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ABSTRACT: Colony counts on high and low-n'utrient agar media incubated at 2 a n d 20 "C, Acridine
Orange Direct Counts and blomasses are reported for sediments of the Sierra Leone Abyssal Plain. All
isolates from low-nutrient agars also grew in nutrient-rich seawater broth (100 % SWB). However, a
greater proportion of the 2 "C than of the 20 "C isolates grew in 2.5 O/o SWB, containing 125 mg 1-'
peptone a n d 25 mg I-' yeast extract. Only 14 strains or 12.7 % of the 2 "C isolates. but none of the 20 "C
isolates, grew in 0.25 % SWB. Psychrophilic bacteria with maximum growth temperatures below 12 "C,
isolated at 2 "C, were predominant among the cultivable bacteria from the surface layer. They required
seawater for growth and belonged mainly to the Gram-negative genera Alterornonas a n d Vibrio. In
contrast to the earlier view that psychrophily is connected with the Gram-negative cell type, it was
found that cold-adapted bacteria of the Gram-positive genus Bacillus predominated in the 4 to 6 cm
layer The 20 "C isolates, however, were mostly Gram-positive, mesophilic, not dependent on seawater
for growth, not able to utilize organic substrates at 4 "C, and belonged mainly to the genus BaciUus and
to the Gram-positive cocci. The majority of the mesophilic bacilli most likely evolved from dormant
spores, but not from actively metabolizing cells. It can be concluded that only the strains isolated at 2 "C
can be regarded as indigenous to the deep-sea.

INTRODUCTION
High hydrostatic pressure, low temperature and,
especially in abyssal plains, low concentrations of
organic substrates characterize deep-sea environments. Although the effects of pressure and temperature cannot be considered independently (Deming
1986, Yayanos 1986), the low temperature may be
more important in this extreme environment for bacterial communities (Jaenicke 1988). Except for a few
obligate barophiles (Derning 1986, Yayanos 1986,
Deming et al. 1988, Chastain & Yayanos 1991), most
deep-sea isolates studied so far were able to survive
decompression and to grow at atnlospheric pressure
(Jannasch & Wirsen 1984).
Although deep-sea temperatures are generally below
about 3 "C, studies on the size and structure of cultivable
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psychrophllic bacterial communities from marine sediments have been reported only from polar and subpolar
regions (Norkrans & Stehn 1978, Kaneko et al. 1979,
Hauxhurst et al. 1980, Tanner & Herbert 1982). From
other marine regions, e.g. tropical or subtropical, psychrophilic or psychrotrophic bacteria sensu Morita (1975)
have been isolated only occasionally from deep-sea
samples (Baross & Morita 1978,Tabor et d.1982,Derning
1986). Extreme psychrophiles whlch failed to grow at
temperatures above 10 "C are known from the deep Norwegian Sea (Norkrans & Stehn 1978), from Antarctic
waters (Baross& Morita 1978)and from bottom sediments
of the northwest African upwelling area (Riiger 1984).
Yayanos & Dietz (1982) reported the inactivation of a
barophilic deep-sea bacterium from the central North
Pacific ocean after exposures to temperatures between 10
and 32 "C and at different hydrostatic pressures. Thus,
incubation temperatures between 15 and 20 "C or even
higher, still used for the isolation of deep-sea bacteria
(Tabor et al. 1981, Bensoussan et al. 1984, Namsaraev
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1985), must inhibit the growth of autochthonous bacteria
having lower maximum growth temperatures.
Besides 20 "C, i.e. the maximum growth temperature
for psychrophiles according to the generally adopted
definition given by Morita (1975), an additional incubation temperature of 2 "C was therefore applied for the
enumeration and isolation of sediment bacteria from the
northwest African upwelling area. Incubated at 2 "C,
the numbers of colony forming units from 1500 m depth
were almost 1 order of magnitude higher than at 20 "C,
indicating a predominance of psychrophilic bacteria in
the greater depths of this subtropic region (Riiger 1982).
The percentage of psychrophilic or even extremely psychrophilic strains among the 2 "C isolates increased with
increasing depths; all strains were Gram-negative and
most of them belonged to the genera Alteromonas and
Vibno (Riiger 1989).
The same incubation temperatures of 2 and 20 "C
were used for community structure studies of bacteria
in sediments of the Sierra Leone Abyssal Plain and the
slope of the Sierra Leone Rise. In the topmost 2 cm of
the sedirnents, the majority of the isolates from 2 "C
C - G ! hviv~
~ ~~
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and psychrophilic or even extremely psychrophilic
18"
with maximum growth temperatures beN
tween 4 and 12 "C. In contrast the isolates
from 20 "C cultures belonged almost entirely
160
to the Gram-positive cell type (Riiger 1986).
To evaluate which group of bacteria can be
regarded as indigenous to the deep-sea envi14"
ronment, in this study we compared the community structures of the 2 "C isolates from
the sediment surface and from a deeper 4 to
6 cm layer with those of the 20 "C isolates.
12"
Although organic material can be transported through the water column by sedimentation events, the main components
10"
reaching the deep-sea floor are refractory.
Abyssal seawaters and sediments are thus
oligotrophic habitats (Carlucci et al. 1986,
8"
Deming 1986, Fry 1990) and deep-sea bacteria should therefore be adapted to lownutrient concentrations. To examine this, the
6"abilities of the strains to grow in low-nutrient
media were tested and the isolation of oligotrophic bacteria by employment of enrich4"ment cultures was also attempted.
A & A A L - ~ L L ~ U L A .

