Vol. 183: 49-57.1999
l

MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

I

Published July 6

Effects of hydrostatic pressure on microbial activity
through a 2000 m deep water column
in the NW Mediterranean Sea
Olivier Tholosan, Jean Garcin, Armand Bianchi*
Microbiologie Marine, CNRS - INSU, EP 2032, Universite de la Mediterranke, Faculte des Sciences de Luminy. case 907.
F-13288 Marseille, cedex 9, France

ABSTRACT: Twenty-seven samples of undecompressed seawater were collected between 800 and
2000 m depth in the NW Mediterranean. Most of the samples (24) were collected at the same sampling
station. Potential '4C-glucose uptake rates and potential bacterial production rates were measured concomitantly under natural pressure conditions and under atmospheric pressure conditions. Compression
of 5 surficial water samples suggested that metabolic activity of surface-borne bacteria would decrease
when carried down by particle sedimentation or by a cascading seawater mass. Conversely, during the
stratified water period, intermediate and deep-sea bacteria appeared adapted to the natural pressure
conditions; for 90% of the samples metabolic rates were higher in samples kept in their natural pressure conditions than in their decompressed counterparts. Even if variable with time and depth, a global
estimation of this adaptation to the natural pressure conditions resulted in a 3.5-fold increase relative
to the measures done on decompressed samples. The pressure effect appeared at 800 m depth, a relatively shallow depth comparative to the average depth of the global ocean. In deep waters, potential
glucose uptake rate and potential bacterial production rate varied greatly as a function of time and
depth, ranging from 2 to 80 pm01 C metabolised I-' h-', and from 4 to over 400 pm01 bacterial C produced 1-' h-', respectively.
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INTRODUCTION
In the oceanic system, the productive area is limited
to the superficial photic zone and most of the organic
material produced there is recycled in the upper layers
of the ocean. Nevertheless, a part of this organic production is exported out of the superficial layers and its
remineralization depends on the microbial activities in
the whole water column and at the water-sediment
boundary layer (Deming 1985, Hoppe et al. 1993,
Poremba 1994, Turley & Mackie 1994, Turley et al.
1995, Tholosan & Bianchi 1998). As depth increases in
the water column, bacteria are submitted to increasing
hydrostatic pressure conditions, decreasing temperature and decreasing nutrient concentrations. These
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conditions are known to slow down the growth rate of
bacteria (Morita 1986, Turley 1993). Basically, out of
the superficial productive layers, the metabolic velocities of microbial populations are found to be low (Deming 1985, Deming & Colwell 1985, Cowen 1989, De
Angelis et al. 1991, Bianchi & Garcin 1993, 1994,
Bianchi et al. 1998).
With reference to ETS (electron transport system)
measurements done by Lefevre et al. (1996) in the
north-western Mediterranean, oxygen consumption
by microplankton in intermediate and deep waters
appears to be in the range of a few hundred pm01 O2
respired I-' h-'. Similarly, 14C-glucoseremineralization
rates in intermediate and deep waters in the NE
Atlantic are in the range of a few pm01 CO2 1-' h-', or
lower (Bianchi et al. 1998). However, depth integration
of microbial activities measured through the water column shows that the potential remineralization flow
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due to microbial populations located deeper than
200 m is far from negligible: in the north-western Mediterranean, 75% of the metabolic CO2 is produced between 200 and 1000 m depth (Lefevre et al. 1996),and
in an oligotrophic area of the NE Atlantic 46% of the
carbon dioxide potentially produced by glucose oxidation is due to intermediate and deep microbial populations (Bianchi et al. 1998).Therefore, to appreciate the
actual role of the microbial compartment in the functioning of the global oceans, an accurate determination
of the microbial activitjes is needed not only in the surficial productive layer, but throughout the whole water
column, including the deep water masses.
In previous studies it has been shown that changes in
hydrostatic pressure conditions during retrieval affected the glucose uptake rate of bacterial populations
collected at 1100 m depth in the north-western
Mediterranean (Bianchi & Garcin 1993, 1994). These
studies, like all others already realized by using specific gears to collect undecompressed deep-sea water
samples (Jannasch et al. 1976, Tabor et al. 1981),
referred to a small number of samples. To our knowledge, the largest data set already reported in the Literature in this domain (Jannasch & Wirsen 1982) concerns 16 deep-sea samples collected at 8 different
sampling areas covering a large geographical zone in
the north-western Atlantic. Thus, microbial activity
measurements in deep-sea conditions suffer poor statistical significance. The main objectives of this study
were to improve the representativeness of our data set
by repetitively sampling from different depths at the
same sampling station during different periods of the
year, In order to estimate the extent to which microbial
processed fluxes through the intermediate and deepwater masses vary throughout the year, and to ultimately determine the depth at which pressure effects
on microbial activities begin.

