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Phagotrophic nanoflagellates contribute to
occurrence of a-glucosidase and aminopeptidase
in marine environments

Markus Karner, Christine Ferrier-Pages*, Fereidoun Rassoulzadegan

CNRS-URA 716, Station Zoologique, BP 28, F-06230 Villefranche-sur-Mer, France

ABSTRACT: Using fluorogenic substrate analogs, the dynamics of extracellular enzyme activities
(EEA) of free and particle-bound «-glucosidase and aminopeptidase were investigated in mixed cul-
tures of marine phagotrophic nanoflagellates and bacteria. Flagellate growth on either live or heat-
killed bacteria led to an expression of free aminopeptidase activity with up to 94 % of total EEA found
in the dissolved phase. No significant release of free a-glucosidase or free aminopeptidase was found
in flagellate-free bacterial cultures. Fed with heat-killed bacteria, flagellates seemed to exhibit both
cell wall bound a-glucosidase and aminopeptidase activities. Flagellate biovolume-specific EEA in fla-
gellate assemblages grown on heat-killed bacteria was similar in magnitude to bacterial biovolume-
specific EEA in flagellate-free bacterial cultures. The significance of these results is further discussed
according to current theories on enzyme-catalyzed organic matter cycling.
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INTRODUCTION

Extracellular enzyme activity in marine environ-
ments has attracted increasing attention of oceanogra-
phers since the work of Hoppe (1983), who introduced
the use of fluorogenic substrates. While many studies
in the past focused on the measurement of enzyme
activity in untreated, whole water samples, it is also
possible to distinguish between apparently f{ree
(detectable in sub-micrometre filtrate) and particle-
bound enzyme activity. Hoppe (1983) reported that the
most important proportion of enzyme activity in the sea
is found in the bacterial size range. Hollibaugh & Azam
(1983) and Vives Rego et al. (1985) found only 0.2%
and 0 to 30 % of the proteolytic activity of seawater in
the <0.2 pm fraction, respectively. Similar results have
been obtained by Rosso & Azam (1987). It has there-
fore been widely assumed that extracellular glucosi-
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dases and aminopeptidases in the marine environment
are almost exclusively bound to bacterial cell walls.

Dissolved enzyme activity, however, seems to consti-
tute a significant fraction of either total glucosidic or
proteolytic activity in both marine snow and bulk
phase seawater (Karner & Herndl 1992). Free exo-
hydrolases with low hydrolysis-uptake coupling are
thought to be produced by particle-colonizing bacteria
(Azam & Smith 1991). Smith et al. (1992) found both a
high proteolytic activity on marine snow and an impor-
tant release of amino acids from marine snow. These
findings suggest a low hydrolysis-uptake coupling,
expected from the action of free enzymes. Somville &
Billen (1983) and Karner & Rassoulzadegan (unpubl.)
observed a high proportion of proteolytic activity in the
0.2 um filtrate in pelagic samples, and high permanent
proportions of both glucosidase and peptidase activi-
ties in the dissolved phase, regardless of the occur-
rence of marine snow.

Other mechanisms than bacterial particle colonizing,
potentially responsible for free extracellular enzyme
activities, must therefore be considered. Among alter-
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native pathways are the release of substantial amounts
of free hydrolases by free-living bacteria while grow-
ing under specific nutrient conditions, and enzyme
release by phagotrophic protozoans. Recent studies
show evidence for protozoan-specific extracellular
enzyme activity. Nagata & Kirchman (1992} and
Gonzdlez et al. (1993) found occurrence of flagellate
digestive enzymes in marine flagellate cultures. Using
fluorogenic substrate analogs, Vrba et al. (1993) re-
lated protistan grazing activities to B-glucosaminidase
activities. General hydrolases, such as a-glucosidase
and aminopeptidase, that cover a wide range of poten-
tial substrates might also be mediated by protozoan
activity. Those hydrolases are ubiquitous in marine
environments (Chrost 1990). a-glucosidase and amino-
peptidase catalyze the degradation of a-glucosidic and
peptide-like bonds, respectively. The activities of these
enzymes therefore represent key parameters in micro-
bial degradation of organic matter in marine environ-
ments.

