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ABSTRACT: The enzymatic response of a natural deep-sea microbial community to input of organic
matter was investigated by substrate enrichment experiments. Sediments from the BIOTRANS area at
47°N 20°W in the NE Atlantic (4500 m depth) were supplied with particulate and dissolved organic
matter from sterilized net plankton and incubated under in situ pressure and temperature. Changes in
the potential hydrolytic activities of the extracellular enzymes a- and B-glucosidase, chitobiase, lipase
and aminopeptidase were observed over a 15 d incubation period. Direct microscopic counts and phos-
pholipid concentrations were used as measures of microbial biomass. Induction of enzyme production
proportional to the supply of organic matter was found for enzymes degrading structural polysaccha-
rides (B-glucosidase, chitobiase), while aminopeptidase activity was inhibited and no clear effect was
found for enzymes degrading storage compounds (a-glucosidase and lipase). Particulate organic mat-
ter induced higher enzyme production than equivalent amounts of dissolved organic matter. Only a
slight increase in microbial biomass was observed until the end of the experiment after 15 d indicating
that changes in enzyme activity were not due to bacterial growth. The observations give evidence that
the production of enzymes in natural mixed microbial communities is directly regulated by the supply
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of appropriate food.
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INTRODUCTION

Particulate organic material (POM) that has settled
from the euphotic zone serves as the main food source
of benthic organisms. Depending on the origin, compo-
sition and size of the particles, their sinking velocity
can vary greatly (Alldredge & Silver 1988). While sink-
ing through the water column, the particles are altered
by grazing, microbial degradation and chemical pro-
cesses (Karl et al. 1988). These processes affect the
nutritive value of the particles which generally de-
creases during prolonged sinking times (Banse 1990).
Easily degradable substances such as starch, protein
and fat are already removed in the pelagic food web
(Smith et al. 1992, Hoppe et al. 1993). The 'leftovers’
reaching the deep-sea floor are less-degradable sub-
stances such as cellulose, chitin and various proteina-
ceous structural compounds.

Of all organisms, bacteria are the most adaptable to
all kinds of energy resources. Only a few heterotrophs,
apart from bacteria and fungi, can hydrolyse structural
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compounds such as cellulose and chitin (Lee 1980).
Bacterial communities contain a broad range of
genetic information to build up specific enzymes for
the degradation of organic material. This ability, which
is exploited for industrial purposes, should also provide
advantages for survival under the poor nutritional con-
ditions in the abyssal environment. This was suggested
as a potential explanation for the dominance of bacter-
ial biomass in deep-sea sediments, which was found to
make up as much as 90% of total benthic biomass
(Rowe et al. 1991, Tietjen 1992, Pfannkuche 1993).

Since bacteria only take up small molecules, they
have to cleave polymeric substrates extracellularly.
Therefore, the activity of extracellular hydrolytic
enzymes is a controlling factor (Billen 1982, Meyer-Reil
1991) for the rate of microbial breakdown of POM and
the rate of supply of monomeric and oligomeric mole-
cules to either the bacterial metabolism or the dis-
solved organic matter (DOM) pool.

The regulation of hydrolytic enzyme production
determines the hydrolytic potential of microbial com-
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munities. Most of the extracellular hydrolytic enzymes
are regulated by substrate induction, catabolite
repression or competition (Priest 1984, Coleman et al.
1987). Investigations with natural mixtures of micro-
bial organisms from freshwater (Chrdst & Overbeck
1990) and marine environments (Koéster et al. 1991)
showed that the microbial communities reacted to
altered substrate availability by significant changes in
enzyme production. Hoppe (1991} and Karner &
Herndl (1992) found elevated hydrolytic activity in
attached bacteria compared to free-living cells which
could be caused either by substrate induction or by
different bacterial species associated with particles.