MATERIAL AND METHODS
Sampling area and sampling period. All the samples
were collected in the north-western Mediterranean
Sea. Five surface water samples were collected at 20 m
depth using a Niskin sampler. Two samples were collected in the coastal area near the city of Nice, 2 samples were collected 28 miles (45.05 km) south-east
of Nice (43'21' N, 07'52' E), and 1 sample 30 miles
(48.27 km) south-east of the city of Marseille (42'57'
N, 05" 26' E).
Twenty-four samples of intermediate and deep waters were collected between 800 and 2000 m deep at
the DYFAMED sampling station (43" 21' N, 07" 52' E ) ,
28 miles (45.05 km) south-east of Nice. Sampling was
performed using a high-pressure sampler (see below)

during 5 cruises (October 1994, February 1995, April
1995, November-December 1995, May 1996). Additionally, 3 undecompressed samples were collected between 900 and 1150 m depth in November 1994 in the
Gulf of Marseille (42' 56' N, 05" 12' E).
Measurements of '4C-glucose uptake rates in surface water samples. The effects of a downwelling process on superficial microbial populations were simulated by submitting superficial water samples to
increased hydrostatic pressure conditions. Samples
were transferred to 5 1 sterile polycarbonate flasks and
immediately labeled with a solution of D-(U-"C)-glucose, specific activity 10.6 GBq mmol-' (Amersham
Corp.), to obtain a final concentration of 30.0 nM. After
mixing, subsamples were distributed in sterile stainless steel syringes (150 ml) to be pressurized to 11 MPa
(-1 MPa min-'), or incubated under atmospheric pressure, at in situ temperature ( i l ° C ) . Incubation was
conducted in strictly identical vessels and under the
same culture conditions, except for pressure. Subsamples were taken at time zero (control), 30, 60 and
90 min. At the end of each incubation period, subsamples were fixed by the addition of formalin saturated
with sodium tetraborate (1% final concentration, v/v).
Bacterial cells were collected by vacuum filtration onto
0.2 pm polycarbonate filters (Nuclepore) prewashed
with an unlabeled glucose solution. Filters were
washed twice with 5 m1 of 0.2 pm filtered seawater.
The filtrate was acidified (1 m1 HCl, 6 N), and released
14C CO2 was flushed using N2 blowing (100 m1 min-l)
for 30 min. CO, was trapped in 2 serial scintillation
vials each containing 9 m1 of a cocktail of ethanolamine/methanol/PCS (Amersham Corp.) scintillation
liquid (ratio 1/1/?, v/v). Filters and vials containing the
I4C COZwere counted using a Packard 1600 TR liquid
scintillation counter. The counting efficiency and
quenching correction were determined by use of internal standards. Data were corrected against those
obtained from control samples fixed immediately after
label addition to determine '4C-glucose uptake rates
(sum of incorporated and respired label).
Sampling without decompression. To avoid the
physiological stress due to decompression during retrieval of deep-sea water samples, we developed a 5 1
high-pressure sampler (HPS, Metro Mesures, 92140
Clamart, France) able to maintain the natural pressure
conditions during retrieval and incubation (Fig. 1).
This equipment allows for high-pressure growth experiments to be performed in a time course fashion using a single undivided bacteriological culture, as preconceived by Taylor & Jannasch (1976). Furthermore,
thanks to its large working volum.e, this gear allows the
estimation of pressure effects on microbial activity using the same sample to measure metabolic rates under
natural or atmospheric pressure conditions.
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seawater equal to the tracer's volume to be injected is
The HPS is a 20 mm thick 316 stainless steel cylinaseptically withdrawn (using a sterile syringe) from the
der with a 5 mm thick PEEK@ coat. Its diameter is
dead volun~e of the sampler head. The tracer is