(Table 1) in the eastern Atlantic Ocean between 3 and
17" N by means of a box-grab sampler (surface area
50 X 50 cm). After careful siphoning to remove the
overlying seawater, subsamples were drawn with a
sterile 15 X 2 cm corer, about 10 cm deep, from near
the centre of the sediment surface in order to take unwarmed samples. Sediment temperatures (Table 1)
were measured with an electronic thermometer. The
subsample cores were sectioned into layers 2 cm deep,
and sediments from the 0 to 2 and 4 to 6 cm layers were
each collected in sterile 100 m1 flasks. Sediments in the
flasks were thoroughly mixed with a spatula and kept
in a refrigerator until further processing on board.
Colony counts and isolation of strains. Viable
count determinations were carried out with the
spread plate method on high-nutrient and lownutrient seawater agars after appropriate dilution of
the samples in sterile 75 % seawater. The agar plates
and all solutions were chilled to 4 "C on a cold tray
during the whole inoculation procedure. The plates
were prepared in triplicate and incubated on board at
2 and 20 "C, respectively. Counting and random iso-
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MATERIALS AND METHODS
Sampling methods and station locations.
During the cruise GEOTROPEX '83 with RV
sediment
'Meteor' in August 1983 (Fig.
samples were taken from various depths
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Fig. 1. Station locations in the eastern tropical Atlantic during th.e cruise
GEOTROPEX '83 with RV 'Meteor'
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Table 1. Position of sampling stations, grouped according to latitude, bacterial numbers from agar cultures at 2 or 20 "C incubation temperatures and Acridine Orange Direct Counts (AODC),and biomasses per ml of wet sediment. nd: not determined
Stn

Latitude
(NI

Depth

(m)

Sediment Sediment
Colony counts
temp.
layer
High-nutrient agdr
Low-nutr~entayars
("c)
(cm)
Mesophiles Psychrophiles Yeast extract Succinate
20 "C

2 "C

20 "C

20 "C

388

16'56.2'

2770

2.7

0-2
4-6

9000
6000

14000
54000

2000
1850

1400
950

371

09'55.3'

1510

8.6

0-2
4-6

3200
4100

20000
9000

nd
nd

nd

nd

AODC
X

lo7

B~omass
C)

2.75
2.08

2 16
1.84

nd
nd

nd

nd

373

09' 14.3'

4670

2.7

0-2
4-6

300
300

100
70

0
0

0
0

1 09
1.19

0.69
0.77

375

09O01.8'

4625

1.3

0-2
4-6

430
600

200
270

100
250

0
300

1 20
1.12

0.87
0.78

376

09' 08.2'

4775

2.3

0-2
4-6

130
500

70
70

100
4 00

0
50

0.88
0.56

0.46
0.40

377

08' 15.4'

4740

0-2
4-6

130
130

0
30

0
0

50
0

0.88
0.86

0.66
0.66

378

07'36.6'

4622

2.0

0-2
4-6

1200
270

700
400

450
0

50
0

1.13
1.22

0.74
0.68

381

05' 37.0'

2815

nd

0-2
4-6

130
300

4300
2100

0
0

0
0

1.53
1.24

1-11
0.88

383

02" 59.8'

4495

2

0-2
4-6

100
70

630
0

0
0

650
0

1.47
0.93

1.28
0.80

386

04" 22.4'