In this study, we compared the mechanisms of occur-
rence of free and particle-bound a-glucosidase and
leucine-aminopeptidase activities in both cultures of
marine bacteria and phagotrophic marine nanoflagel-
lates grown on live and heat-killed bacteria.

MATERIALS AND METHODS

Using Niskin bottles, sea water was sampled from
10 m depth in the Ligurian Sea {northwestern Med-
iterranean) at either Point B (a standard meso-
oligotrophic oceanographic station off Villefranche-
sur-Mer, France, 43° 41" 10" N, 7°19°0“ E) or Stn 1, an
oligotrophic station 28 miles offshore (43°24' 42" N,
7° 52' 18" E). Microorganisms were removed by filter-
ing the samples through a 0.22 um Millipore™ GS fil-
ter (<100 mbar vacuum). Aliquots of 0.22 pm filtrate
were enriched with wheat grains according to Rivier et
al. (1985). Bacterial cultures were obtained by inocula-
tion of a few drops of 0.4 um filtrate (3 successive fil-
trations through Nuclepore™ membrane filters, no
vacuum applied} from the same sample in the above
enriched 0.22 um filtrates. Two sets of bacterial cul-
tures with different enrichment levels were prepared.
In culture '‘BE’, the bacteria were obtained in meso-
oligotrophic coastal waters from Point B and enriched
with ca 10 wheat grains in 700 ml culture medium. In
culture 'BO’, the bacteria were obtained in seawater
sampled at the oligotrophic Stn 1, and enriched with a
single wheat grain in 700 ml culture medium.

Naturally occurring phagotrophic flagellate cultures
were prepared by inoculation of a 5 um filtrate (3 suc-
cessive filtrations, Nuclepore™ membrane filters, no
vacuum applied) of the same above samples in bacter-

ial suspensions prepared in a similar way as the BE
cultures. The bacteria were either live (‘'FL') or previ-
ously heat-killed (‘FHK'). Heat-killed bacteria were
obtained according to Ferrier-Pages & Rassoulzadegan
(1994). Live and heat-killed bacterial cultures were
both filtered through 4 pm Nuclepore™ polycarbonate
filters to remove bacterial aggregates prior to the
flagellate inoculation. The absence of metabolizing
bacteria in the heat-killed suspension (no significant
changes in bacterial abundance) was checked daily in
control bottles during the experiment. Prior to enzyme
activity experiments with heat-killed bacterial media,
phagotrophic flagellates were already grown for sev-
eral generations on the same heat-killed bacterial prey
in order to avoid carry-over of live bacteria to the
experimental bottles. All cultures were run in triplicate
and incubated in the dark at 20°C. Time zero is the
time of inoculation of microorganisms.

Microscope counts. Subsamples of the cultures were
fixed with buffered formalin (2% v/v final conc.). Bac-
teria and flagellates were counted according to Porter
& Feig (1980) under a Zeiss Axiophot epifluorescence
microscope equipped with a 100x Plan-Neofluar
objective.