190 mm (150 mm i.d.), and total length 750 mm. The
injected in this volume and then the Swagelok connecscrewed top and bottom-end are covered with a sheet
tor is re-connected. Processing in this way provides a
of PEEK@.The PEEK@ floating piston (total length =
satisfactory distribution of the label into the whole vol180 mm) is fitted with 3 0-rings. The top end is fitted
ume of the sample.
with a closing valve (Whitey SS-83KF4, Whitey Co.,
Immersion and filling: The HPS is immersed at a
Highland Heights, OH, USA) connected to the filling
circuit (1/8" stainless steel tubes). This circuit includes
rate of 1 m S-'. When the selected sampling depth is
reached, natural hydrostatic pressure causes the previan externally adjustable relief valve (Nupro R3A,
ously calibrated entry valve (Nupro R3A) to open,
Nupro Co., Willoughby, OH, USA) previously calipushing down the piston and seawater to enter into the
brated at the pressure of the sampling depth, a check
upper chamber of the HPS. Distilled water is flushed
valve (SS-CHS2-1 Compact Series, Nupro) and an
out of the lower chamber of the cylinder, through a
aero-hydraulic pressure accun~ulator (gas volume:
nozzle, to the exhaust tank. The diameter of this nozzle
500 ml, maximal pressure delivery: 25 MPa, Metro
determines the rate of flushing and keeps the sample
Mesures). Its role is to avoid partial decompression of
undecompressed during the filling period (Jannasch et
the sample due to a small change in volume of the
al. 1973).
stainless steel cylinder during upcast. A FGP 201-12
Recovery onboard the research vessel: AU the
pressure sensor (FGP, Les Clayes-sous-Bois, France)
valves (Fig. 1) are immediately closed and the bottom
is fitted on the filling circuit. All the tube fittings
end of the HPS is connected, by way of a 1/8" stainless
are from Swagelok Quick-Connect Co., (Hudson,
steel tube fitted with a check valve, to a 5.5 1 high-presOH, USA).
The bottom-end screwed cap of the 5 1 HPS is
sure reservoir (HPK, Metro Mesures). The HPR is filled
with distilled water and pressurized to sample condiconnected via a 1/8 stainless steel tube and a Union
tions by way of a nitrogen cylinder. The pressure senTee connection 1/8" Swagelok to a 6000 m1 exhaust
tank (Fig. 1).This circuit includes a closing valve (Whitey SS-83KF4, Whitey
Co.).The exhaust tank is a 316 stainless
Aero-hydraulic pressure
Valve
steel tube (674 mm total length,
accumulator
140 mm o.d., 110 mm i.d.) fitted with a
Pressure sensor
Check valve
bleed valve. Inlet into the exhaust tank
is through a nozzle (0.010" i.d., stainless
Valve
Externally adjustable
valve
steel capillary, Touzart et Matignon,
Nozzle
Les Ulis, Courtabeuf, France).
Fill~ngpon
Sterilization: The piston of the HPS
is pushed up, the lower chamber of the
syringe is filled up with 0.2 pm filtered
118' Stainless steel tube
distilled water, and all the connecting
tubes are accurately filled up with filtered seawater to avoid air bubbles.
The HPS, with the attached tubes and
PEEKfloating piston
..,,.
, . . . . ,. -.-,
valves, is autoclaved for 1 h at 110°C.
, .* ,. .... , .
.
. ........ ,
Processing in this manner permits the
,
,.
,,, ., ., . .,
.
sterilization of all the parts that will be
.,, , ,.. .
,,......,...., . ...- ,.
directly in contact with the sample. To
,.,..,
*,.. ".,..
,- . .
.
avoid contamination of the filling ori118" Srainless steel tube
I
I
fice by surface water bacteria the entry
of the inlet valve, previously filled with
5 I-HP Sampler
6 I-Exhaust tank
filtered sterilized seawater, is capped
with an alcohol sterilized Parafilm
Sample
sheet.
Labeling: Just before immersion, the
C^-;-'l Sterile distilled warer
Swagelok connector connecting the
filling circuit to the sampler's head
Flg. 1. Diagrammatic representation of the INSU-PACAC 5 1 pressure-retaining
sampler in configuration of sampling
is disconnected (Fig. 1). A volun~eof
< , .
+ ,