Very little is known about the regulation of
hydrolytic enzyme activity in deep-sea sediments,
although in this environment bacterial nutrition is
almost exclusively based on macromolecular organic
matter. Despite the high standing stock of sediment
bacteria (Lochte 1991) their growth rates are very low
and they are generally supposed to be substrate lim-
ited. Input of POM, however, can cause an increase in
microbial growth on a time scale of days (Turley &
Lochte 1990) indicating the necessity of a quick enzy-
matic reaction by sediment bacteria. Such enzymatic
reaction to the input of detrital material was observed
in pelagic sediments by Meyer-Reil & Koster (1992).
This leads to the question of how microbial hydrolytic
activity is reqgulated by natural substrates in a nutrient-
limited environment.

The aim of our experiments was to investigate the
relationship between the supply of natural substrates
and different hydrolytic enzymes in deep-sea sedi-
ments, focusing on the regulatory mechanisms of a
natural microbial community. The different enzymes
were found to vary in their regulation mechanisms,
and dissolved and particulate matter resulted in differ-
ent quantitative enzymatic responses.

METHODS

Sediment samples. The experiment was carried out
with sediments sampled using a multiple corer (Barnett
et al. 1984) during RV ‘Meteor’ cruise M21/6 in August
1992 in the BIOTRANS area (47°N, 20°W, 4500 m
depth). The sediments are of pelagic origin, consist of
fine clay and are well oxygenated in the upper layers.
At stations in the NE Atlantic, 3 to 4° east of the
BIOTRANS area, Rutgers van der Loeff {1990) mea-
sured oxygen depletion at sediment depths not less than
60 to 100 cm. Previous investigations found highest
abundances of bacterial cells and maxima in enzyme
activities (Boetius in press) in the top 2 cm. This layer
also contains 90 % of the meiofauna (Pfannkuche et al.
1990) and is well mixed by bioturbation.

The sediment samples were transferred to a cold
room immediately after sampling and all sample hand-
ling was carried out at in situ temperature. The 0 to
2 cm layers from several cores were combined and di-
luted 1:1 with sterile filtered (0.2 um) deep-sea water.

Substrate preparation. The intention of the experi-
ment was to enrich deep-sea sediment with a complex,
natural substrate. For this reason dissolved and partic-
ulate fractions of homogenized plankton were used.
Although such fresh organic material does not nor-
mally reach the deep-sea floor via sedimentation, it
contains the different components of naturally occur-
ring organic matter and is, therefore, a suitable sub-
strate to study the regulation mechanisms of different
hydrolytic enzymes.

Net plankton, mainly consisting of zooplankton, col-
lected with a 100 um hand net was homogenized and
autoclaved. The POM fraction was separated from the
dissolved phase by centrifugation, washed 3 times with
sterile filtered seawater and resuspended to a concen-
tration of 4.5 mg (SD £ 0.9 mg, n = 5) of particulate
organic carbon ml~* (C:N ratio = 5.6) as determined by
a Carlo-Erba CHN analyzer 1500 according to the pro-
cedure of Grasshoff et al. (1983).

The supernatant resulting from homogenizing and
autoclaving the plankton mixture was also used as a
food supply to test the difference in the microbial re-
sponse to dissolved and particulate material. The DOM
fraction contained 12.1 mg (SD * 0.13 mg, n = 9} of or-
ganic carbon ml~! as determined by the high-tempera-
ture combustion method (Shimadzu TOC 5000) at 680 °C
with 0.5 % platinum on aluminium oxide as a catalyst.

Experimental design. The sediment slurries were
mixed with POM substrate to final concentrations of
15 mM organic C and 26 mM organic C. DOM sub-
strate was added to final concentrations of 20 and
40 mM organic C. Sediment slurry without additional
substrate served as control. All mixtures were divided
into 20 ml portions and sealed in sterile polyethylene
bags. All bags were incubated in pressure vessels
under 450 atm at 2°C for different periods up to 15 d.
At each time interval 1 pressure vessel was opened
and the samples were immediately assayed for enzy-
matic activities. At several time intervals additional
samples were taken for measurements of total phos-
pholipids and microscopic direct counts.

