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Abstract

Vertical profiles of glucose utilization rates were compared at three sampling stations in the eastern part of the tropical
North Atlantic Ocean. The investigation area was along 20—21°N and the three sampling sites, characterised by differences
in their primary productivity, were located at 18°W, 21°W and 31°W. In the superficial waters, maximum (V,,,, ) glucose
utilization (respiration plus incorporation) depended on the nutritional load being 20-fold higher in the eutrophic, compared
to the oligotrophic zone. Due to these variations, natural turnover times for this labile compound were approximately 1 day
in the eutrophic area, and up to 435 days in the oligotrophic area. Bacterial activity showed a steep decline immediately
below the mixed layer in the mesotrophic and eutrophic areas and below the deep chlorophyll maximum in the oligotrophic
area. Discrepancies between microbial activities in the three areas decreased with increasing depth: at depths below 250 m
potential utilization rates of glucose were similar whatever the nutrient richness of the photic layer. Nevertheless, the
distribution of microbial activities through the whole water column depended greatly on the productivity of superficial
waters. In nutrient-rich areas 73% of glucose utilization activity was realized in the productive upper layer, whereas only 4%
was metabolized at depths below 250 m. Conversely, in the oligotrophic area, more than 40% of the glucose utilized in the
whole water column was processed in the intermediate and deep-water masses. Integration of V. values for the whole
water column, suggested potential carbon fluxes due to bacterial utilization of glucose of 6 and 34 mg C m~2 d™~' in the
oligotrophic and eutrophic areas, respectively. The fate of the metabolised carbon depended on the nutrient availability. In
the mixed-water layer the glucose respiration percentage (%R) increased from 30% in nutrient-rich areas to 60% under
oligotrophic conditions, moreover %R increased with depth. This infers that at lower nutritional loads, a greater proportion
of highly labile compounds is used for energetic purposes, and therefore return to the inorganic carbon pool, but with very
low turnover rates. © 1998 Elsevier Science B.V.

Keywords: bacteria; deep sea; organic carbon; mineralization

1. Introduction

Utilization of dissolved organic compounds by
heterotrophic bacteria is an important process in the
* Corresponding author. E-mail: micromar@luminy.univ-mrs.fr control of biogeochemical cycles in the ocean. Anal-
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yses of substrate utilization have been applied to
appreciate the metabolic activity of heterotrophic
bacteria on the dissolved organic carbon (DOC) bulk
in diverse marine ecosystems (Vaccaro, 1969;
Williams, 1970; Andrews and Williams, 1971; Cahet
and Jacques, 1976; Griffiths et al., 1977; Wright,
1978; Malone et al., 1991; Bianchi and Garcin, 1993,
1994). But, as noted by Ducklow et al. (1993),
relatively little is still known concerning the dynam-
ics of the bacterial-DOC link in the open sea.
Diverse operational strategies are possible to quan-
tify the role played by bacterioplankton in the trans-
formation of the DOC bulk (Wright, 1984). The
most commonly used methods estimate bacterial pro-
duction by measurement of 3H-thymidine or “H-
leucine incorporation into nucleic acid, and/or the
measurement of bacterial utilization of labelled or-
ganic compounds, such as amino acids or glucose.

With the FEumeli cruise the France Joint Global
Ocean Flux Study (France-JGOFS) program pro-
vided an opportunity to measure microbial activities
in pelagic waters in parallel with a suite of other
measurements to estimate the fluxes of organic car-
bon between the surface and the water—sediment
boundary layer (see an overview in Jacques, 1993;
Morel, 1996). The general strategy for this program
was to estimate the energy and matter flow in the
water column under different trophic conditions in
the eastern part of the tropical North Atlantic Ocean.
In this paper we present an estimation of microbial
heterotrophic activity determined by the measure-
ment of glucose metabolism in the whole water
column, under different trophic conditions ranging
from eutrophic to oligotrophic. Bacterial utilization
of glucose is discussed in relation to bacterial biomass
and production, water mass distribution, seawater
temperature and nutrient load.