"

A

.

A

,

.
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withdrawn from both undecompressed and decomsor is connected to a pressure meter allowing the control of the absence of leaks on the hydraulic circuit.
pressed cultures after 1, 3, 6 and 12 h. Subsampling
from the HPS was processed without decompression of
Then, the HPS is immersed in a water bath kept at the
the bulk culture. In order to stop the microbial activity
sampling temperature
1°C. To subsample without
as soon as the subsamples were decompressed, a voldecompression of the culture chamber, the filling circuit (externally adjustable valve, check valve and presume of buffered formaldehyde (calculated for a final
sure accumulator) is disconnected and replaced by a
concentration of 1 %) was previously added to the subsampling vials. Subsamples were then treated as dePEEKm lamination pin valve (Metro Mesures). This
valve provides a low and accurately regulated outflow
scribed above for surface water samples.
Bacterial secondary production. This parameter was
rate minimizing the shear forces in the culture.
measured during time course experiments following
To withdraw a part of the sample without decompression of the bulk culture, the valve between the
the same protocol as described above. The labeled
HPS and HPR is opened, then a slight increase in prestracer was 3H-thymidine, specific activity 3.07 TBq
mm01 1-' (Arnersham Corp.),for a final concentration of
sure (i.e. 0.6 MPa) in the HPR slowly pushes up the
floating piston and allows the withdrawal of a part of
5 nMol. To calculate the bacterial production we used
the empirical conversion factors of 2 x 10'' cells mol-'
the sample through the lamination pin valve at a rate
(Ducklow & Carlson 1992) and 10 f g C cell-' (Bell
of -2 m1 S-'. For each sample a 2 l decompressed subsample was immediately withdrawn in this way to be
1993).
Bacterial counts. Subsamples for bacterial counts
incubated in the dark at the sampling temperature
were collected immediately after retrieval of the HPS,
under atmospheric pressure conditions.
following the protocol already described for the withPrecautions need to be taken when working with
high-pressure equipment in order to prevent any leaks
drawl of the decompressed 2 1 subsample. They were
immediately fixed in 2 % formalin and stored for a few
on the hydraulic circuit. Before each immersion it is
days at 4°C before staining with diamidinophenylinnecessary to carefully check all junctions. It is also recdole (Porter & Feig 1980). Cells were enumerated by
ommended to frequently change the 0-rings to avoid
pressure loss. During sampling the aero-hydraulic presepifluorescence microscopy (Olympus, BH2).
All the samples were processed on board the resure accumulator (gas volume: 500 ml, maximal pressearch vessel immediately after retrieval.
sure delivery: 35 MPa, Metro Mesures) avoids partial
decompression of the sample due to a small change in
volume of the stainless steel cylinder during its retrieval
RESULTS
aboard the research vessel. During incubation and subsampling, pressure variations are controlled by the HPR
Effects of increasing pressure on surface water
connected to the bottom end of the HPS. Finally, it is
bacteria
obvious that pressure variations must be permanently
checked by the pressure meter throughout the experiment. Processing in such a way allows the miniTable 1 shows that the potential bacterial glucose
mization of pressure variations in the culture chamber
incorporation rate drastically decreases when surface
water samples are submitted to increased pressure
at + l 0 % of the initial pressure conditions.
conditions. The activity measured in samples pressurMeasurements of '4C-glucose and 14C-amino acid
ized up to 11 MPa was only 32% of the rate obtained
potential uptake rates. Samples were labeled using
~ - ( U - ' ~ C ) - ~ l u c o(specific
se
activity
10.6 GBq mmol-l, Amersham Corp.),
Table 1. '"-glucose incorporation rate (pm01C l ' h ', mean + SDI of superficidl
or r - ( ~ - ~ 4 ~ ) . a macids
i n o mixture (spewater samples incubated under atrnosphenc pressure conditions and under
GBq' Amersham
cific activ'ty
increased hydrostatic pressure conditions (11 MPa) Incubat~ontemperature:
Corp.), for a final concentration of
13 * 1°C [natural temperature)
10 nM. Previous studies showed that
this concentration was above the satuAtmospheric
Pressurized Pressure effect
Sampling area
ration concentration of the glucose
pressure (A)
11 MPa (HP)
(HP/A)
(20 m depth)
uptake systems for intermediate and
3 3 5 0 * 3 1 7 ( n = 4 ) 1966+37
0.59
Nice coastal area
deep Mediterranean waters.
1329 + 94
0.55
2421 * 74 (n = 4)
Nice coastal area
Incubation was conducted at 13 +
43 * 9
0.22
28 miles off Nice
199 * 37 (n = 4)
1°C (ambient temperature of inter174*24(n=6)
30k4
0.17
28 miles off Niced
mediate and deep Mediterranean wa251 * 35 (n = 10)
22 + l
0.09
30 miles off Marseillea
ters) for up to 12 h. During time course
dData from Bianchi & Garcin (1994)
experiments 250 m1 subsamples were
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Table 2. Short-term variations of 'v-glucose uptake rates
(pmol C I-' h-') measured on decompressed (DEC) and undecompressed (HP) seawater samples collected at a few days
interval time at 1000, 1500 and 2000 m depth at the same sampling statlon (43"21' N, 07" 52' E) in the Ligurian Sea. Values
are mean ? SE (n = 3). Bacterial densities ( X 104 cells m - ' )
refer to subsamples collected immediately after retrieval of
the high-pressure sampler
Depth
(m)