Assay for enzymatic activity. Subsamples (6 ml)
were taken for each of the specific fluorogenic sub-
strates (Table 1) from each bag. The substrates were
dissolved in methylcellusolve by short ultrasonication
(10 s, 40 W) and added to the subsamples at the satu-
ration concentrations given in Table 1 to measure the
maximal enzyme activity, in a modification of the
method of Hoppe (1983). The enzyme assays were run
in time course experiments (5 time intervals over 3 to
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Table 1 Investigated enzymes and their substrates. Names and enzyme classification numbers correspond to the IUB/IUPAC

enzyme nomenclature. The natural substrates listed are only examples of the many compounds that are hydrolysed by these

enzymes. The final concentrations of the artificial substrates were chosen after determination of the saturation levels, to avoid

falsification of the measurements due to the different solubilities of the methylumbelliferone {MUF) and 4-methylcoumarinyl-7-
amide (MCA) substrates

Enzyme

Typical natural substrate

Maltose (starch)

a-Glucosidase
(E.C.3.2.1.20)

B-Glucosidase
(E.C.3.2.1.21)
N-Acetyl-B-glucosaminidase
{chitobiase) (E.C. 3.2.1.30)

Cellobiose (cellulose)

Chitobiose (chitin)

Lipase Acylester (lipids, wax)
(E.C. 3.1.1.23)

Aminopeptidase Peptides (protein}
(E.C.3.4.11.1)

Artificial substrate for assay Final concentration (mM)
MUF-a-glucoside E -
MUF-B-glucoside 100

MUEF-N-acetyl-B-glucosaminide 100
MUF-stearate 50
MCA-leucine 500

5 h) at 2°C and 1 atm. Since the enzymes are highly
barotolerant (Helmke & Weyland 1986, Meyer-Reil &
Koster 1992) their activity at 1 atm and at in situ pres-
sure was found to be similar (Lochte 1993). For each
measurement, a 1 ml subsample was removed, diluted
with 2 ml sterile filtered seawater to slow down the
enzymatic reaction and 250 ul of borate buffer (pH 10)
was added to shift the pH to the range required for
optimal fluorescence. The subsamples were centri-
fuged at 0 to 2°C in a refrigerated centrifuge (4000 rpm,
2800 x g, 10 min) and the release of methylumbellifer-
one (MUF) or 4-methylcoumarinyl-7-amide (MCA)
was measured with a spectrofluorometer (Perkin-
Elmer LS5B) at 365 nm excitation and 455 nm emis-
sion. MCA and MUF have slightly different fluores-
cence spectra, which introduces a small error when
comparing the absolute values of the hydrolysis rates
of MUF substrates and MCA-leucine. Since only rela-
tive comparisons of changes in enzyme activity were to
be determined, for simplicity both substrates were
measured at the same wavelengths and relative units
of fluorescence of all substrates were calibrated with
MUF standards in concentrations between 10 and
300 nM. Enzyme activity was calculated per volume of
sediment and time (mM h~!) by linear regression of the
enzyme activity against time. The regression coeffi-
cient was always better than 0.95.

Total phospholipids. Subsamples for phospholipid
measurements were taken immediately after the open-
ing of each bag and stored frozen at —20°C for later
analysis at the home laboratory. Phospholipids were
determined in 3 replicates from each subsample in a
modification of the method of Findlay et al. (1989). Sed-
iment slurries, chloroform and methanol (1:1:2) were
mixed to a single phase in teflon centrifugation vials
with screw-caps (Oak Ridge, Nalgene, New York, NY,
USA) and allowed to extract for at least 12 h. The phases

were separated by adding the same volume of chloro-
form as before and an equal amount of distilled water.
After another 12 h, the samples were centrifuged
(6000 rpm, 4000 x g, 10 min). The aqueous phase on top
was aspirated and the chloroform containing the phos-
pholipids was filtered (Whatman V2} into a vial. Two ml
of this chloroform extract was pipetted into 2 ml glass
ampoules (Wheaton) and the chloroform was com-
pletely removed from each ampoule under a stream of
nitrogen in a waterbath at 40°C. To liberate the lipid-
bound phosphate, 0.5 ml of potassium persulfate (5 g
added to 100 ml of 0.36 N H,SO,) was added and the
ampoules were heat sealed and incubated at 95°C
overnight. The phosphate was determined according to
the method of Findlay et al. (1989). Efficiency of phos-
phate liberation was determined as 89 %, recovery of
phospholipid standards was as high as 87 %.
Microscopic direct counts. Sediment subsamples
(1 ml) were stored refrigerated in 2% formaldehyde.
Bacterial numbers were determined by epifluores-
cence microscopy after staining with acridine orange
according to the method of Meyer-Reil (1983).