2. Material and methods
2.1. Study areas

Samples were collected during the FEumeli 1V
cruise (May—June, 1992). The investigation area was
along 20-21°N, with three sampling sites located at
18°W, 21°W and 31°W. The former site, 90 miles off
the Mauritanian coast, was eutrophic due to the West

African coastal upwelling. The two other sites, lo-
cated in the area of the Cape Verde Frontal Zone,
were mesotrophic and oligotrophic, respectively
(Jacques, 1993).

2.2. Sampling and microbial activity measurements

Each site was studied over a few days to investi-
gate intra-site variability of all parameters, and sea-
water samples were collected during two hydrocasts
at each site. Water samples were collected in 10-1
Go-Flo bottles which were acid-washed (10% HC! in
distilled water), alcohol-sterilised (50:50, v/v) and
rinsed with sterile distilled water. Samples were
collected at 5, 20, 30, 40, 50, 75, 150, 250, 500,
1000, 1500, 2000, 2500, 3000, 3500, and 4000 m
depths. Samples were transferred to 2-1 sterile poly-
carbonate flasks and immediately processed. A solu-
tion of D-(U-“C)-glucose, specific activity 10.6 GBq
mmol ' (Amersham Corp.), was added to give a
final concentration of 8.5 nM. Samples were incu-
bated in the dark, at in-situ temperature (£ 1°C) for
time course experiments.

Subsamples (100 to 250 ml according to depths
and sites) were taken at zero-time (control), 0.5, 1,
and 1.5 or at 0, 3, 6, 12 and 24 h, for superficial and
deep-waters, respectively. At the end of each incuba-
tion 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 wm polycarbonate
filters (Nuclepore) prewashed with an unlabelled
glucose solution. Filters were washed twice with 5
ml of 0.2 wpm filtered seawater. The filtrate was
acidified (1 ml HCI, 6 N) and released *C CO, was
flushed using N, blowing (100 ml min~") for 30
min. CO, was trapped in two serial scintillation vials
containing each 9 ml of a cocktail of ethanolamine~
methanol-ACS scintillation liquid (ratio 1:1:7,
v/v). Filters and vials containing the '“C CO, were
counted aboard the research vessel on a Packard
1600 TR liquid scintillation counter. 14C-glucose
incorporation, *C-glucose respiration, and "*C-glu-
cose utilization rates (sum of incorporated and
respired label) and the respiration percentage (%R,
percentage of the respired to the total 14C~glucose
utilization) were computed from these data as:

v = slope /(dpm added) X A
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where v = rate of respiration (or incorporation) of
"“C-glucose, in pmol C 17" h~", slope = the slope of
the regression line of the dpm increase in the sub-
samples against time, in dpm h™'; dpm added is the
amount of dpm added in the subsample, and A is the
labelled glucose added, in pmol C 17'). Samples
were corrected for blanks as the time zero was
included in the regression.

For selected samples we realized also multi-con-
centration method experiments using four different
“C-glucose concentrations (4.5, 9, 45 and 90 nM),
using 40 ml seawater volumes. In these cases only
glucose incorporation was measured. Despite some
limitations imposed by the method (Gocke, 1977;
Krambeck, 1979), some kinetic parameters can be
estimated using this approach: V,,,, a theoretical
maximum incorporation rate, (K, + S,), the sum of
transport constant and natural substrate concentration
of the water sample, and 7, the turnover time of
glucose, i.e. the number of days required for the
natural community for incorporation of a quantity of
glucose equal to its natural concentration in the
water sample (Gocke, 1977).

3. Results

3.1. Response to label concentrations

The kinetic parameters deduced from the
Lineweaver—Burk plots of the concentration kinetics
are presented in Table 1. K, + S, values ranged
between 1.5 and 11 nM. The V_,  values obtained

X

by concentration kinetic experiments are in the same
range as the '‘C- glucose incorporation rates ob-
tained with 8.5 nM added. V;/V, . ratio varied
from 0.5 (in oligotrophic conditions) to 2 at 1000 m
depth in the eutrophic site. Small sample volumes
and short incubation periods during the multi-con-
centration assays resulted in very low dpm counts for
deep samples, and explained unrealistic V/V_ _ ra-
tios higher than 1.

