge
)

Z. Zhang et al. Deep-Sea Research Part II xxx (xxxx) xxx–xxx

4



been isolated, identified and recognized; these organisms were re-
covered from various habitats (data for statistics were from published
papers in the International Journal of Systematic and Evolutionary
Microbiology). Most of these bacteria belong to phyla Actinobacteria,
Proteobacteria (α-, β-, γ- and ε-), Bacteroidetes, and Firmicutes. For ar-
chaea, most of the novel species belong to Euryarchaeota. A greater
proportion of piezotolerant bacteria may be found than piezophilic
bacteria (Table 1).

3. Cultivation of piezophilic microbes

Since the first obligate piezophilic bacterium (Colwellia sp. MT41)
was isolated from a deep-sea decompressing amphipod in the Mariana
trench (Yayanos et al., 1981), numerous deep-sea piezophilic micro-
organisms have been isolated from seawater, sediments and hydro-
thermal vents (Table 2). In general, the procedure to isolate piezophilic
microbes is a combination of traditional methods and high pressure
techniques; the first and most essential step is to place the cells at an in
situ pressure as soon as possible after collection. In addition, elevated
pressure, as a necessary condition for piezophilic growth, should be
available throughout part or all of the isolation processes. Several high-
pressure laboratory techniques have been developed, including pres-
sure vessels for maintaining in situ pressure, which permit the recovery
and examination of colonies at high pressure. Yayanos and his group
were the first to successfully isolate a piezophilic bacterium (Psychro-
monas marina CNPT3) using silica gel pour tubes (Dietz and Yayanos,
1978). Subsequently, many piezophilic bacteria have been cultured
using this method. Later, JAMSTEC (Japan Marine Science and Tech-
nology Center) designed and developed a DEEP-BATH system (deep-sea
baro-piezophile and thermophile isolation and cultivation system) for
collecting, isolating and cultivating deep-sea microbes (Kyo et al.,
1991), with which many valuable piezophilic bacteria have been ob-
tained. Different approaches have also been attempted. For example,
Imachi et al. (2011) cultivated the methanogenic community from
subseafloor sediments using a continuous-flow bioreactor.

Overall, it seems that there is a limited diversity of cultured pie-
zophilic bacteria (Table 2), possibly reflecting artificial selection due to
the use of rich, heterotrophic growth media. Therefore, it is likely that
one strategy for increasing the diversity of piezophilic bacterial isolates
is to develop special growth media. A second strategy is to obtain good
samples, which should be kept in the dark, at a temperature and
pressure commensurating with the in situ environmental conditions.

4. Cultivation of piezotolerant microbes

It has been reported that piezotolerant aerobic strains were often
dominant whenever attempts were made to isolate microbes from some
deep-sea environments. Early research on the deep sea reported that the
number of bacteria that could grow in a nutrient medium at 1 atm was
almost as many as could grow at 700 atm; however, only a few bacteria
from Indian Ocean Deeps could grow at 1000 atm (ZoBell and Morita,
1959). More recently, Takami et al. (1997) found various non-ex-
tremophilic bacteria from the Mariana Trench. Later, Parkes et al.
(2009) developed the DeepIsoBUG system for enriching and isolating
deep-sea microbes without depressurization, and the results showed
that almost all the enriched bacteria could grow at atmospheric pres-
sure. Similar results were also shown by Jannasch et al. (1982) with
4000 m deep seawater samples. These studies increased our attention to
piezotolerant microbes. Recently, many deep-sea bacteria and archaea
have been isolated and identified, most of which were piezotolerant
(Table 1). In brief, the study of piezotolerant bacteria is as important as
the study of piezophiles.