RESULTS
Cell growth due to substrate input

Changes in biomass in the different incubations dur-
ing the experiment determined via phospholipids are
shown in Fig. la, b. The high phospholipid concentra-
tions in samples enriched with POM at Day 0 are caused
by the phospholipid content of the food material. Only a
slight increase in biomass during the 15 d experiment
was found in all incubations. The microorganisms sup-
plied with 40 mM C of DOM seemed to have doubled as
early as Day 4. However, due to high variability be-
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Fig. 1. (a, b) Changes in sediment phospholipid content, given
in nmol liberated phosphate per cm® sediment during 15 d of
incubation after (a) addition of POM to final concentrations of
15 and 26 mM C and (b) addition of DOM to final concentra-
tions of 20 and 40 mM C. Unsupplemented samples served
as control. Error bars: 95% level of confidence, n = 3.
(c) Changes in bacterial numbers during 15 d of incubation
after addition of DOM to final concentrations of 20 and
40 mM C. At each sampling time 2 samples were analyzed,
indicated by the symbols; the line represents the average

tween the replicates the differences in phospholipid
content between incubation times were not significant
at the 95 % level of confidence. Unfortunately, restric-
tions in sample material did not allow further measure-
ments at more time intervals.

Bacterial numbers determined by microscopic direct
counts gave results similar to those from the phospho-
lipid determinations (Fig. 1c). During the 15 d experi-
ment, bacterial numbers changed from 2.2 x 108 cells
mi~! sediment slurry to 2.0 x 10% cells ml~! in samples
without additions and to 3.0 x 108 cells ml~'in samples

MUF (nM h-1)

b —QO— Control
150 —&— 20mMC
—&— omMC

MUF (nM h-1)

0 2 4 6 8 10 12 14
Days

Fig. 2. Changes in potential hydrolytic activity of lipase dur-

ing 15 d of incubation after (a) addition of POM to final con-

centrations of 15 and 26 mM C and (b) addition of DOM to

final concentrations of 20 and 40 mM C. Unsupplemented

samples served as a control. Each data point represents a

5-point time course incubation assayed by linear regression;
r=0.95

having received 20 mM C of DOM. The differences
between treatments were not statistically significant at
the 95% level of confidence. However, the slight
increase in bacterial numbers towards the end of the
experiment in samples supplied with DOM may indi-
cate the onset of bacterial growth. Samples amended
with POM could not be counted microscopically due to
interference from detrital matter.

Enzyme regulation due to substrate input

The enzymatic activity determined at saturation
level of the fluorogenic substrate is directly related to
the amount of enzyme present in the sample. Changes
in activity during the experiment are, therefore,
caused by the production or decay of hydrolytic
enzymes. The reactions of the investigated enzymes to
food supply can be separated into 3 groups:

(1) Lipase and o-glucosidase activity showed no
clear response to substrate addition. Lipase activity
ceased after 7 d (Fig. 2a, b); a-glucosidase stayed at a
very low level throughout the experiment (Fig. 3a, b).
Between Day 10 and Day 15 an increase in enzyme
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Fig. 3. Changes in potential hydrolytic activity of a-glucosi-
dase (for explanations see Fig. 2)

activity occurred in the incubations with POM added
at a concentration of 26 mM organic C (Fig. 3b).

B-Glucosidase and chitobiase activity was induced
by substrate addition, responding proportionally to the
amount of POM input. During the course of the exper-
iment an overall increase in -glucosidase activity with
time was measured in the enriched incubations. The
activity level was much higher when particulate mate-
rial was added (Fig. 4a) than dissolved material
(Fig. 4b). The increase due to addition of particulate
material was detectable after 7 d. While the low POM
addition caused enzyme activity to rise until Day 10,
after which it remained constant, with the high POM
addition enzyme activity continued to increase until
Day 15. With DOM supply a substantial increase in
enzyme activity was evident after 4 d, being approxi-
mately twice as high in the samples doubly enriched.
Enzyme activity decreased slightly towards the end of
the experiment.