The main interest of the multi-concentration
method was to check whether or not the added
glucose used in the single concentration method
(time course experiment) corresponded to saturation
conditions. Our data showed that rates obtained with
8.5 nM labelling concentration was always more
than 70% of the V,,, (Table 2) for all the samples
we studied, excluded the surface layer of the eu-
trophic area. Therefore, the metabolic rates measured
for glucose in these superficial nutrient-rich waters
should be considered as underestimated V,,, values.
For all other samples, whatever the site, the labelling
concentration used in the time series approached a
saturating concentration; therefore 14C-glucose uti-
lization rates measured by the single concentration
method (time kinetics) should be considered as the
maximum utilization rates of glucose at in-situ tem-
perature (V__ ), and not as actual in-situ rates.

max

3.2. Vertical distributions

In the three study areas, both incorporation and
respiration rates showed a marked maximum value
in the subsurface layer. Inside one site, both respira-

Table 1
Results of concentration kinetics
Depth (m) Ve 5/ Vinax Voax (pmol gluc. 17" 1™ 1) T, (days) (K, +S,) nM glucose
5 (eutro) 0.53 167 1.2 4.7
20 (eutro) 0.7 225 0.8 4.6
75 (eutro) 0.76 17.4 55 23
250 (eutro) 0.73 1.1 423 11.2
1000 (eutro) 2 0.1 435 1.5
5 (oligo) 0.76 3.7 63 5.6
20 (oligo) 1.1 4.1 17 1.7

Vipax: turnover times (7;) and (K, + S, ) in eutrophic (eutro) and oligotrophic (oligo) areas.

max*

Vi.5/ Vimax%: ratio of rates obtained with 8.5 nM e glucose added (concentration used routinely in the time series experiments) and V,,,.
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Table 2
"C-glucose assimilation (pmol C 17" h™")
Depth (m)  Oligotrophic area Mesotrophic area Eutrophic area
T(C) setOl set02 O1/02 T(CC) setMl setM2 MI/M2 T(C) setEl setE2 El/E2
5 23.0 75 9.2 0.81 21.0 9384 7070 1.33 185 5772 13514 043
20 229 29.7 85.9 0.35 21.0 700.7  594.5 1.18 18.5 1313.8 18393  0.69
30 22.8 28.4 52.6 0.54 21.0 1151 4778 241 18.0 1276.3 9822 1.30
40 22,6 26.1 442 0.59 21.0 6104 278.8 2.19 18.0 1457.7 1057.3  1.38
50 225 119 36.1 0.33 21.0 283.0 68.2 4.15 18.0 994.7 10948 091
75 223 7.0 62.2 0.11 18.5 92.3 18.3 5.04 18.0 66.0 - -
100 220 257 78.8 0.26 16.5 21.8 20.4 1.07 17.0 16.1 396 041
150 210 - 10.4 - 15.0 79 5.6 1.41 16.0 7.0 - -
250 17.5 35 4.6 0.76 135 29 7.2 0.40 135 2.7 37 073
500 12.0 34 0.3 113 9.5 0.5 0.9 0.55 11.0 0.4 1.9 021
1000 7.0 - 0.2 - 6.5 1.7 0.3 5.66 6.5 0.4 06 0.66
1500 4.0 - - - 5.0 03 0.1 3.00 - 0.4 0.6 0.66
2000 29 0.14 - - 2.0 0.3 - - - - 03 -
2500 25 0.1 - - 2.0 0.2 - - - - - -
3000 2.0 0.09 - - 2.0 0.2 - - - - - -
3500 2.0 0.1 - - - - - - - - - -
4000 2.0 0.11 - - - - - - - - - -

Two sets of data and corresponding ratio of the two sets of data for each sampling area.
T: in-situ temperature.

tion and incorporation rates frequently changed by a by Dandonneau (1994) for primary production data
factor of 2 within a 48 h period (Tables 2 and 3). during the same campaign. However, the olig-
These variations were similar to the range observed otrophic site is clearly distinct from the two other
Table 3
"C-glucose respiration (pmol CO, 1~' h™') at the three sampling areas
Depth (m) Oligotrophic area Mesotrophic area Eutrophic area
set O1 set 02 01,02 set M1 set M2 M1/M2 set E1 set E2 El1/E2
5 86.0 5.0 1.15 362.5 3409 1.06 512.6 3785 1.35