Extracellular enzyme activitiy (EEA). To measure
EEA, samples taken from the cultures were divided
into 2 aliquots, untreated and 0.1 pm filtered. To avoid
potential organic contaminations by rubber stoppers,
we used filtration units exclusively made of glass. Fur-
thermore, 0.1 pm Durapore™ filters (Millipore, Inc.,
<100 mbar vacuum) were used to avoid chemical
transformations of the filtrate. Indeed, Durapore™ fil-
ters are chemically inert and exhibit very low protein
retention coefficients and low surfactant addition
(purchaser’'s information). Glassware used in the ex-
periment was precombusted at 500°C for 4 h before
use. Fluorogenic substrates were used to estimate
EEA (Hoppe 1983} in untreated subsamples as well as
in the 0.1 pm filtrate. We used the substrate analogs
4-methyl umbelliferyl o-D-glucopyranoside (a-MUF)
and l-leucine 7-amido-4-methyl coumarin (or l-leucine
4-methyl-7-coumarinylamide, leu-MCA) to estimate
potential hydrolysis rates of glucosidic and peptidic
bonds, respectively. 4-methylumbelliferone (MUF)
and 7-amino-4-methylcoumarin (MCA) were used as
standards for a-MUPF hydrolysis and leu-MCA hydrol-
ysis, respectively. Fluorogenic substrates and stan-
dards were purchased from Sigma, Inc. Untreated
and 0.1 pm filtered aliquots were transferred to dis-
posable test tubes (Falcon, Inc.) where either «-MUF
or leu-MCA were added at final concentrations of 100
and 50 puM, respectively. We have found these con-
centrations to yield maximum hydrolysis rates when
added to the naturally occurring microbial communi-
ties used for preparation of the cultures. Enzyme as-
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says were carried out at natural pH. Fluorescence in
aliquots with substrate analogs was measured before
and after incubation in the dark at 20°C for up to 1 h.
All fluorescence measurements were made in 3 repli-
cate 2.5 ml subsamples using a SPEX Fluorolog spec-
trofluorimeter at 360 nm excitation and 444 nm emis-
sion wavelengths. Increase in fluorescence over time
was attributed to hydrolysis catalyzed by extracellular
enzymes, total or free in untreated or 0.1 pm filtrate
aliquots, respectively. The difference between in-
crease in fluorescence over time in untreated and in
0.1 pm filtered aliquots was interpreted as hydrolysis
catalyzed by extracellular enzymes bound to the cell
walls of microorganisms (subsequently called particle-
bound enzymes). In order to convert increases in fluo-
rescence to hydrolysis rates, MUF and MCA standard
curves were established against a blank for untreated
sample water as well as for the 0.1 pm filtered
aliquots at the beginning of each experiment. Hydrol-
ysis rates of a-MUF and leu-MCA will be referred to
as o-glucosidase and aminopeptidase activities, re-
spectively, as it has been shown that «-MUF and leu-
MCA hydrolysis are mediated by enzymes specific to
o-glucosidic and peptidic bonds, respectively (Som-
ville 1984, Hoppe et al. 1988). We calculated bacteria-
specific enzyme activities in BE and BO, dividing the
particle-bound fraction of EEA by the bacterial biovol-
ume present. Similarly, flagellate-specific enzyme ac-
tivity was calculated in FHK only (in FL, such a calcu-
lation would be inappropriate due to the simultaneous
presence of both live bacteria and flagellates). We
used the biovolume conversion factors obtained in
Point B waters by Rivier et al. (1985), i.e. 0.1 and
14 pm?® for bacterial and flagellate cell volumes, re-
spectively.

RESULTS

The results showed a clear difference in changes in
bacterial abundance between the BO and BE assays.
Three bacterial biomass peaks of 14.1 + 4.62, 12.8 =
2.03 and 12.5 + 5.54 x 10° ml~! were observed in BO
after 5, 11 and 18 d respectively (Fig. 1A), with marked
decreases to 3.64 + 1.18 and 4.97 + 1.19 x 10° m1~! fol-
lowing the 2 first peaks at Days 6 and 14 (Fig. 1A).
Unless otherwise indicated, averages of 3 replicates
+ SD are given. Direct epifluorescence microscope
observations revealed frequent changes in bacterial
cell morphology, suggesting an unstable species com-
position. BE exhibited a more classical growth pattern
with an exponential phase and a beginning stationary
phase (3.21 + 0.79 x 10’ m1~! at Day 22, Fig. 2A). How-
ever, at the end of experiment, bacterial numbers rose
to 5.33 + 0.05 x 10" ml~!.
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Fig. 1. Culture on wheat grain infusion of a mixed bacterial
assemblage from pelagic origin (BO). (A} Bacterial density;
(B) free and particle-bound extracellular o-glucosidase activ-
ity; (C) free and particle-bound extracellular aminopeptidase
activity. Note that free and particle-bound extracellular
enzyme activities have different scales in (B) and (C). Enzyme
activity represented is the hydrolysis rate of the respective
fluorogenic substrate analog. Error bars: SD of 3 replicate
experiments. For details see text