Sampling
date

Bacterial
density
(X 104cells ml-')

1000

Oct 10
Oct 13
Variation
Oct 09
Oct 12
Variation
Oct 08
Oct 11
Variation

15.6
10.9
-30 %
23.2
20.5
-12 %
11.0
12 5
+ l 4%

1500

2000

Glucose uptake
(pm01C 1-' h-')
HP
DEC

63.2 t 2.7
15.9 t 4.5
-75%
8.4 t 0.5
33.6 + 2.1
+ 300 %
6.6 t 0.6
37.9 * 4.5
+474%

53.3 t 8.7
16.0 t 2.0
- 70%
4.8 t 0.6
18.9 t 0.3
+ 294 U
3.4 t 0.5
37.3 + 4.3
+1000%

Table 3.Effect of decompression on 14C-glucose(or occasionally '4C-amino acids) uptake rate: ratio of undecompressed to
decompressed bacterial uptake rates. Values for November
1995 are I4C-amino acid uptake rate. All the samples were
collected in the Ligurian Sea (43"21' N. 07"52' E), except
November 1994 samples, which were collected in the Gulf of
Marseille (42"56' N, 05" 12' E)
Depth
(m)

Oct
1994

Feb
1995

Apr
1995

Nov
1995

Nov
1994

5.50
1.53

0.94

11.20

1.48

May
1996

1.97
1.25

2.08

1.51

28.12

from their counterparts kept under atmospheric pressure conditions (average value for 5 samples), suggesting a high fraction of surficial bacterial population are
unadapted to increased pressure conditions.
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Table 4. Effect of decompression on bacterial production rate:
ratio of undecompressed (HP) to decompressed (DEC) bacterial biomass production rates defined by measuring 3H-thymidine incorporation. Data refer to the same samples as those
used for glucose uptake measurements (Table 3), except for 3
additional samples ( ' )
Depth (m)
800
1000

Feb 1995 Apr 1995 Nov 1995 May 1996
2.76'
12.86
1.49'

1.17
2.12

1150

1500
2000

2.26

2.30
1.74

1.22
1.57
1.55'
0.89
1.56
1.61

17.08

Seasonal variations of microbial activities
Glucose (or occasionally amino acid mixture) uptake
rates and bacterial production rates measured during
different periods of the year are presented in Figs. 2 &
3, respectively. In most cases, uptake rates and bacterial production rates measured in undecompressed
samples were higher than in their decon~pressedcounterparts. The pressure effect (Pe = HP/DEC, where HP
and DEC are the metabolic rates measured in the
undecompressed and decompressed samples, respectively) describes the adaptation of bacterial consortia
to their natural pressure conditions (Tables 3 & 4). Only
1 sample, collected at 1150 m depth during the
November 1995 cruise, showed a negative effect of
natural pressure conditions on microbial activity measurements (Pe = 0.89 and 0.99 for bacterial production
and amino acid uptake rates, respectively), while 3
other samples (collected during October 1994 and
November 1995) appeared unaffected by pressure
conditions (Pe = 1). An overall estimation of Pe shows
that the 2 measured metabolic rates were nearly 3.5fold hlgher in the undecompressed samples than in
their decompressed counterparts: Pe = 3.72 + 1.17, n =
24, and Pe = 3.48 1.22, n = 15, for carbon uptake and
bacterial production rates, respectively.

DISCUSSION
Short-term variations of metabolic rates
Table 2 shows the variations of potential glucose
uptake rates in intermediate and deep water samples
during short time periods. Bacterial density varied up
to 30% within a 3 d interval, whereas the uptake rate
varied more drastically, with a possible increase of 1
order of magnitude within the same sampling interval.

Behavior of surface water bacteria carried down in
the water column
When surface water samples are submitted to
increased hydrostatic pressure conditions, glucose
incorporation rates drastically decrease (Table 1). Our
experiment confirms previous observations (Oppenheimer & ZoBell 1952, Seki & Robinson 1969, Turley
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Undecornpressed samples
Decompressed samples from H P S

carrylng down superficial water masses,
while the second refers to the settling
of surface-produced particles. Detritic
particles produced in the superficial
layers of a marine system are rapidly
colonized by highly diversified bacterial
populations (Alldredge & Silver 1988,
DeLong et al. 1993) possibly endowed
with enhanced per cell activities (Kirchman & Mitchell 1982, Iriberri et al.
1987). When surficial water masses or
surficial particles sink down, their environmental conditions, such as temperature and hydrostatic pressure, are progressively modified. If the metabolic
rates of surface-borne bacteria drastically slow down with increasing pressure conditions, we could hypothesize
that during the downwelling process or
surface particle sedimentation, the primary colonizers, becoming progressively uncompetitive, are replaced by
other bacterial species more efficiently
adapted to increased pressure conditions (Poremba 1994, Turley et al. 1995).
Consequently, the degradation of particulate organic materials composing
the settling particles, and the remineralisation of dissolved organic compounds constituting the dissolved
organic bulk of cascading watermasses,
should depend on the rapidity and
efficiency of colonization by pressureadapted bacteria. Further studies need
to be done to estimate the changes in
bacterial diversity and to understand
the physiological adaptation of natural
microbial consortia to increasing pressure conditions when naturally carried
down through the whole oceanic water
column.