4550

2.7

0-2
4-6

130
70

130
0

0
0

0
0

1.20
0.79

0.76
0.46

:.l

lations of strains were done in the home laboratory.
The ship returned 60 d after the last sampling station
and, therefore, the incubation times varied between
60 and 76 d.
The high-nutrient seawater agar (SWA) consisted
of 1.5 g peptone, 0.3 g yeast extract, 0.01 g FePO,
4H20, 15.0 g DIFCO Bacto-Agar, 750 m1 seawater
and 250 m1 of distilled water (75 % seawater). The
pH was adjusted to 7.6. The 2 low-nutrient agars
were composed of 15 mg 1-' DIFCO yeast extract or
Na-succinate and 10.0 g 1-' of OXOID Agar No. 1 in
75 O/O seawater.
For additional isolations of oligotrophic bacteria,
enrichment media (5 m1 per tube), consisting of
75 O/o seawater with 15 mg 1-' glucose, glycerol, Naglutamate or Na-succinate, were inoculated in duplicate with approximately 0.1 m1 of wet sediment from
the 0 to 2 cm layer. After an incubation period of 60 to
76 d at 2 or 20 "C, further subcultures were made on
low-nutrient agars.
After heating subsamples of the serial dilutions for
10 min at 90 "C to inactivate vegetative cells, additional spread plates on spore germination medium I1
(Ruger 1975) were prepared for the enumeration of
bacterial spores.

Acridine Orange Direct Counts and biomass determination~.For direct count determinations, 1 m1 of
sediment samples were suspended in filter-sterilized
75 % seawater and homogenized with an Ultra Turrax
18 KG blender for 1 min at about 20000 rpm. Cells
were then preserved with formaldehyde at a final
concentration of 2 % and the samples stored at 4 "C.
Because storage could introduce perturbations in the
epifluorescence counts, samples should be processed
as soon as possible. However, up to 6 mo were still
needed to finish direct countings. About 400 cells per
filter had to be counted to achieve a statistical error of
f 10 %. Further details of the method were descnbed
previously (Tan & Ruger 1989).
Bacteria were morphologically differentiated into 5
groups and each group counted quantitatively for biovolun~edeterminations (Tan & Ruger 1989). Bacterial
biomasses (pg C per m1 wet sediment) were calculated
from biovolumes using the conversion factor 5.6 X
10-l3 g C pm-3 (Bratbak 1985).
Characterization of strains. The common identification tests were performed in seawater media as described previously (Riiger 1989).The test temperatures
were 4 "C for the 2 "C isolates and 20 "C for the 20 "C
isolates. The utilization of organic substrates as sole
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sources of carbon and energy was studied in microtiter
plates; turbidity was taken as an indicator for substrate
utilization and measured with a microtiter plate photometer after 2, 4, 6 and 8 wk of incubation at 4 or 20 "C
(Riiger 1988).The ability to form endospores was determined microscopically after 4, 8 and 12 wk of incubation
at 2 or 20 "C in the following test media: SWA, SWA plus
15.38 mg 1-' MnS0,.H20, and in seawater broth
containing the same concentrations of peptone, yeast
extract and F e P 0 4 . 4 H 2 0as the high-nutrient seawater
agar, supplemented with 1.8 mM (final concentration) of
decoyinine, psicofuranine or psicofuranine-tetraacetate.
These 3 substances were gifts from Dr R. L. Keene,
Infectious Diseases Research, Upjohn Co., Kalamazoo,
M1 49001, USA.
Temperature relationships were determined at 4, 12,
18, 24, 30 and 37 "C in seawater broth. Growth was
measured at 650 nm with a Gilford photometer model
250 after 3. 7 and 14 d of incubation.
To determine whether the strains require seawater
for growth at 4 or 20 "C within 6 wk, a distilled-water
medium with the same concentrations of nutrients as
the seawater b o t h was used.
Growth of the 2 and 20 "C isolates under oligotrophic
conditions was tested on low-nutrient agar containing
15 mg 1-' yeast extract and examined after 4, 8 and
12 wk of incubation at 4 and 20 "C, respectively. The
2 "C isolates only were additionally tested 16 wk after
inoculation. The ability of the oligotrophic isolates to
grow with higher concentrations of peptone and yeast
extract was tested in 50 % seawater supplemented
with 0.1 mg 1-' KH2P04and 0.3 mg 1-' Fe(NH4)2(S04)2
6 H 2 0 . The concentrations per liter of seawater broth
(SWB) were:
5000.0 mg peptone + 1000.0 mg yeast extract:
100 % SWB
1667.0 mg peptone + 333.0 mg yeast extract:
33.3 % SWB
500.0 mg peptone + 100.0 mg yeast extract:
10 % SWB
125.0 mg peptone + 25.0 mg yeast extract:
2.5 % SWB
12.5 mg peptone + 2.5 mg yeast extract:
0.25 % SWB
For each SWB-concentration a test tube containing
7 m1 of medium was inoculated with a loopful of a

preculture grown on seawater agar, corresponding to
100 % SWB, but sol~difiedwith 15.0 g I-' DIFCO Bacto
Agar. Turbidities in the test tubes, inner diameter
15 mm, were measured photometrically at 578 nrn after
7, 14 and 28 d of incubation at 2 "C for the 2 "C isolates
and 18 "C for the 20 "C isolates. Cultures reaching a
turbidity of 0.05 or higher were considered to grow in
the respective medium.