20 88.6 73.7 1.20 2129 2702 0.79 593.1 610.8 0.97

30 107.0 443 2.42 419.8 250.6 1.68 568.7 452.1 1.26

40 74.6 40.7 1.83 2139 129.1 1.66 681.9 478.4 1.43

50 74.5 39.3 1.90 75.5 42.7 1.77 430.5 453.7 0.95

75 76.0 45.0 1.69 49.1 13.8 3.56 47.1 - -

100 11.9 48.8 0.24 20.9 8.3 2.51 14.3 96.8 0.15

150 - 6.2 - 40.3 2.5 16.10 23.0 - -

250 6.0 1.5 4.0 4.8 6.5 0.74 8.7 0.9 9.66

500 - 0.4 - 82 0.7 11.71 0.1 1.5 0.06
1000 - 0.1 - 1.8 0.5 3.60 4.9 0.4 12.25
1500 - 0.5 - 0.9 12 0.75 4.1 0.8 5.13
2000 37 - - 0.1 - - - 02 -
2500 3.3 - - 02 - - - - -
3000 1.9 - - 0.4 -~ - - - _
3500 2.6 - - - - - - — —
4000 1.9 - - - - - - - -

Two sets of data and corresponding ratio of the two sets of data for each sampling area.
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Fig. 1. Profiles of "“C-glucose utilization rates (pmol C17' h™")
in the three nutritionally characterized areas.

sites, with low values in the euphotic zone, and a
deepening of the higher values down to 100 m,
following the deep chlorophyll maximum. For deeper
layers the difference between sites decreased, with
values down to 0.1 pmol C 17! h™' for glucose
assimilation and respiration rates.

Glucose utilization refers to the sum of glucose
used by microbial populations for energetic (respira-
tion) and for anabolic (incorporation) purposes. Be-
low the photic zone glucose utilization drastically
decreases on a logarithmic scale (Fig. 1). Thus it is
evident that variations due to increasing depth sur-
pass those due to day-to-day variations.

In the oligotrophic area, where the mixed layer
was approximately 30 m thick (Taillez and Morel,
1994), the maximal utilization rate was in the 20-30

Table 4

m layer, i.e. just above the thermocline. Below the
thermocline the glucose utilization rate progressively
decreased, and below the deep chlorophyll maximum
(100 m) it drastically decreased, to be at 250 m only
5% of its maximal value.

In the mesotrophic area, glucose utilization rates
reached maximum values in the upper layer and
remained high in the 40 m thick mixed layer. Below
the mixed layer, the utilization rate was 20% of the
maximal value, and immediately below the thermo-
cline it was only 7% of its maximal value.

Through all the thickness (50 m) of the mixed
layer of the eutrophic area, the utilization rate was
relatively high (at least 68% of its maximal value)
and then decreased to be only 5% of the maximum at
75 m.

Indeed, the thickness of the microbiologically
most active water-layer varied with trophic condi-
tions. In the eutrophic area this layer coincided with
the 50 m deep mixed layer which is thicker than the
photic layer (Taillez and Morel, 1994). Similarly in
the oligotrophic area, the most active zone was not
limited to the 40 m deep mixed layer, but is extended
down to 100 m, near to the deep chlorophyll maxi-
mum. In mesotrophic and eutrophic areas, low activi-
ties appeared very early in the water column. Values
lower than 1% of the maximum uptake rate were
already observed at a depth of 250 m.

From 500 m depth, i.e. before entering in the
North Atlantic Deep Water (NADW) located from
1200 m and below (Vangriesheim et al., 1993),
glucose utilization rates were below 10 pmol C 17!
h~!, whatever the nutrient richness of the superficial
layers.

Glucose utilization rate appears significantly cor-
related to bacterial productivity and bacterial num-
bers, whatever the site (Table 4).