Decompressed samples collected by N~skinbottles

Fig 2 . Comparison of '"-glucose
(or occasionally '4C-amino acids) uptake
rates in decompressed and undecompressed samples collected at different
depths at diverse times of the year at the same sampling station m the
Ligurian Sea, and additional data from the Gulf of Marseille

1993, Bianchi & Garcin 1994) showing that surface living bacteria are not adapted to high-pressure conditions.
These experimental data can be related to 2 processes naturally occurring in the ocean. The first one
corresponds to downwelling or cascading processes

Adaptation of marine bacteria to their
natural pressure conditions

Of the 27 samples of intermediate and
deep waters we studied, 23 showed a decrease in t h e u potential metabolic activities when kept out of their natural hydrostatic pressure
conditions (Figs. 2 & 3). Globally, the slowing down of
metabolic activities due to decompression is nearly a 3.5fold decrease for the uptake rate as well as for the bacterial production rate.
decompression effect is in the
same range as that already observed by Bianchi &

55

Tholosan et al.: Pressure effect on marine bacteria

Garcin (1994)on the glucose incorporation by bacterial populations collected
at 1100 m depth in the NW Mediterranean Sea, and by Cowen (1989) on
the binding of Mn2+by natural popul a t i o n ~ of bacteria in a deep-sea
hydrothermal plume at 2000 m depth.
As determined by CTD casts (data
February 1995
April 1995
not shown), all samples were collected
during the water column stratification
0
10
20
30
40
0
100 2 0 0 3 0 0 400 500
period. The observed decrease in bacBacterial produclion (picomol C 1 h-')
Bacterial produclion (picoml C 1.' h-')
terial activities due to decon~pression
confirms previous observations (Deming 1985, Deming & Colwell 1985,
Bianchi & Garcin 1993, 1994) that bacteria settling in intermediate and deep
l
water masses are well adapted to the
natural pressure conditions. This adaptation of marine bacteria to highpressure conditions has been considered as a hallmark of their origin from
November l995
deep-sea environments (Yayanos et al.
1982). These observations confirm the
0
4 0 0 8 0 0 1200 1600 2 0 0 0
0
20
40
60
80
Bacterial productnon (picorn01 C I h-')
underestimation of microbial activity
Bacterial production (picomol C I-' n.')
data measured, during the stratified
water period, on deep water samples
Undecompressed samples
decompressed during retrieval.
Decompressed samples
Depth-integrated potential glucose
uptake (determined by using the
Fig. 3. Comparison of bacterial production (estimated by 3H-thymidine incorpouptake rates which we measured in
ration) in decompressed and undecompressed samples collected at different
natural pressure conditions, lzig. 2)
depths at diverse times of the year at the same sampling station in the
Ligurian Sea
throughout the 800 to 2000 m depth
layer during the April 1995 cruise
amounted to 17.2 pm01 C m-' h-'. This
value is nearly equivalent to the flux (15.6 pm01 C m-2