In both cultures with phagotrophic flagellates grown
on live bacteria (FL) and heat-killed bacteria (FHK),
nanoflagellate abundance reached 1 and 2 peaks,
respectively, before declining. Massive declines in
bacterial densities were observed in both assays. In FL,
nanoflagellate abundance reached a first peak of
8.82 + 0.14 x 10* ml~? after 45 h incubation (Fig. 3A)
with a decline and a second peak of 5.60 + 0.76 x
10* ml~! after 148 h incubation. In FHK, a flagellate
peak (13.9 + 5.86 x 10 ml™!) was obtained at 96 h
(Fig. 4A).

Following an initial lag phase, particle-bound EEA in
BO for both a-glucosidase and aminopeptidase activi-
ties sharply increased between Days 6 and 7. Particle-
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Fig. 2. Culture on wheat grain infusion of a mixed bacterial
assemblage from near-coastal origin (BE). (A} Bacterial den-
sity; (B) free and particle-bound extracellular a-glucosidase
activity; (C) free and particle-bound extracellular aminopepti-
dase activity. Note that free and particle-bound extracellular
enzyme activities have different scales in (B) and (C). Enzyme
activity represented is the hydrolysis rate of the respective
fluorogenic substrate analog. Error bars: SD of 3 replicate
experiments. For details see text

bound o-glucosidase EEA reached a stationary phase
after 8 d (Fig. 1B}, yielding its highest value at the end
of the experiment (4.16 + 2.12 nM h~!). Particle-bound
aminopeptidase EEA reached a single peak at Day 11
(257 + 129 nM h™") followed by a steady decline
(Fig. 1C).

In BE, particle-bound «-glucosidase EEA followed
the trend in the bacterial abundances and reached its
highest value at Day 35 (212 + 59.0 nM h~', Fig. 2B)
whereas particle-bound aminopeptidase EEA reached
a peak of 2376 + 823 nM h~! at Day 8 (Fig. 2C), col-
lapsing thereafter A single very high value was
recorded at the end of the experiment (7338 = 1957 nM
h-!, Fig. 2C).

In FL, particle-bound a-glucosidase and amino-
peptdidase EEA both showed a decreasing tendency

(Fig. 3B, C) parallel to the decrease in bacterial density
(Fig. 3A). Decreases in both EEA were from 171 to 27 .4
+14.9 nM h™! and from 1136 to 362 + 207 nM h~!
for particle-bound «-glucosidase and particle-bound
aminopeptidase, respectively.

Following the flagellate inoculation, particle-bound
EEA in FHK increased rapidly and reached maximum
values of 68.6 + 10.2 and 1141 = 28.6 nM h~* at Hour 53
for particle-bound a-glucosidase and particle-bound
aminopeptidase, respectively (Fig. 4B, C). Both peaks
preceded that of the flagellate abundance.

Microbial biovolume-specific particle-bound EEA
are given in Table 1. The highest values per bacterial
biovolume for a-glucosidase and aminopeptidase in
BE were obtained during the early exponential phase.
In BO, the highest values per bacterial biovolume
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Fig. 3. Culture of phagotrophic nanoflagellates on live bac-
terial prey (FL). (A) Microbial density; (B) free and particle-
bound extracellular a-glucosidase activity; (C) free and
particle-bound extracellular aminopeptidase activity. Note
that free and particle-bound extracellular enzyme activities
have different scales in (B). Enzyme activity represented is
the hydrolysis rate of the respective fluorogenic substrate
analog. Error bars: SD of 3 replicate experiments. For de-
tails see text
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Fig. 4. Culture of phagotrophic nanoflagellates on heat-killed
bacterial prey (FHK). (A} Microbial density; (B) free and
particle-bound extracellular o-glucosidase activity; (C) free
and particle-bound extracellular aminopeptidase activity.
Note that free and particle-bound extracellular enzyme activ-
ities have different scales in (B). Enzyme activity represented
is the hydrolysis rate of the respective fluorogenic substrate
analog. Error bars: SD of 3 replicate experiments. For details
see text