Spearman rank correlation coefficients (R) for variables in the three studied water columns

Oligotrophic site

Mesotrophic site Eutrophic site

R N R N R N
Glucose uptake versus thymidine incorporation 0.78 ** 14 098 **° 21 092 "~ 20
Glucose uptake versus direct counts 072 " 20 095 *** 21 088 *** 20

* % *

p<001. "~

p <0.001. N=number of samples. Direct counts and 3H-thymjdine: incorporation rates in the nucleic acid are data

from Dufour and Torréton (pers. commun.) measured on the same water samples.
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3.3. The respiration percentage (R%) in the water
column

Considering the very low activities observed, we
checked if the duration of the time kinetic allowed to
reach the isotopic equilibrium for the carbon pools
(CO, and particulate), which is a necessary condi-
tion to measure properly glucose respiration rates
(Williams, 1970). During the time course experi-
ments, the respiration percentage of glucose was
constant whatever the incubation period only when
processing the most productive samples, i.e. all the
samples collected in the eutrophic area and those
collected in the upper layer of the mesotrophic area
(data not shown). At the opposite, for all the samples
collected in the oligotrophic area, and those coilected
deeper than 100 m in the mesotrophic area, the
isotopic equilibrium of '*C—CO, was not reached
during the incubation period. Consequently, for these
samples the respiration percentage could be underes-
timated.

In the mixed layer, most of the 14C-glucose was
mainly used for bacterial biomass production (mean
R% = 38.2, Table 5), especially in the eutrophic and
mesotrophic area (mean R% =31% and 29.2, re-
spectively). Beneath the mixed layer, no differences

were apparent between the three study areas. The
glucose respiration percentage was highly variable
(Table 5), regression analysis of R% against depth
showed a significant decrease only in oligotrophic
site (p=0.001). Nevertheless, in the three areas
glucose utilization was exactly shared by bacteria
between incorporation and respiration in the interme-
diate waters collected above 500 m depth (mean
R% = 50.5), and was based on an energetic
metabolism into the NADW (mean R% = 68.8, Table
5). In seven deep-water samples R% was nearby
90%. In these cases, high glucose respiration per-
centages were due mainly to increased respiration
rates (up to 4 pmol C 17! h™'), as the incorporation
rates were no lower than in other deep-water samples
(0.1-0.2 pmol C 17! h™'). A so high R% is surpris-
ing, but we did not reject these data as we examined
all possible methodological artefacts: (i) an enrich-
ment would increase simultaneously incorporation
and respiration; (ii) bottle effect was rejected be-
cause the respiration measured was linear over time
(r was always greater than 0.8 on the data set of the
time kinetics); (iii) a possible contamination of the
MC-glucose batch was eliminated because these high
respiration rates were observed in a series of samples
where other data were in the usual range.

Table 5
Mean glucose respiration percentages
%R Layer Range Mean + sd N
Eutrophic site 0-ML (50 m) 21.9-470 31+ 6 10
0- 250 m 19.6-76.3 40+ 18 16
500-2000 m 20.0-92.5 54 +£27 7
Mesotrophic site 0-ML (40 m) 23.3-34.4 29+ 4 8
0- 250 m 21.1-623 3715 18
500-3000 m 43.8-92.3 62122 9
Oligotrophic site 0-ML (30 m) 35.2-92.0 62 +23 6
0- 250 m 31.6-92.0 56 +22 17
500-4000 m 33.3-94.3 78 +24 7
All sites all ML 38118 24
all interm (ML—500 m) 50+ 21 32
all > 1000 m 69 £ 24 18

All values in percentages. ML = mixed layer (50 m, 40 m and 30 m depth in the oligotrophic, mesotrophic and eutrophic sites,
respectively); all interm. = mean of all values for depths included between ML and 500 m. N = number of samples.
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Table 6

51

Integrated bacterial I“C—glucose utilization and respiration (mg C m~2 d™') in the mixed layer, the photic and sub-photic layer (0—250 m)
and the whole water column (WWC) in the three nutritionally characterized areas

Layer Oligotrophic site Mesotrophic site Eutrophic site

util. % WWC util. % WWC util. % WWC
Mixed layer 0.9 14 11.6 68 25.1 73
Photic and sub-photic 3.7 59 15.5 90 329 96
Whole water column 6.2 100 17.1 100 343 100

resp. % WWC resp. % WWC resp. % WWC
Mixed layer 0.6 15 33 57 7.5 65
Photic and sub-photic 2.1 54 4.8 82 10.6 91
Whole water column 3.8 100 59 100 11.6 100

Util, = glucose utilization (mg C m~? d™'); resp. = glucose respiration (mg C m~2 d~'); % WWC = relative contribution of some selected

layers compared to the whole water column.