Laurent and Karine (2014) suggested that a main challenge for
microbiologists studying the deep biosphere was the development of
culturing strategies for currently uncultured microorganisms. Many
techniques with high culture efficiency that have been developed forTa

bl
e
2
(c
on

tin
ue
d)

Is
ol
at
io
n
m
et
ho

ds
Ph

ys
io
lo
gy

St
ra
in
s

Ta
xo

n
O
ri
gi
n

D
ep

th
(m

)
Sa

m
pl
e
lo
ca

ti
on

R
ef
er
en

ce
s

in
cu

ba
te
d
on

ag
ar

m
ed

iu
m

M
ed

it
er
ra
ne

an
Se

a
(2
01

3)
Su

cc
es
si
ve

ly
gr
ow

in
g
en

d-
po

in
t
di
lu
ti
on

s
Fa

cu
lt
at
iv
e
pi
ez
op

hi
le

A
rc
ha

eo
n
O
G
1

Th
er
m
oc
oc
cu
s
pe
pt
on

op
hi
lu
s

hy
dr
ot
he

rm
al

ve
nt

sa
m
pl
e

13
80

W
es
te
rn

Pa
ci
fi
c

G
on

zá
le
z
et

al
.(
19

95
);
C
an

ga
ne

lla
et

al
.(
19

97
)

-
Fa

cu
lt
at
iv
e

pi
ez
op

hi
le
s

SS
9

Ph
ot
ob
ac
te
ri
um

pr
of
un

du
m

am
ph

ip
od

25
51

Su
lu

Se
a

D
el
on

g
et

al
.(
19

97
)

M
T1

.1
D
em

ac
oc
cu
s
ab

ys
si

se
di
m
en

t
10

89
8

M
ar
ia
na

Tr
en

ch
Pa

th
om

-a
re
e
et

al
.(
20

06
)

W
P2

Sh
ew

an
el
la

ps
yc
hr
op
hi
la

se
di
m
en

t
19

14
W
es
t
Pa

ci
fi
c

X
ia
o
et

al
.(
20

07
)

W
P3

Sh
ew

an
el
la

pi
ez
ot
ol
er
an

s
se
di
m
en

t
19

14
W
es
t
Pa

ci
fi
c

X
ia
o
et

al
.(
20

07
)

O
bl
ig
at
e
pi
ez
op

hi
le
s

JT
73

01
Ps
yc
hr
om

on
as

ka
ik
oa

e
se
di
m
en

t
74

34
Ja
pa

n
Tr
en

ch
N
og

i
et

al
.(
20

02
)

JT
73

04
Ps
yc
hr
om

on
as

ka
ik
oa

e
se
di
m
en

t
74

34
Ja
pa

n
Tr
en

ch
N
og

i
et

al
.(
20

02
)

K
41

G
Ps
yc
hr
om

on
as

ha
da

lis
se
di
m
en

t
75

42
Ja
pa

n
Tr
en

ch
N
og

i
et

al
.(
20

07
)

-
Th

e
da

ta
w
er
e
un

av
ai
la
bl
e.

a
pi
ez
op

hi
le
s:

un
cl
ea
r
w
he

th
er

ob
lig

at
e
or

fa
cu

lt
at
iv
e
pi
ez
op

hi
le
s.

Z. Zhang et al. Deep-Sea Research Part II xxx (xxxx) xxx–xxx

5



isolating bacteria from surface water, freshwater, sediments, soils and
organisms will be described here, which can be developed to explore
the deep-sea biosphere, especially for isolating piezotolerant microbes.

4.1. Improving traditional cultivation methods

Compared with common microbes, deep-sea bacteria have different
growth requirements regarding nutrients and environmental factors.
The information from cultured microbes provides essential knowledge
about necessary growth elements for the isolation of currently un-
cultured bacteria, such as carbon sources, whose composition is of great
importance (Uphoff et al., 2001; Alain and Querellou, 2009), but low
concentration of nutrients contributes more to obtaining several con-
ventionally-uncultured microbes. For instance, Sphingomonas alaskensis
RB2256T could only grow in a liquid seawater medium containing less
than 1 mg l-1of dissolved organic carbon when it was first cultivated
(Vancanneyt et al., 2001). Sulfur sources are also very important. For
instance, Tripp et al. (2008) indicated that ‘Candidatus Pelagibacter
ubique’ relies exclusively on reduced sulfur compounds that originate
from other plankton. In addition, cultivation temperature, pH and
oxygen concentration should be adjusted to simulate the in situ en-
vironment of the deep-sea microbes to be isolated. Moreover, bacterial
physiology and function should be considered as a guide for culturing,
i.e. increasing incubation time and supplying growth-requirement mo-
lecules (signal molecules, electron acceptors or cell-free extracts)
(Table 3). Some disadvantages of the plating method include the pro-
duction of H2O2 after autoclaving; this may be controlled by supplying
catalase or sodium pyruvate to degrade the H2O2. The enrichment
method may be appropriate for the recovery of some bacteria (Fichtel
et al., 2012). The end result is that many deep-sea microbes have been
isolated by using improved versions of traditional cultivation methods
(Table 1).