The induction of chitobiase activity took a course
similar to that described above, although the reaction
to DOM addition was stronger than with B-glucosidase
(Fig. 5a). Enzyme activity increased throughout the
experiment in incubations with high additions of dis-
solved and particulate material (Fig. 5b), while with
the low additions enzyme activity did not increase any
further after Day 10.

(3) Aminopeptidase activity showed a totally differ-
ent reaction to substrate input. Throughout the experi-
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Fig. 4. Changes in potential hydrolytic activity of B-glucosi-
dase (for explanations see Fig. 2}. Note differences in scale

ment, enzymatic activity in the DOM-enriched sam-
ples was about half that in the control (Fig. 6a). No
difference could be detected between the addition of
single and double amounts of DOM. Until Day 10, in
samples supplied with POM (Fig. 6b), aminopeptidase
activity was slightly lower in the enriched than in the
control incubations. Towards the end of the experi-
ment, enzyme activity increased in the enriched sam-
ples exceeding the activity in the control incubation by
a small amount.

Quantitative response to food input

The enzyme activity determined at Day 0 was
assumed to correspond to that of the natural environ-
ment. After 15 d of incubation under in situ conditions
the enhancement of enzyme activity relative to the
activity at Day 0 was estimated (Fig. 7). The enhance-
ment effect caused by addition of DOM could only
be estimated for the lower concentration of 20 mM
organic C since the samples with higher DOM concen-
trations were incubated only up to 10 d.

Increases in enzymatic activity proportional to the
amount of POM added were found for B-glucosidase
and chitobiase. Approximately double amounts of
POM (26 mM organic C) elicited enhancement of
activity twice as high as in samples receiving single
POM additions (15 mM organic C). Even the activity of
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Fig. 6. Changes in potential hydrolytic activity of aminopep-
tidase (for explanations see Fig. 2)

a-glucosidase followed this pattern, although this
enzyme showed little response to substrate addition
during the initial period of incubation (Fig. 3a).

Enhancement
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Fig. 7. Enhancement of potential hydrolytic activity in deep-
sea sediments after addition of particulate (POM) and dis-
solved (DOM) organic material. The enhancement of enzy-
matic activities (E) is calculated as E = As/Ay — 1, where
Ay = the 'natural’ level of activity at Day 0; A5 = enzyme activ-
ity at Day 15. Negative values show a decrease in activity
compared to the natural level. An enhancement of enzyme
activity until Day 15 in the control {unsupplemented samples)
was only found in the case of aminopeptidase. Lipase activity
is not shown as it ceased after 7 d

Aminopeptidase activity decreased with DOM addi-
tion and increased only slightly at Day 15 when POM
was added. Lipase activity had ceased after 7 d and no
effect of food supply was detectable (not shown).

DISCUSSION

The changes iIn hydrolytic enzyme activities
observed during the incubation were much larger than
biomass changes and, therefore, have to be related to
inducible enzyme production rather than to biomass-
dependent, constitutive production of enzymes. This
latter mechanism would have produced a constant
enzymatic activity per cell.

Microbial degradation of particles requires their col-
onization by bacteria, since a substantial fraction of the
extracellular enzymes are bound to the cell mem-
branes or other surfaces (Hoppe 1983, Rego et al. 1985,
Meyer-Reil 1990, Martinez & Azam 1993). Thus only a
relatively small surface area can be attacked by the
hydrolytic enzymes and enzyme production may be
induced only in microorganisms in the vicinity of the
particle (Karner & Herndl 1992). The more particles
and particle surfaces available, the higher the chance
of contact with bacterial cells and subsequent enzyme
induction. We hypothesize that a steadily present low
level of extracellular enzymes triggers the mechanisms
of substrate induction by hydrolyzing a small amount
of new inputs of macromolecular organic matter, since
only the subunits can enter the cells and cause the reg-
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In the incubations, the addition of
homogenized and autoclaved POM
and DOM from net plankton led to a

substantial induction of B-glucosidase
Enzyme Incubation with POM Incubation with DOM as well as chitobiase depending on
26 mM C 15mM C 20mM C .