3.4. Integration of glucose utilization and respiration
in the water column

Integrated glucose utilization rates were similar
for the meso- and eutrophic areas, but clearly dif-
fered in the oligotrophic area (Table 6). In nutrient-
rich conditions, 73% of the glucose utilization for the
whole water column occurred in the mixed layer, and
only 4% was metabolised below 250 m. Conversely,
under oligotrophic conditions only 14% of total glu-
cose utilization occurred in the mixed layer. Under
oligotrophic conditions 46% of the mineralization of
glucose, one of the most labile organic compounds
(i.e. with a short turnover time in the upper produc-
tive layers, see below), took place at depths greater
than 250 m, in the intermediate and deep waters
(Table 6).

3.5. Glucose wrnover time (T,)

As with the time series we were in conditions of
substrate excess, turnover times were overestimated
and not used here. We report only data from concen-
tration kinetics (Y intercept of the Lineweaver—Burk
plot, see methods). In the surface waters the turnover
times were dependent on the nutritional status of the
sampling area; in oligotrophic conditions the glucose
T, varied between 17 and 63 days, compared to only
one day under nutrient-rich conditions (Table 1). The

turnover time increases with increasing depth, to
reach more than 400 days below 250 m.

4. Discussion

4.1. Effect of the nutrient load on the microbial
activity rates

In the study area of the tropical North Atlantic
Ocean, primary production varies from 330 to 2250
mg C m~2 d™' between oligotrophic and eutrophic
sites, respectively (Dandonneau, 1994). The role of
ambient temperature on microbial activity appears to
be small compared to the effect of nutrient availabil-
ity. In surface layers, despite a temperature differ-
ence of 5°C between oligotrophic (~ 23°C) and eu-
trophic (~ 18°C) waters above the thermocline, the
bacterial community was clearly more active in the
colder, but nutrient-rich area (Table 2). The bacterial
communities perfectly adapt their metabolic rates to
the nutritional load: the higher is the nutritional load,
the faster is the bacterial uptake, due to both increase
in bacterial numbers (Dufour and Torréton, 1996)
and specific activity per cell (Table 7).

Despite the fact that the percentage of viable
bacteria among the microscopically counted popula-
tions varies greatly (Bianchi and Giuliano, 1996),
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Table 7

Specific incorporation rates of glucose (107'% ug glucose
bacterium™' h~™') in the mixed layer (ML), the photic and
sub-photic layer (0-250 m) and the deeper layers in the three
nutritionally characterized areas

Layer Range Mean+sd N

Eutrophic site 0-ML (50 m) 50 -17.2 108 +3.3 10
0- 250m  024-172 72 £53 16

500-2000m  0.10- 0.25 0.17£0.06 7

Mesotrophic site  0-ML (40m) 2.8 -103 7.1 +22 8
0- 250m  027- 42 3.8 +34 18

500-3000m  0.05- 024 0.17+0.06 6

Oligotrophic sitt  0-ML (30 m) 045~ 39 1.7 +13 6
0- 250 045- 57 1.7 +14 17

500-4000 0.20- 029 0.2 +0.03 7

N = number of samples.

glucose uptake rates appear significantly correlated
with epifluorescence counts. However, fluctuations
in bacterial numbers was not the unique source of
variation in the glucose utilization rates, because (i)
specific activity per cell increased also significantly
from the oligotrophic to the eutrophic site in the
upper layers, and (ii) in each site, decreased signifi-
cantly from the surface to deeper layers (Table 7).
The range of specific incorporation, corresponding to
a V,_,, per bacterium for glucose incorporation
(0.05-17.2-107'2 pg cell™ ' h™!) fell into the low-
est values of V_ per bacterium cited, even after
respiration correction (Wright, 1978; Goulder, 1979).
The variations of log (bacterial counts) explained
93% of the variations of log (glucose incorporation
rates), but the variations of log (incorporation per
cell) explained also 93% of log (glucose incorpora-
tion rates, data not shown), suggesting that specific
activity and bacterial numbers participated equally to
the variations of heterotrophic activity.