4.2. Single cell isolation techniques

Spreading inocula over the surface of agar plates may have draw-
backs. For example, plates have limited space and nutrients, which
make cells compete with one another. Fast-growing bacteria could in-
hibit the growth of slow growers, contributing to the “great plate count
anomaly” (Staley and Konopka, 1985). Single cell sorting approaches
have been developed, and show great advantages, such as overcoming
the shortcomings of spread plating. Dilution-to-extinction cultivation
technique is one of the most popular methods, and it can recover many
novel strains. The most abundant bacterium (SAR11) in the ocean was
difficult to culture, but it was isolated using this method (Rappé et al.,
2002; Stingl et al., 2007; Song et al., 2009). Another example involves

the recovery and cultivation of sulfate-reducing bacteria (Colin et al.,
2013). Micromanipulation is another important technology that was
used in detecting and separating single microbial cells (Fröhlich and
König, 2000; Ashida et al., 2010). More recently, flow cytometry has
been used, and it has enabled several thousands of single cells to be
cultured. Moreover, Slava Epstein (a microbiologist at Northeastern
University in Boston, USA) and his group developed and used Ichip (or
minitrap) for the high-throughput in situ cultivation of “uncultivable”
microbial species (Nichols et al., 2010; Sizova et al., 2012). Ad-
ditionally, Ma et al. (2014) designed a microfluidics-based workflow for
genetically targeted isolation and cultivation of microorganisms from
complex clinical samples. Many more single cell isolation techniques
have been reported, some of which have been used to explore the deep
sea, as testified by the isolation of strain PRT1 using dilution-to-ex-
tinction method (Eloe et al., 2011).

4.3. Coculture

Many researchers are focused on communication among bacteria.
Traditional methods have the disadvantage of selectivity, and single
cell sorting approaches limit the inter-communication of bacteria. It is
known that some bacteria need the existence of other bacteria to grow.
A simple, modified process was developed to culture previously un-
cultured bacteria in the presence of cultured organisms from the same
environment. Using this approach, D'Onofrio et al. (2010) recovered
previously uncultured isolates from marine sediment biofilm grown on
a Petri dish. There is a classic case in which autotrophic ammonia-
oxidizing archaea from marine sediments were successfully enriched
and cultivated in coculture with sulfur-oxidizing bacteria (Park et al.,
2010). Culturing all bacteria together in an in situ environment is an-
other coculture method. For example, a diffusion growth chamber
(DGC) was developed to provide a settled place where all the strains
could be kept. The chamber can be placed in a simulated in situ en-
vironment (Kaeberlein et al., 2002; Bollmann et al., 2007, 2010). A
hollow-fiber membrane chamber (HFMC), which is a modified DGC
chamber, was developed as an in situ cultivation device for environ-
mental microorganisms (Aoi et al., 2009). Moreover, DGC can be suc-
cessfully applied in living marine organisms, such as sponges (Steinert
et al., 2014).

4.4. Combination of different techniques

It is well known that any one method cannot culture all types of
microorganisms. Success can be improved if different methods are
combined. Zengler et al. (2002) developed the combination of gel mi-
crodrop (GMD) technique and flow cytometry method (FCM) to

Table 3
Improved traditional cultivation methods.

Methods Results Ref.