were observed during the growth phases of the cul-
tures for aminopeptidase, while those for a-glucosidase
increased until the end of the experiment. Specific par-
ticle-bound EEA per nanoflagellate biovolume, mea-
surable only in FHK (see 'Materials and methods’),
reached their highest levels during the beginning
exponential phase and their lowest levels while reach-
ing the peak and decaying (see Table 1 for ranges).

In BO, residual free EEA was observed at the
beginning of the experiment (Fig. 1B, C). However,
once increases in culture-mediated EEA started (Day 7
for BO and Day 5 for BE, Figs. 1B, C & 2B, C), values for
free EEA were lower than those for particle-bound
EEA. In BO after Day 7, free a-glucosidase and free
aminopeptidase EEA ranged from 7.5 to 19 % and from
2.6to 26 % of total EEA, respectively. In BE after Day 5,

Table 1. Ranges of extracellular enzyme activities per biovol-
ume in cultures of assemblages of marine organisms. Data
given are averages of 3 replicate cultures. Each range repre-
sents the minimum and the maximum of the respective
enzyme activity encountered during the respective experi-
ment. The variation factor is the minimum activity, divided by
the maximum activity (rounded). Ranges are in 10" " mol h~!
um ~* fluorogenic substrate analog hydrolyzed. BO, BE: bacte-
ria grown on wheat grain infusion with low and high en-
richments, respectively; FHK: phagotrophic nanoflagellates
grown on heat-killed bacteria. For further details see text

BO BE FHK
o-glucosidase
Range 0.17-120 30-170 4.7-440
Variation factor 710 5.7 94
Aminopeptidase
Range 190-3800  50-3000  43-27000
Variation factor 20 60 630

free w«-glucosidase and free aminopeptidase EEA
ranged from 0.3 to 7.4 % and from 4.5 to 16 % of total
EEA, respectively.

In the FL, free a-glucosidase EEA never exceeded
7 % of total activity (Fig. 3B) while free aminopeptidase
EEA showed a constant increase from 15% of total
activity to 86 % at the end of the experiment (Fig. 3C).
This increase was sharpest during flagellate growth
phase. In FHK, free o-glucosidase remained below
16 % after the first day. Free aminopeptidase EEA in
FHK covaried with flagellate growth (Fig. 4A, C) and
reached 94.3 % of total activity at the end of the exper-
iment.

DISCUSSION

An increasing number of studies concern estimations
of extracellular glucosidase and aminopeptidase activ-
ities in aquatic environments (see Hoppe 1991). It
has hitherto been assumed that in marine environ-
ments (1) these hydrolases are usually bound to the
cell walls of microorganisms, and (2) heterotrophic
bacteria are almost entirely responsible for the occur-
rence of these extracellular enzymes (Hoppe 1983,
Vives Rego et al. 1985, Rosso & Azam 1987, Chrost et
al. 1989).