RESULTS

Bacterial numbers and biomasses
Sediment temperatures, measured immediately after
recovery of the box-grab-sampler, were between 2.0
and 2.7 "C at the site of subsampling. Exceptions were
Stn 371, with 8.6 "C in 1510 m depth (Table l),and the 3
other stations at the continental slope, 368,369 and 370,
with depths of 123, 303 and 800 m (Fig. l ) , which had
sedunent temperatures of 26.3, 12.2 and 6.3 "C respectively. The latter 3 stations were considered only for
colony counts in sediment samples, but excluded from
community structure s t u l e s because of their shallow
nature.
At depths up to 2815 m, colony counts (CFU) after
incubation at 2 and 20 "C were definitely related to
sediment temperatures. In the relatively warm sediment
samples from the 2 shaiiow stalions 368 and 369, high
quantities, 690 000 and 71 000 CFU ml-', respectively,
were found on 20 "C plates, but only 1400 and 1200 CFU
ml-' were estimated at 2 "C. In contrast, in colder sedimeats from depths b e k e e n ?SIC!acd 2815 F. (Tsb!e l),
bacteria on 2 "C plates outnumbered bacteria on 20 "C
plates by approximately 1 order of magnitude. At depths
greater than about 3000 m, quantities of CFU were
generally low. Fewer colonies were detected on lownutrient than on high-nutrient agars, between 0 and
2000 ml-' on yeast extract and from 0 to 1400 ml-' on
succinate agar plates. Unfortunately, the effect of incubation temperatures on colony numbers from the lownutrient agars could not be determined, because most of
the 2 "C plates were accidently frozen during transport.
The Acridine Orange Direct Counts (AODC) were on
average 4 to 5 orders of magnitude higher than the
numbers from colony counts (Table 1). Similar to the
plate counts, highest values for AODC and biomass
were found at the northernmost station, 388 at 17" N.
located in the nutrient-rich northwest African upwelling area (Fig. 1).
The numbers of bacterial spores in the sediment
samples were determined on agar spread plates after
inactivating the vegetative cells by heating. On plates
subsequently incubated at 2 "C, bacterial colonies
originating from dormant spores were found only
occasionally. On the other hand, the numbers of spores
determined on 20 "C plates were approximately in
the same range as the heterotrophic colony counts
presented in Table 1.
Growth characteristics of isolates
The same 2 and 20 "C agar plates used for the
enumeration of bacteria were taken for the isolation of
approximately 1100 heterotrophic bacteria strains.
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More than 99 % of the 2 "C isolates from both sediment
layers grew only in seawater broth and were therefore
regarded as obligately marine. On the other hand,
about 70 % of the 20 "C isolates were able to grow in
the medium prepared with distilled water and hence
their marine nature is questionable.
All heterotrophic strains were tested for their ability
to grow on low-nutrient agar containing 15 mg 1-'
yeast extract. About 50 % of the obligately marine 2 "C
isolates showed visible growth within 16 wk of incubation at 4 "C,
but of the 20 "C isolates nearly 90 % were
able to grow in this low-nutrient medium after 12 wk of
incubation at 20 "C.
All 318 isolates from low-nutrient agars and enrichment cultures were able to grow in nutrient rich seawater broth with 5.0 g l-' peptone and 1.0 g l-' yeast
extract (100 % SWB). However, a greater percentage
of the 2 "C than of the 20 "C isolates could grow in
2.5 % SWB, and 14 strains or 12.7 % of the 2 "C
isolates grew in 0.25 % SWB (Table 2). Thus, the
psychrophilic or psychrotrophic strains are obviously
better adapted to low-nutrient deep-sea conditions
than the mesophiles.
The identification tests for the heterotrophic isolates included growth experiments with 35 different
organic substrates as sole sources of carbon and
energy. Most of the 2 "C isolates were able to utilize
amino acids and fewer strains used carbohydrates
within 2 wk of incubation at 4 "C. Strains from the
sediment surface were more active than strains from
the 4 to 6 cm layer. In contrast, the majority of the
20 "C isolates showed no growth at 4 'C in the substrate utilization media, even after prolonged incubation of up to 8 wk. More detailed studies on substrate utilization of the heterotrophic and oligotrophic
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isolates under conditions of different substrate
concentrations and temperatures will be reported
separately.
Community structures
For con~munitystructure studies only isolates from
stations at 2510 m and deeper were selected. The
number of strains which could be isolated from single
deep-sea stations was often very low and test results
are therefore not presented separately for each station.
The strains were grouped according to latitude of
sampling as shown in Tables 1 & 3: 17" N (Stn 388),
10' N (Stn 371), 9" N (Stns 373, 375, 376, 377, 378),
6' N (Stn 381), and 4" N (Stns 383, 386). The total
numbers of 2 and 20 "C isolates per sediment layer and
station-group are presented in Table 3.
The strains could clearly be differentiated according
to their growth temperatures as shown in Fig. 2. Most of
the 2°C isolates from the sediment surface were
psychrophilic or extremely psychrophilic, but psychrotrophic bacteria predominated in the deeper 4 to 6 cm
sediment layers and also in the surface sample from the
10" N station (371), where the sediment temperature
was higher (8.6 "C). In contrast, among the 20 "C isolates
from both sediment layers no psychrophiles were found;
these isolates consisted of mesophilic and psychrotrophic bacteria.
The majority of the 2 "C isolates from sediment surface samples were Gram-negative but, surprisingly,
most of the cold-adapted strains from the 4 to 6 cm
sediment layers and from the surface sample at 10" N
belonged to the Gram-positive type, thus showing the
same pattern as the 20 "C isolates from both sediment
layers (Fig. 3).