well 1976, Albright & McCrae 1987). These fluctuah-') defined by a similar integration of data obtained
tions appear associated to the seasonal cycling of nutnby Iriberri et al. (1996) in the 0 to 200 m depth layer
ents in the productive layers (Fuhrman et al. 1980,
Ducklow 1984, Ducklow et al. 1993, Hoppe et al. 1993).
at the same sampling station during the same cruise.
In fact, theoretically (since the uptake rates were
In intermediate and deep water masses, variability of
measured by adding labeled glucose at saturating
environmental parameters should be considerably
concentration), nearly 2 5 % of the glucose potentially
softened. Thus, Copin-Montegut & Avril (1993), who
used by bacteria in the whole 2000 m depth water colsampled at the same station as we did, reported that
umn could be due to intermediate and deep water
below 200 m depth dissolved organic carbon concenbacteria. This observation confirmed the importance
tration remained rather constant (0.6 to 0.7 mg C 1-l)
of bacterial populations in intermediate and deep
over a 2 yr period. Therefore, it could be expected that
waters in the cycling of organic mater in the global
the metabolic activities of bacterial populations could
oceans (Turley & Mackie 1994, Lefevre et al. 1996,
be only slightly affected throughout the year. HowBianchi et al. 1998).
ever, bacterial activities appear far from constant in
deep water masses (Figs. 2 & 3). Since heterotrophic
processes in the deep sea are fuelled by the organic
Fluctuations of bacterial metabolic rates in
nutrients exported from the sea surface, these variaintermediate and deep waters
tions could be Linked to the particle flow through the
water column. We cannot ascertain this discrepancy
In the superficial layers of the ocean, bacterial activfrom the seasonal cycling because, as shown in Table 2,
ities vary greatly throughout the year (Carney & Coleven at a very short time scale we observed the same
I
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temporal variability: the measured glucose uptake rate
may vary as much as 6-fold over a 3 d period. Such
short-term variability in microbial activities of deep
water masses has already been observed in the northeastern Atlantic (Bianchi et al. 1998). Indeed, microbial
activities processing the geochemical cycling of nutrients in intermediate and deep water masses appear as
variable as in the surface productive layers. Such variability may be due to the patchy distribution of nutrients in oligotrophic conditions (Azam & Ammerman
1983);it may also be due to the characteristic time and
space scales of coupling between nutrient sources and
bacterial production on one hand, and between bacterial production and grazing on the other hand (Ducklow 1984). Evolution of microbial activities is governed
by short- and long-term dynamic processes (Karl &
Knauer 1984), not only in the surficial productive layers, but throughout the whole water column. Therefore, it is necessary to considerably enhance the sampling frequency, as suggested by Ducklow (1983),
even in the deep water masses.