Enzymes measured in submicronic filtrates (‘free
enzyme activity') can potentially originate from truly
dissolved enzymes secreted by microorganisms as a
response to specific trophic situations, from enzyme
secretion as a result of attachment of bacteria to parti-
cles, or from zooplankton grazing as a byproduct (e.g.
protozoan food vacuole contents). However, enzymes
passing submicronic filters might as well be enzymes
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bound to colloids or to sub-micrometre particles. The
latter are ubiquitous in marine environments (Isao et
al. 1990). Using ultracentrifugation, Vives Rego et al.
(1985) showed that the 'free’ enzyme activity (passing
0.2 pm filters) released by the destruction of bacteria
by sonication of a natural seawater sample consisted of
enzymes bound to bacterial cell-wall fractions. Those
enzymes obviously remained active after the destruc-
tion of the organism. Therefore, microbial cell-wall
fractions originating from either viral lysis or the eges-
tion of protozoan food vacuoles constitute submicronic
particles of a special kind. These particles are appro-
priate hosts for extracellular enzymes. Nagata & Kirch-
man (1992) found that digestive enzymes released by
flagellate grazing activities were embedded in cell-
wall-like structures, suggesting an incomplete diges-
tion of bacterial cell walls by phagotrophic flagellates.
Specific protozoan digestive enzymes that could
clearly be distinguished from bacterial prey mediated
enzymes have been found by Gonzalez et al. (1993)
and Vrba et al. (1993). Those enzymes, however, had
pH optima clearly different from the pH of natural sea
water.

Our results show that the occurrence of free amino-
peptidase, as estimated using fluorogenic substrate
analogs, can be greatly enhanced by growth of
phagotrophic nanoflagellates on bacterial prey
(Figs. 3C & 4C). Indeed, in experiments with phago-
trophic flagellates grown on either live (FL) or heat-
killed bacteria (FHK), free aminopeptidase activity
accumulated in the culture medium, reaching >80 % of
total aminopeptidase activity at the end of the experi-
ments. However, the a-glucosidase activity remained
at similarly low proportions compared to total o-glu-
cosidase activity in all our assays, regardless of flagel-
late presence. As shown in FHK, the protozoan release
of free aminopeptidase can not simply be attributed to
the enzymes bound to undigested bacterial cell walls
(as discussed above), since the bacterial prey had been
inactivated by heat. In both FL and FHK, maximum
increase of free aminopeptidase EEA was obviously
coupled to flagellate growth, while continuing after the
breakdown of the flagellate biomass (Figs. 3C & 4C).
Free aminopeptidase in filtered seawater samples
seems to be stable over time scales of weeks (Karner &
Herndl unpubl.). The free enzyme activity could,
therefore, remain present even if enzyme expression
already ceased. For this reason, free enzyme expres-
sion can not reasonably be computed on a cell or bio-
volume basis, as presented for particle-bound EEA in
Table 1.

On the other hand, in our BO and BE experiments
(flagellate-free cultures of mixtures of naturally occur-
ring marine bacteria), comparatively low amounts of
free a-glucosidase and free aminopeptidase EEA were

detected (Figs. 1B, C & 2B, C). Bacterial lysis by virus
infection may have occurred in our assays since viruses
seem to be a normal part of the marine environment
(Proctor & Fuhrman 1990, Cochlan et al. 1993}. How-
ever, relative stabilization or occasional decreases in
bacterial abundances such as observed in BO and BE,
respectively (Figs. 1A & 2A), did not lead to any signif-
icant release of free enzymes (Figs. 1B, C & 2B, C). We
thus found no indication towards occurrence of free
enzymes via possible virus-mediated bacterial mortal-
ity. Free EEA in BO and BE rather represented a back-
ground. Indeed in both BO and BE after Day 4 (start of
the growth phasej, variations of free EEA were about
6-fold, whereas those for particle-bound EEA were
about 40-fold. Although bacterial populations, culture
media, enrichment and resulting bacterial biomasses
obtained in BO and BE were markedly different, pro-
portions of free enzymes and maximum specific parti-
cle-bound EEA in both experiments were similar.