Table 2. Growth of isolates from low-nutr~entagars and enrichment cultures in seawater broth (SWB)with decreasing concentrations of peptone a n d yeast extract within 28 d of incubation. Test temperatures were 2 "C for the 2 "C Isolates (110 strains)
and 18 "Cfor the 20 " C isolates (208 strains). Values are numbers of isolates showing visible growth
2 " C isolates

Stn

20 "C isolates

SWB

SWB

SWB

SWB

SWB
100%

SWB
33.3%

SWB

2.5%

SWB
0.25%

100%

33.3%

10%

373
375
376
377
378
381
383
386
388

6
4
8
9
14
20
14
18
l7

5
4
8
7
14
10
11
18
6

5
4
8
7
14
9
11
17
6

5
4
7
7
14
9
11
17
4

0
0
0
2
7
1
2
1
1

13
37
13
23
31
2
20
10
59

13
37
13
23
31
1
20
10
59

13
37
13
17
31
1
20
10
54

9
33

Total

110

83

81

78

14

208

207

196

140

100%

75.5%

73.6%

70.9%

12.7%

100%

99.5%

10%

94.2%

SWB
2.5%

SWB
0.25%

5
28
9
13
25
1

0
0
0
0
0
0
0
0

17

67 3%

0

0
0%
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Table 3 . Structure of bacterial popu.lations in surface (0 to 2 cm) and deeper (4 to 6 cm) sediment layers. 2 "C and 20 "C isolates:
strains isolated from high-nutrient seawater agar plates incubated at 2 or 20°C; numbers in parentheses. total number of isolates
Approx.
latitude

Depth
(m)

Sediment
temperature

Genus

("c)
17' N

2770

2.7

looN

9" N

6" N

4" N

No data

Oh of isolates
2 "C isolates
20 "C isolates
0-2 cm
4-6 cm
0-2 cm
4-6 cm

No. of isolates
Alterornonas
Pscudornonas
Vibrio
Unident. Gram Bacillus
Gram-pos. cocci
Unident. Gram +

(35)
31
6
46
0
17
0
0

(6)
0
0
17
0
83
0
0

(391
0
5
0
0
85
3
7

(37)
0
8

No, of isolates
Alterornonas
Pseudomonas
Vibrio
Unident. Gram Bacillus
Gram-pos. cocci
Unident. Gram +

(29)
31
0
3
0
66

(22)
0
0
5
0
95
0
0

123)
0
0
0
0
96
4
0

(14)
0
0
0

No. of isolates

(28)

(17)
IS
0
12
0
70
0
0

(37)
3
16
0
3
57
13
8

(57)