) - the amount of supplied substrate.
a-Glucosidase 291 133 53 Both hydrolases are part of the enzy-
B-Glucosidase 1069 767 112 matic systems that hydrolyse cellu-
N-Acetyl-B- 201 78 31 lose and chitin respectively. These
glucosaminidase are the most common structural sac-
(chitobiase) charide compounds to be found in a
Aminopeptidase 23 71 -85 mixture of plant and animal tissues.

ulatory mechanisms to react. Dissolved macromolecu-
lar matter diffusing through the sediment has a much
greater chance of coming into contact with bacteria
and their membrane-bound enzymes and, hence,
could potentially induce enzyme production more
effectively. However, the opposite effect was observed
in our experiments.

A striking difference in microbial reaction to partic-
ulate and dissolved substrates becomes obvious when
the enzyme induction by POM and DOM is normal-
ized to the amount of carbon supplied (Table 2). The
relative effect of a unit of organic carbon was much
higher in the particulate than in the dissolved phase.
This effect could have been caused by the high
content of mono- or oligomeric organic matter in the
DOM supply that was directly utilizable by the
microorganisms without production of additional
hydrolytic enzymes. Catabolic repression of enzyme
production could have been the cause of the lower
enzyme production in the case of DOM utilization
compared to POM.

Investigations of various extracellular enzymes from
natural sediment populations from the deep sea and
the Antarctic as well as from psychrophilic bacterial
strains demonstrated that temperature optima for
enzyme activities ranged between 20 and 40°C
(Reichardt 1987, 1988, Helmke & Weyland 1991,
Meyer-Reil & Koster 1992) and that they were active
over a wide range of pressures (Helmke & Weyland
1986, Mevyer-Reil & Koster 1992). In contrast, the
processes of production of bacterial enzymes may well
be adapted to deep-sea conditions. For the protein syn-
thesis mechanisms that also regulate enzyme produc-
tion, optima of temperature and pressure were found
to be within the range typical for the respective envi-
ronments (Somero et al. 1983, Reichardt 1988). Under
simulated in situ conditions the reactivity of the native
deep-sea microbial population was on a time scale
comparable to those of other environments such as
lake water (Chrost 1991) or subtidal sediments (Meyer-
Reil 1987).

Since they are less degradable than
for example starch, which contains
a-glucosidic bonds, they may well reach the deep-
sea bottom as sinking particulate matter.

Lipase activity was not induced but declined and
finally stopped in all incubations during the experi-
ment (Fig. 2). The a-glucosidase only increased 10 d
after the addition of POM (Fig. 3a). This lack of
response is possibly caused by the pretreatment of our
plankton homogenate which was sterilized by auto-
claving. This may lead to partial hydrolysation by heat
of lipids and starch. Furthermore, starch and lipids are
comparatively labile storage compounds and are likely
to be rapidly consumed during sedimentation in the
water column. Their importance as nutritional com-
pounds for deep-sea microorganisms and, hence, the
amount of the respective hydrolytic enzymes produced
by the natural populations may be small. In addition to
these ecological considerations, the suitability of the
employed fluorogenic model substrate for general
lipolytic enzyme activity has to be scrutinized in fur-
ther tests.

Aminopeptidase activity was significantly lowered
by the addition of DOM throughout the experiment as
well as by POM during the first 10 d. We are not sure
which of the many regulatory mechanisms were caus-
ing the immediate decrease in aminopeptidase activity
and also its continuing repression. Since this effect was
apparent directly after the addition of the homoge-
nized net plankton, particularly with the dissolved
phase, we assume that competitive inhibition due to a
high content of amino acids or oligomeric peptides
within the added food reduced the activity of the
enzyme with respect to the artificial fluorogenic
substrate. Competitive inhibition due to addition of
nonfluorogenic substrate while measuring different
enzymes with the respective MUF substrates was
shown by Hoppe (1983) and Somville & Billen (1983).