Williams and Gray (1970) established that hetero-
trophic populations of both estuarine and coastal
waters area were able to accommodate within a
period of 1-2 days to a 10-fold increase in amino
acids concentration. In open-sea, bacterial production
responds rapidly to variations in photosynthesis
(Ducklow et al., 1993). Hoppe et al. (1993) observed
that in the mesopelagic zone bacteria rapidly reacted
to nutrient inputs fuelled by phytoplankton. The low
turnover times we recorded in the upper layers indi-

cate a rapid utilization of glucose and approach those
measured by Andrews and Williams (1971) in the
English Channel, and those observed by Rhein-
heimer et al. (1989) in the Baltic Sea. These data are
in agreement with the conclusions of Kirchman et al.
(1991) and Malone et al. (1991), that 10 to 40% of
the DOC pool can be turned over by bacteria on a
time scale of days. In oligotrophic conditions high
regeneration rates allow phytoplankton to grow at
rates very close to nutrient-saturated rates in the
subtropical area, as it was observed here (Claustre
and Marty, 1995). Consequently, in the superficial
layers of the ocean the bacterial communities act as a
filter for nutrients: excluding rapidly sinking parti-
cles, labile compounds would not pass through this
biological filter. Therefore, in intermediate and
deeper waters, the available labile compounds are
probably locally produced, rather than imported by
diffusion from the photic zone.

In the mixed layer, most of the “C-glucose up-
take was used for assimilatory purposes (mean R%
=38.2, Table 5), similar to those recorded by
Gillepsie et al. (1976) in Antarctic superficial waters
and accordingly with the mean growth yield of 67%
observed on "*C-glucose by Williams (1970) in the
Western Mediterranean and in the North East At-
lantic. Furthermore, in the mixed layer, to fuel their
metabolic processes bacteria need to spend propor-
tionally more energy to substrate utilization in olig-
otrophic conditions than in eutrophic ones (Table 5).
In the water column the proportion of organic carbon
devoted to energy yielding reactions appears in-
versely proportional to the nutrient load, and as
observed by Cahet and Jacques (1976) the part used
as an energy source increases with depth (Table 5).
This increase of the respiration percentage in the
most oligotrophic areas could be due to the mainte-
nance energy. At very low nutrient concentration the
metabolic processes due to the catabolic reactions
necessary to keep the cell viable and therefore per-
manently used for purposes other than growth
(Stanier et al., 1976) become relatively more impor-
tant than in nutrient-rich conditions. Moreover, the
observed differences between the respiration percent-
age in superficial and deep waters, and between
nutrient-rich and nutrient-poor areas, are probably
underestimated, since during the incubation period
isotopic equilibrium for CO, production was not
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attained in samples collected in the oligotrophic area
and in those collected deeper than 100 m in the
mesotrophic area.

In the two nutrient-rich areas, the depth-limit
corresponding to 1% of the maximum uptake rate
appeared at a depth of 250 m, corresponding with the
lowest recorded values of §°C of £CO, which
mark the level of maximum regeneration rate (Pierre
et al., 1994). We have previously observed (Bianchi
and Garcin, 1993, 1994) that decompression of sea-
water samples collected at 1100 m depth causes a
decrease in bacterial metabolism. However, there is
no evidence that such an inhibitory effect could
significantly affect samples collected at 250 m depth.
Therefore, we can consider that the physiological
stress due to decompression cannot explain the so
dramatic decline of microbial activity observed in
these waters.

In the deep water masses, discrepancies in glu-
cose uptake rates between nutrient-rich and nutrient-
poor areas were insignificant compared to the daily
variations. Pierre et al. (1994) concluded from §°C
of LCO, measurements, that at depths greater than
900 m, organic matter remineralization was indepen-
dent of surface productivity levels and occurs at
similar and very low rates in the oligotrophic,
mesotrophic and eutrophic zones. This homogeneity
of microbial activity corresponds to the homoge-
neous NADW present at all three sites at depths
greater than 2000 m (Pierre et al., 1994).