(4
0
0
0
25
75
0
0

(51

(5)
0
40
0
0
20
40
0

0
0

Aiiw U I I I U I ~ U S

C 1
u-f

Pseudornonas
Vibrio
Unident. Gram - *
Bacillus
Gram-pos. COCCI
Unident. Gram +

0
18
0
18
0
0

No. of isolates
Alteromonas
Pseudornonas
Vibno
Unident. Gram Bacillus
Gram-pos. cocci
Unident. Gram +

(55)
40
9
16
0
0

(541
4
4
11
0
81
0
0

No. of isolates
Alterornonas
Pseudornonas
Vibrjo
Unident. Gram - "
Bacillus
Gram-pos. cocci
Unident. Gram +

(10)

(0)

35
0

60

0
40
0
0
0
0

0

0
84
0
8

0
100

0
0

.:

12
0
4

31
44
4

0

0
0

20
80
0
0
(0)

Unidentified Gram-negative strains; unidentified Gram-positive strains
-

The cold-adapted bacterial communities from the
sediment surface as represented by the isolates from
2 "C plates were mainly composed of Alterornonas
and Vibrio strains; again the shallower Stn 371 at 10" N
was an exception, with members of the genus Bacillus
predominating (Table 3). This genus was also the most
common among the 2 "C isolates from the 4 to 6 cm
sediment layer and the 2 0 ° C isolates from both
sediment layers.

DISCUSSION

Bacterial numbers

Colony forming units (CFU) of psychrophilic and
mesophilic sediment bacteria proved to be dependent
on the incubation and on the in situ sediment temperatures. On a previous expedition to the northwest
African upwelling area with sampling stations up to
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plates increased with increasing depths and decreasing sediment temperatures. In samples from 1500 m
depth, numbers of cultivable bacteria in the sediment
were almost 1 order of magnitude higher for incubation at 2 "C compared to incubation at 20 "C (Riiger
1982), indicating that low temperature adapted bacteria play an important role in degradation processes
at the greater water depths in this subtropic area.

Similar results were found south of the African upwelling area during GEOTROPEX '83, but at depths
greater than about 3000 m numbers of cultivable bacterla in the sediment were generally low (Table 1). Viable
counts were in the same range as those reported by
Bensoussan et al. (1979) for sediment samples from the
eastern tropical Atlantic between 10 and 21" N. Bacterial numbers from colony counts were on average 4 to
5 orders of magnitude lower than AODC, demonstrating
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again that only small proportions of the bacterial communities could be cultivated on agar media (Table l ) .
Both numbers, CFU and AODC, were lower than at
comparable depths in the nutrient rich upwelling region
off northwest Africa (Tan & Riiger 1989).

Physiology and nutrition
Although CFUs from heterotrophic agar plates incubated at 2 or 20 "C showed only slight differences, the
strains isolated from these 2 sets of plates could clearly
be differentiated by their physiological characteristics.
The definition of true marine bacteria is rather complex, as discussed previously (Ruger & Hentzschel
1980). Nevertheless, the 2 "C isolates can be regarded
as indigenous marine bacteria because of their seawater requirement for growth, whereas about 70 % of
the 20 "C isolates were probably of non-marine origin,
as indicated by their ability to grow also in the distilled-water medium.
The obligately marine 2 "C isolates are further
characterized b y Lileil ddcipidiiv~i i O environnieilial
temperatures. Psychrophilic and extremely psychrophilic bacteria predominated in cold deep-sea
samples, but their proportion decreased at the shallower station at 10" N, with the higher sediment
temperature of 8.6 "C (Fig. 2). The hypothetical nonmarine origin of most of the 20 "C isolates is supported
by their mesophilic character, i.e. their failure to grow
at 4 "C. For technical reasons, growth temperatures of
the isolates were determined at 4, 12, 18, 24, 30 and
37 "C. Therefore, some of our psychrophilic strains
may not exactly meet the generally adopted definition
proposed by Morita (1975),who restricted the temperature growth range of psychrophiles from 0 "C or lower
to about 20 "C or below. The term 'extremely psychrophilic' was applied to characterize deep-sea bacteria
with exceptionally low maximum growth temperatures
of between 4 and 12 "C (Riiger 1989).
Psychrotrophic bacteria are defined as organisms
growing at temperatures from 5 "C or below to more
than about 20 "C (Baross & Morita 1978).Psychrotrophs
were isolated from 2 "C plates from the sediment surface
and, to a greater extent, from the deeper sediment layer.
Organisms of this lund were also expected on the 20 "C
plates, but here the mesophiles predominated (Fig.2).
About 50 % of the 2 "C isolates but 90 % of the 20 "C
isolates were able to grow on low-nutrient agar at 4 "C
within 16 wk and at 20 'C within 12 wk, respectively.
This might be explained using the report by Wiebe et
al. (1992) that some psychrotrophic bacterial stra1n.s
showed no marked responses to different substrate
concentrations when incubated at 10 to 15 "C or above.
4t lower temperatures of -1.5 and 0 "C, however,