The FHK experiment shows that phagotrophic
nanoflagellates may express cell-wall bound «-glu-
cosidase and aminopeptidase EEA. Flagellates inocu-
lated upon heat-killed bacterial suspensions used in
EEA measurements had already been grown for sev-
eral generations upon the same heat-killed prey. Fur-
thermore, in FHK, bacterial biomass did not recover
after the breakdown of the flagellate peak (Fig. 4A). It
has been demonstrated that phagotrophic flagellates
selectively graze on live bacteria if present among
inactivated bacteria (Landry et al. 1991). Therefore,
possible contaminations by live bacteria in the FHK
assays are likely to have been eliminated quickly. This
rules out the presence of any significant amount of live
bacteria in the FHK assays. It becomes therefore obvi-
ous that high EEA in FHK stems from phagotrophic
nanoflagellates. When expressed on an average bio-
volume basis, flagellate-specific EEA is of a similar
magnitude as bacteria-specific EEA for a-glucosidase,
and is up to 9 times higher for aminopeptidase
(Table 1). Those possible relationships must certainly
depend very much on species composition and chang-
ing cell morphologies of both bacteria and nanoflagel-
lates, as well as on environmental parameters. In
Table 1, the wide ranges within each assay and the dif-
ferences between bacterial cultures of different origin
and enrichment demonstrate this potential variability
in biovolume-specific EEA. Protozoan EEA might have
also been underestimated through the use of fluoro-
genic substrates in concentrations that saturate bacter-
ial enzymes. Protozoan enzymes might have higher
saturation levels than those assumed here.

Although EEA has been thought to be mainly bound
to the cell walls of bacteria (see above), dissolved
enzymes are thought to play a significant role in
organic particle hydrolysis (Azam & Smith 1991, Smith
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et al. 1992) and thus in C and N cycling. In the context
of particle degradation, free enzymes were thought to
be excreted by particle-attached bacteria. It has been
hypothesized that particle decomposition during the
organic matter downward flux could be explained by
the requirements of bulk-phase bacterial production
(Cho & Azam 1988) rather than by secondary produc-
tion by colonizing bacteria (Karl et al. 1988). Karner &
Herndl (1992) found that in marine snow samples, the
proportion of free to total EEA was significantly higher
than in samples of bulk-phase seawater. Smith et al.
(1992) found a significant release of hydrolysis prod-
ucts from marine snow towards bulk-phase sea water,
a possible supply route fuelling bulk-phase bacterial
production. However, experimental results of G. Payet,
M. Karner & F. Rassoulzadegan (unpubl.) cast doubts
on the assumption that bacteria respond to loads of
organic particles by increasing the release of diffusible
enzymes. In the light of our findings, both high enzyme
activity in marine snow and its high proportion of free
enzymes could be rather a result of an enhanced pro-
tozoan grazing activity. Indeed, bacterial grazers have
abundantly been found on organic macroaggregates.
Herndl & Peduzzi (1988) reported that heterotrophic
flagellate biomass was up to 3 times higher than bacte-
rial biomass in marine snow samples. As we show
here, biovolume-specific particle-bound EEA is of sim-
ilar magnitude for bacteria and phagotrophic nanofla-
gellates. In ecological situations such as the above
organic aggregates (marine snow), where the bio-
masses of bacteria and protozoa are similar, protozoan-
mediated EEA (both grazing-related free enzyme
release and cell-wall bound enzymes) could be higher
than bacteria-mediated EEA. Our results suggest that
the protozoan community might be largely responsible
for particle degradation through enzyme-catalyzed
hydrolysis. The ‘hyperproduction of enzymes' on
organic aggregates (Cho & Azam 1988) could then
emanate from protozoan-mediated free and particle-
bound EEA, along with the action of particle-attached
bacteria.

In conclusion, we have provided evidence suggest-
ing that phagotrophic flagellates are partially respon-
sible for both free and particle-bound aminopeptidase
EEA as well as for particle-bound a-glucosidase EEA
as measured at natural pH in marine environments.
Free aminopeptidase seems to accumulate during fla-
gellate grazing and as a by-product of flagellate decay.
This finding is supported by experiments with heat-
killed bacteria. No evidence was found for release of
free enzymes via bacterial mortality or decay. The
studied enzymes are ubiquitous in marine environ-
ments and were previously thought to be of mainly
bacterial origin. As hydrolysis of carbohydrate and
peptidic polymers (presumably by enzymes cleaving

the fluorogenic substrates used in this study) repre-
sents a key parameter in the cycling of carbon and
nitrogen, focus on protozoan related enzyme pathways
is recommended in further studies.
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