The long-term suppression of aminopeptidase could
also be caused by other mechanisms of enzyme regu-
lation. For example, a decrease in peptidase activity
due to catabolite repression can result from addition of
amino acids as found in investigations with isolated
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bacterial strains (Coleman et al. 1987) as well as with
lake-water samples (Chroést 1991). This effect is caused
by the reduction in the affinity of mRNA for a pro-
moter, causing a decrease in enzyme formation. In
addition, the activity of an enzyme can be regulated by
the effect of competition (Coleman et al. 1987) when
catabolites stimulating growth are present in high
amounts shifting the cell metabolism towards growth.
This inhibits enzyme production by changing the
concentrations of the cellular components involved in
the regulation of transcription.

Further indications for the regulation of aminopepti-
dase activity were observed in laboratory experiments
as well as in field studies when natural substrates with
high contents of saccharides, as in plant material, were
present (unpubl. results). An inverse relationship was
found between the activity of aminopeptidase and the
activities of a- and B-glucosidase and chitobiase. The
latter enzymes showed high activity when substrate
availability was high while aminopeptidase activity
was reduced. This cannot be explained by the mecha-
nisms of competitive inhibition only, so that other
regulatory mechanisms for aminopeptidase are to be
expected and require further investigation.

Total biomass increased only slightly during the
course of the incubations. We suspect that the duration
of the experiment was too short to record significant
growth of bacterial cells as a response to the input of
organic material. It is obvious, however, that activation
of hydrolytic enzymes precedes any bacterial growth.
In experiments carried out at the same station in July
1986 with detrital matter sterilized by gamma irradia-
tion, growth of deep-sea bacteria was observed under
in situ conditions (Turley & Lochte 1990). The concen-
tration of added organic matter, which contained both
dissolved and particulate material, was 10-fold lower
(1.7 mM organic carbon) than in the present enrich-
ment experiments. While bacterial numbers increased
significantly only after 20 d, the increase in bacterial
biomass was mainly dependent on the enlargement of
cells. In natural deep-sea phytodetritus incubated
under in situ conditions, rapid multiplication of bacter-
ial cells was found in the first 2 d (Lochte & Turley
1988). Supplying sediment cores from the Vering
Plateau (Norwegian Sea, 1240 m) with sterilized
planktonic and detrital matter (9.2 mmeol C ¢cm~?) pro-
duced no measurable increase in either microbial
numbers or biomass within 10 d (Koster et al. 1991).
These discrepancies in growth response of microbial
sediment populations after the addition of natural sub-
strate indicate that biomass production is not directly
related to quantity of food input. A measurable growth
response can only result when the exploitable energy
content of the food is sufficiently high, therefore
growth efficiencies vary greatly depending on the type

of organic matter utilized. A gradual decrease in
growth efficiency with proceeding degradation of
detrital matter was observed for deep-sea bacteria
(Turley & Lochte 1990).

In this investigation we found both substrate induc-
tion and inhibition to be mechanisms regulating the
potential activity of different specific hydrolytic
enzymes of a natural microbial community from deep-
sea sediments. The differences in the response of the
investigated hydrolytic enzymes to the addition of
organic matter indicate that the amounts of enzymes
present in sediments are coupled to the availability
and the quality of their specific substrates and are not
directly dependent on the biomass of their producers.
The organic matter employed for this experimental
approach is not representative of naturally occurring
deep-sea detritus. For instance, the amount of low
molecular peptides causing competitive inhibition of
aminopeptidase would presumably be lower in aged
detrital matter. However, with some modifications,
similar regulation mechanisms of hydrolytic enzyme
activity and production are likely to occur in deep-sea
sediments. Further investigations of the regulation
of hydrolytic enzymes by substrates and catabolites
are necessary to understand fully the relationships
between macromolecular organic material and enzy-
matic activities. Once these relationships are known,
measurement of enzymatic activities may give infor-
mation on the types of organic materials biologically
utilized in different deep-sea areas.
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