growth rates were 2 to 3 times lower in low-nutrient
compared to high-nutrient media.
The reported proportions of the isolates able to grow
on low-nutrient agar might be even lower, because the
oligotrophic media were inoculated from high-nutnent
agar cultures and organic material could have been
transferred to the test tubes. Similar tests carried out
with 2 "C isolates from the northwest African upwelling area revealed that 113 of 145 strains could
grow after first transfer into low-nutrient medium. This
is probably due to carrying over of growth material
from the high-nutrient medium, because the number
of isolates able to grow in low-nutrient medium decreased drastically from 113 to 26 strains after the
second transfer (unpubl. data).
The concentration of 15 mg 1-' of organic substrates
used for the isolation of oligotrophic bacteria was in the
range proposed by Kuznetsov et al. (1979). Oligotrophic bacteria could be isoiated from low-nutrient
media, where excessive growth of copiotrophic bacteria would be retarded. However, for further cultivation
of the isolates, most but not all oligotrophs will grow
better oii higher iiiiiiieiit media iCar!ucd e: al. 1985).
In accordance with this all oligotrophic isolates were
also able to grow in nutrient-rich seawater broth (100 %
SWB), but higher proportions of the 2 than of the 20 "C
isolates could grow in the 2 most diluted SWB concentrations (Table 2). This is an indication that these
psychrophilic or psychrotrophic bacteria may be better
adapted to low-nutrient deep-sea conditions than the
mesophiles. However, this needs further examination
with the psychrophilic and psychrotrophic strains.

Isolation and identification of strains
No method of investigation is known to give complete insight into the structure and activity of microbial communities in nature. Determining bacterial
numbers or cell morphologies rnicroscopica!ly, or following the fate of nutrients and other chemical compounds in the habitat, do not yield enough details
about the microorganisms involved in the ecological
processes. Analyses of natural microbial populations
by ribosomal RNA sequences (Pace et al. 1986), low
molecular weight RNA profiles (Hofle 1990), or DNA
hybridizations (Voordouw et al. 1991) require the use
of standards from pre-identified bacteria and offer
no information about the metabolic potential of the
organisms. Consequently, isolating and cultivating
the bacteria and further characterizing them in vitro
is still an important method. Accordingly, the descriptions of psychrophilic deep-sea bacterial communit~.es
presented here are based on isolates from sediment
samples. However, we do not know how representa-
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tive of natural communities our laboratory cultures
are. I t is well-known that only a small fraction of the
natural microflora can be isolated on agar media and
that the greatest part is not cultivable at all. Thus it is
still an open question whether the uncultivable part
consists of unknown bacteria with special growth
requirements, or of cells that become permanently or
transiently uncultivable under oligotrophic conditions, and remain in the starved but viable state
(Roszak & Colwell 1987, Nilsson et al. 1991, Wiebe et
al. 1992).
The number of strains isolated from each station was
often too low for a comprehensive view of the bacterial
communities (Bianchi & Bianchi 1982). The grouping
of similar stations according to latitude and sampling
depth has been justified previously (Riiger 1989).
The isolates were identified according to Bergey's
manual of systematic bacteriology (1984, 1986) and to
numerous original publications on the taxonomy of
Alterornonas, Bacillus, Pseudornonas and Vibrio. The
taxonomic characteristics of most of the psychrophilic
strains were not in full accordance with the descriptions given for any known species. These strains represent new taxa within the respective genera. For the
characterization of the bacterial communities, the
isolates are identified here only to genus level.
The most reliable characteristic for differentiating
between the genera Alteromonas and Pseudomonas
is the guanine plus cytosine content of their DNA,
but DNA base analyses are time consuming and thus
not applicable in routine identification tests. The
genus Alterornonas was therefore differentiated from
Pseudomonas by DNase activity, H2S-production from
cysteine, susceptibility to 10 pg chloramphenicol and
50 pg furazolidone (Oxoid sensitivity disks) and absence of nitrate reduction to gas and of a constitutive
arginine dihydrolase system (Gray & Stewart 1980).
Some strains, however, did not show the complete
combination of these traits and in these cases, the identification of a given strain as Alteromonas or Pseudornonas seems doubtful.
Bacillus species are characterized by their ability
to form endospores. In most of the psychrophilic or
psychrotrophic Gram-positive isolates from 2 "C
plates, however, endospores could not be detected, but
in all other characteristics these strains were identical
with some endospore-producing isolates. Sporulation
can be induced when the concentration of guanosine
triphosphate (GTP) in the cell is lowered by substances
inhibiting GTP-synthesis (Zain-ul-Abedin et al. 1983).
With the use of decoyinine, psicofuranine or psicofuranine-tetraacetate, additional sporulation could not
be induced and, therefore, the psychrophilic, nonsporulating, Gram-positive strains from the 2 "C plates
were considered members of the genus Bacillus that,
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during long perlods of uniform environmental conditions in the deep-sea, have lost the ability to form
endospores. This is supported by the fact that most of
the cold adapted Bacillus strains must have evolved
from vegetative cells, because only a few bacterial
colonies were found that had developed from dormant
spores on spore germination medium at 2 "C after
inactivation of the vegetative cells by heating