Add organic sources Yielding higher number and more diverse isolates Uphoff et al. (2001)
Increasing the concentration of fastidious bacteria Tripp et al. (2008)

Oligo-culture Obtaining conventionally-uncultured species Vancanneyt et al. (2001)
Increase incubation times Cultivation and detection of previously uncultured microbe Stevenson et al. (2004)

Allowing the development of visible colonies of members of rarely isolated groups Davis et al. (2005)
Isolating previously uncultured species Stott et al. (2008)

Supply signal molecules High cultivation efficiencies Bruns et al. (2002)
Inducing an “uncultivable” microorganism to grow in vitro Nichols et al. (2008)

Use electron acceptors Recovering previously uncultured hyperthermophiles Kashefi et al. (2002)
High cultivation efficiencies Kopke et al. (2005)

Add catalase or sodium pyruvate Resuscitating viable but nonculturable cells Mizunoe et al. (2000)
Improving recoverability of microbial colonies Olson et al. (2000)

Add cell-free extract Isolating uncultivable anaerobic thermophiles Kim et al. (2008)
Use of other gelling reagents Increasing culturability Tamaki et al. (2005)

Isolating previously uncultured species Stott et al. (2008)
Adhesion to solid surfaces Enriching previously uncultured bacteria Gich et al. (2012)
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selectively enrich non-growing bacterial cells in an artificial model
system. This technique combines the encapsulation of cells in gel mi-
crodroplets for massively parallel microbial cultivation under low nu-
trient flux conditions, followed by flow cytometry to detect micro-
droplets containing microcolonies. Under these conditions, single
encapsulated cells grow and form microcolonies within the micro-
capsules. Flow cytometry has been used as a sensitive tool to detect
growth within the microcapsules (Zengler et al., 2005). Methods have
been developed to enrich mixed bacterial populations for slow-growing
microorganisms using GMD combined with fluorochrome staining and
flow cytometry (Table 4). Our group has used GMD method to culture
the “uncultured” microbes from surface seawater (Ji et al., 2011) and
has also attempted to obtain diverse bacteria from deep-sea samples
(Zhang et al., unpublished). In our results, over 82% of the strains using
the GMD method were not obtained by a plating method from a hy-
drothermal sediment at the Okinawa Trough, and 50% of the genera
belonged to the class α-proteobacteria which was present at a very low
relative abundance (0.93%) in the sample. In addition, over 44% of the
strains from the GMD method were not obtained from a plating method
for the polymetallic nodule area. In this case, 50% of the genera be-
longed to the phylum Actinobacteria, which was present at a very low
relative abundance (1.04%) in the sample.

5. Perspectives

Although considerable progress has been made, due to the com-
plexity of the deep-sea environment, microbes remain mysterious. The
journey to explore the deep-sea world still faces enormous challenges.
Four suggestions are made for the future. First, advanced deep-sea ex-
ploring devices, such as deep-water robots, deep-sea sampling and de-
tecting equipment, should be further designed and produced. Second,
special materials (organic or inorganic) that can remain stable in deep-
sea conditions should be further developed. For example, new en-
capsulation materials would improve the application of GMD technique
for culturing deep-sea bacteria under in situ conditions. Third, highly
sensitive observation and detection technologies (such as fluorescence
microscopy technology, flow cytometry technology, microbial staining
technology, and other advanced methods) should be more widely de-
veloped and applied in culturing and separating microbes. Fourth,
culture-independent technology (such as metagenomics, metatran-
scriptomics, and single-cell sequencing) remains essential for obtaining
more information on uncultured microbes. It is also highly important to
establish a connection between microbial growth requirements and
sequence data, though this is difficult.

In the omics age today, cultivation of microbes is still necessary, as
cultivation can contribute to comprehensively understanding the de-
tailed physiology of microbes and the complex environmental processes
associated with them. In addition, cultures can provide complete gen-
omes and the means to verify potential metabolic ability or ecosystem
function of microbes which have been predicted on the basis of

genomics data, for example, which organic substrates are utilized, what
compounds are produced, or how metabolic reactions are performed.
Moreover, cultivation is the first step for the microbes to be applied on
environmental remediation, energy and pharmaceutical industry. In
summary, the deep-sea remains a mystery, but cultivation of more
deep-sea microbes may be a breakthrough for exploring the deep sea,
and any attempt to create and develop cultivation methods would be
worthwhile.
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