4.2. Sources of limitation in deep waters

In the NADW, temperatures are below 5°C, these
conditions could partially explain the slowing down
of microbial activities in the deep water masses.
Excepted for the superficial and for the deep waters,
glucose incorporation per cell decreased on a loga-
rithmic scale with the inverse of the in-situ tempera-
ture. Within the pool of data showing a linear regres-
sion in Fig. 2 (in intermediate waters where tempera-
ture varied between 5 and 17°C) the apparent Q,, is
around 30, i.e. much higher than the true Q,, values
generally cited: 2.5 (Kirchman et al., 1995) or 2.6
obtained in September 1991 in the same area with
bacterial production data (Fernandez, Garnier, Van
Wambeke, pers. commun.). Consequently, the tem-
perature can not be considered as the major factor
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Fig. 2. Relationship of specific incorporation of glucose per
bacterium (10~'2 ug glucose bacterium~' h™') and temperature
(inverse of temperature, K~ ') in the three nutritionally character-
ized areas.

limiting bacterial activity in any layer of the water
column. We have previously observed in deep
Mediterranean waters, where the temperature is never
lower than 13°C (i.e. 10°C warmer than the NADW),
bacterial densities (Bianchi and Giuliano, 1996) and
glucose utilization rates (Bianchi and Garcin, 1994)
in the same ranges as those measured in the NADW,
The glucose utilization rates measured in the NADW,
between 0.1 and a few pmol C 17! h™!, seem to be
within the normal range in deep-sea waters (Poremba,
1994). The lowest values we measured appear close
to the detection limit imposed by the '*C method.
Moreover, due to the day-to-day variations, differ-
ences observed within this set of deep-sea samples
cannot be considered as really significant.

The uptake rates we observed into the intermedi-
ate and deep water masses are likely to be underesti-
mates, due to the inhibitory effect of sample decom-
pression on the microbial activity measurements (Bi-
anchi and Garcin, 1993, 1994; Poremba, 1994).
Moreover, the increase of the respiration percentage
with increasing depth could be due to the physio-
logical stresses associated with the decompression of
samples during retrieval (Bianchi and Garcin, 1993,
1994; Turley, 1993; Poremba, 1994). Additionally,
as marine bacteria are expected to be primarily lim-
ited by dissolved organic matter availability as an
energy source (Kirchman, 1990), we could hypothe-
size that the addition of a very labile organic com-
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pound to the deep DOC bulk could cause a co-
metabolism effect. Since addition of labelled glucose
may energise the bacteria allowing the anabolic use
of other refractory organic compounds which would
otherwise be resistant to bacterial attack.

4.3. Glucose uptake versus other microbial parame-
ters

Glucose is generally considered as a highly labile
organic compound; however, it cannot be considered
as a universal indicator of bacterial metabolism
(Kuparinen, 1984). Since depending on local specific
diversity, the part of the bacterial community actu-
ally able to utilize glucose as sole carbon and energy
source varies from 0 to 100% of the culturable
strains (Bensoussan and Bianchi, 1983). Moreover,
the rate of net bacterial utilization of in-situ total
dissolved carbohydrates could be 10 to 100-fold
greater than the glucose utilization rates determined
by the single-concentration method (Burney, 1986).

Integration of measured V, . over the whole wa-
ter column thickness in the oligotrophic area leads to
the calculation of a potential bacterial utilization of
glucose of 6.2 mg C m™? d~', i.e. approximately
2% of the photosynthetic production measured dur-
ing this campaign by Dandonneau (1994), in the
same area. These data can be compared with the
annual flux oxidized by micro-organisms calculated
by Andrews and Williams (1971) in the English
Channel to be 2.6 g C m~?2 for glucose, correspond-
ing to 1.5% of the total carbon fixed. We extrapo-
lated the glucose respiration rates measured in the
oligotrophic water column to the worlds oceans
(surface 360.8 - 10° km?, average depth 3500 m,
Bowden, 1975). Potential mineralization rates of glu-
cose represented 0.5 Gt C per year, i.e. only 1.7% of
the total annual primary production of the world
ocean, based on the estimation of a total production
of 30 Gt cited by Berger et al. (1989). Due to the
lack of data concerning the natural glucose concen-
tration in seawater, and proportion of C-glucose
utilization against all other labile carbon sources, it is
difficult to refer these glucose V,,, data to the actual
bacterial metabolism in the worlds oceans. Neverthe-
less, 40% of the glucose mineralization process could
take place at depths deeper than 1000 m. Conse-
quently these data show that in an oligotrophic area,

corresponding to the most common nutritional condi-
tions in the worlds oceans, the metabolic role of
deep-sea bacteria in the geochemical cycling of nu-
trients is far from inconspicuous.
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