Community structures
Most of the obligately psychrophilic bacteria from
stable cold environments like the deep-sea are considered to be Gram-negative (Baross & Morita 1978). It
was therefore an unexpected finding that the psychrotrophic, psychrophihc or even extremely psychrophilic
2 "C isolates from the deeper sediment layer were
predominantly Gram-positive (Figs. 2 & 3). Moreover,
almost all of the 2 "C isolates from both sediment layers
were obligately marine, but so far only a few Grampositive obligately marine bacteria have been isolated,
as discussed previously (Ruger & Hentzschel 1980,
Ruger 1989). Evidently, the psychrophilic, obligately
marine Bacillus strains from the deep-sea represent a
group of hitherto unknown bacteria. Detailed descriptions of their physiology, nutrition and taxonomy will
be published elsewhere.
The majority of the 20 "C isolates from both sediment
layers were Gram-positive and proved to be members
of the genus Bacillus and of the Gram-positive cocci
(Fig. 3, Table 3). Since the numbers of bacterial spores
on 20 "C plates were approximately in the same range
as the heterotrophic colony counts, it is most likely that
the mesophilic Bacillus strains did not onginate from
vegetative cells, but from dormant spores. Similar
results on the composition of Gram-positive bacteria
were found by Bensoussan et al. (1979) in deep-sea
sediments of the same Atlantic ocean region after
applying the same incubation temperature of 20 "C,
which was formerly thought to allow the isolation of
both psychrophilic and mesophilic bacteria. A predominance of Gram-positive sediment bacteria after incubation at room temperature, particularly cocci, was
also reported for the abyssal Vema Fault, located far
west of our investigated area (Bensoussan et al. 1984).

CONCLUSIONS

Besides some psychrotrophic strains, most of the
20 "C isolates were mesophilic and, therefore, not
adapted to deep-sea temperatures. Utilization of organic substrates did not occur at 4 "C and most strains
were able to grow in distilled-water media. Further-
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more, the majority of strains must have evolved from
dormant spores, but not from actively metabolizing
cells. Considering all these facts, it is evident that
the 20 "C isolates cannot be regarded as true members
of the bacterial communities in this deep-sea area.
Hence, all reports about community structure studies
in permanently cold environments not performed
under environmental temperature conditions should
be treated with care.
It can be concluded from the results that only the
2 "C isolates should be regarded as true and predominating deep-sea bactena. They were dependent on
seawater media for growth and all strains were able to
grow at low temperatures (Fig. 2). Even some strains
among the 2 "C isolates, growing well at temperatures
from 1 to 20 "C, utilized organic substrates preferably
at 4 "C (Ruger 1988). At least the extremely psychrophilic bacteria, which already expired at temperatures
between 4 and 12 "C, could not have been transported
with particulate organic matter from surface waters
to the deep-sea, because a sediment temperature of
26.3 "C was measured in 123 m depth.
Takng :=to acccuct that only a sma!! fraction of the
natural microflora can be isolated on agar media, the
question still remains which group of strains, the 2 "C
or the 20 "C isolates, can be regarded as indigenous
bactena of the deep-sea communities. We can only
hypothesize about the origin of obligately psychrophilic bacteria in this tropical region. Long periods of
stable environmental conditions in the deep-sea may
have led to the evolution of psychrophiles in the sediment. On the other hand, the Sierra Leone abyssal
plain can be reached by Antarctic bottom water
(Mantyla & Reid 1983, Hollister & McCave 1984) and
psychrophilic bacteria could have been transported
from the Antarctic to tropical deep-sea basins during
the course of time.
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