At what depth to bacterial populations adapt to
deep-sea conditions?
Hydrostatic pressure, the main physical characteristic of deep environments, increases linearly with
depth. Thus, it is difficult to locate the boundary
between superficial and deep environments. Presently, most of the studies concerning the effect of
decompression during retrieval on microbial a.ctivity
measurements refer to samples collected deeper than
1000 m (Jannasch et al. 1976, Tabor et al. 1981, Jannasch & Wirsen 1982). As shown by the ratio of
metabolic rates measured in undecompressed and
decompressed conditions, adaptation to pressure conditions appears clearly in samples collected from
800 m depth (Tables 3 & 4). Since we did not sample
from shallower depths, we have no indication of a
possible pressure effect higher in the water column.
Seki & Robinson (1969), using an in situ approach,
described a pressure shock due to decompression on
seawater samples collected at 400 m depth. Considering the average and extreme depths of the global
oceans, 3800 and 11 000 m respectively, physiological
adaptation of bacterial populations to natural pressure conditions appears at a relatively shallow depth.
Nevertheless, at least in this study, the pressure
effect on microbial activity does not correlate to
increasing depth. This result confirms the high variability of the pressure effect on bacterial activity regulation in deep water masses, probably due to the
temporal changes of the specific diversity of deepsea bacterial populat~ons.

Conclusion
In conclusion, this study confirms the importance of
hydrostatic pressure on the regulation of metabolic
activities of marine microbial populations. Metabolic
activity of superficial bacteria drastically decreases
with increasing pressure conditions. Therefore, when
carried down by particle sedimentation or by a cascading seawater mass, superficial bacteria intervene very
poorly in the geochemical cycles. Deep-sea bacteria,
on the other hand, appear well adapted to their natural
pressure conditions as confirmed by our results. During the stratified water column period this adaptation
appears at nearly 800 m depth, a relatively shallow
depth considering the average depth of the global
oceans. This observation suggests the use of undecompressed samples for microbial activity measurements
in intermediate and deep waters, in order to avoid an
underestimation of the bacterial processes responsible
for the nutrient cycling in the ocean. Sampling repetitlvely in the same area shows that bacterial densities
and bacterial activities are far from constant throughout the year, even at 2000 m depth. Due to the patchy
distribution of nutrients and bacteria through the water
column, there is an interest for long-term and high-frequency sampling in the intermediate and deep water
masses in order to determine the actual role of microbial processes in the flux of matter in the ocean.
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