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ABSTRACT In order to estlrnate In n t u bactenal exoproteolysis and its contribution to bactenal secondary production (BSP),we studied microbial activities (BSP a n d kinetlcs of exoproteolytic activity) in
relation to d~ssolvedcomblned amino acids (DCAA) d u n n g the survey of a n Atlantic marine pond In
thls pond, high concentrations of DCAA (mean = 4 27 pM), probably generated by zooplankton grazing, allowed large bacterial biomass development and high production (max = 10" cells I-' a n d 18 8 X
log cells 1-' d-' respectively) Exoproteolytic enzyme activity (mean V, = 55 9 pM d-l) was tightly coupled to bactenal production, suggesting that protein utlllzation was essential for bacterial growth Calculation, according to the Michaelis-Menten equation of the dissolved protein In sltu hydrolysis rates
using the lunetic parameters (V, and K,,,) and the ambient concentratlon of DCAA proved to be a better est~rnationof the actual rate of hydrolytic activlty than the potential activlty based on V,,, only The
rates found with thls calculat~onagreed wlth those obtalned from different environments with other
methods (DCAA and labelled protelns uptake) Furthermore our estimates of In sltu proteolys~sw e r e
consistent with BSP (nitrogen fluxes onglnating from dissolved protein hydrolysis averaging 56% of
the N bactenal production), and as a result, these estimates seem to provide a realistic estimation of the
actual dissolved protein hydrolysis rates
KEY WORDS: Bacterioplankton . In situ exoproteolytic hydrolysis rate . K i n e t ~ cparameters . DCAA
M a n n e pond

INTRODUCTION

In aquatic environments, most dissolved organic
matter is derived from phytoplankton exudation (Larsson & Hagstrom 1982, Baines & Pace 1991), grazing
and cellular lysis (Jumars et al. 1989) and dissolution of
particulate organic matter. Dissolved proteins make up
the largest identified pool of dissolved organic nitrogen (DON) (Sharp 1983, Williams 1986) a n d cannot be
assimilated directly by bacteria (Chrost 1990). DON
readily used by bacteria appears to be in very low concentrations (Chrost et al. 1989, Miinster & Chrost 1990)
and may not be sufficient to support high bacterial biomass and production (Chrost 1992). This 'apparent
bacterial paradox' could be explained by the utilization
of polymeric compounds by bacteria, which produce
ectoenzymes that could hydrolyze high molecular
weight compounds into directly assimilable products.
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This exoproteolytic activity is the first main limiting
step in the enrichment process of the monomer pool
(Halemejko & Chrost 1986).
The rate of protein utilization could b e measured
using different methods: uptake of dissolved combined
amino acids (DCAA) (Middelboe et al. 1995) and radiolabelled proteins (Hollibaugh & Azam 1983, Coffin
1989, Keil & K r c h m a n 1993) or fluorogenic substrate
analogue to a protein, like L-leucine-4-methyl-7coumarinylamide (Leu-MCA) (Hoppe 1983). Although
this substrate is not natural, it is susceptible to hydrolysis by bacteria a n d may serve as a model of the natural protein pool (Hoppe et al. 1988).
At present, Leu-MCA is widely used to study either
bacterial nutrition processes or organic matter cycling
(Hoppe et al. 1993, Martinez et al. 1996). Exoproteolytic activity is often expressed in term of maximal
velocity (V,) (Hoppe et al. 1988, Chrost et al. 1989,
Chrost 1992, Chrost & Rai 1993, Gajewski & Chrost
1995). Such measurement of the potential activity pro-
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vides little information, if any, on the actual rate of protein hydrolysis and uptake by bacteria, H
~an in
situ activity can be theoretically estimated according to
the Michaelis-Menten equation, using both kinetic
parameters (V, and Michaelis constant, K,,,) and
DCAA concentration. In fact, this calculation is rarely
performed due to the lack of data (Chrost 1992).
The first step of this study was to investigate the significance of exoproteolytic activity (V,,,) in relation to
both DCAA pool and bacterial growth rate. The second
and main step was to test if the estimates of in situ rates
of protein hydrolysis were consistent with bacterial
secondary production and therefore provide reasonable estimates of the actual hydrolysis rates.
Our study was performed in a marine Atlantic pond
(France).These ponds were characterized by high concentrations of DON (10 to 50 PM; Robert et al. 1982)
and could support bacterial biomass 10-fold greater
than in the marine environment (Frikha et al. 1987).
Since these ponds were shallow, limited in size and
had controlled water exchanges, they constituted natural, closed and experimental ecosystems where different mechanisms could be more easily investigated.

MATERIALS AND METHODS

Sampling procedure. The marine pond studied (1 m
deep, 220 m2)was located on the Atlantic west coast of
France, near La Rochelle (46" 12'18" N, 1" 11'42" W ) .
The pond was filled with seawater on March 1, 1994 at
high tide. A first batch growth period (28 d) was started
at this time. A second period (17 d) was started on
March 29, after the pond was half emptied and refilled
with new seawater.
Sampling was performed daily during the first 10 d
of each cycle, after which the sampling became less
regular. In order to obtain a representative sampling of
the pond, water samples were taken daily at 4 sites
within the pond and then these 4 subsamples were
pooled and immediately transported to the laboratory.
Samples for determination of bacterial activity were
always processed within 30 min.
Water samples were filtered onto precombusted
glass filters (GF/F) under low pressure (<50 mm Hg)
for chlorophyll a (chl a ) concentrations and by gravity
for dissolved organic matter and immediately stored
frozen until analysis.
Bacteriological biomass and activity. Biornass: Samples for enumeration of bacteria were fixed with a
borate buffered formalin (2 O/O final concentration) and
cell numbers were counted by epifluorescence
microscopy with DAPI staining (4,6-diamidino-2phenylindole, final concentration 2.5 mg 1-l) (Porter &
Feig 1980). Since we noticed a marked change in the

Table 1. Conversion factors used to convert bacterial cell

cell biovolume
and
~ numbers
~ into carbon
~ biomass
~ using mean
~
,

a factor of 220 fg C pm-3 (Bratbak & Dundas 1984). SD: standard deviation
Period of
cycle

Day 1 to 20
Day 21 to 45

Mean cell
volume
(l~m~)
0.1296
0.0488

SD

n
(cell)

Conversion
factor
(fg C cell-')

0.065
0.009

428
333

28
11

bacteria size, we estimated 2 different conversion factors to convert cell numbers into carbon biomass
(Table l ) , using mean cell volumes and a factor of
220 fg C pm-3 (Bratbak & Dundas 1984).
Bacterial secondary production: Bacterial secondary
production (BSP) was estimated by the (3H-methyl)thymidine (TdR) incorporation method (Fuhrman &
Azam 1982). Triplicate samples (10 ml) and a blank
(TCA 5 % final concentration added immediately after
TdR addition) were incubated with 20 nM (final concentration) of TdR (80.8 Ci mmol-') at in situ temperature for 1 h (Frikha 1989). The rates of TdR incorporation into DNA were converted into cell production
using 2.18 X 1018cells produced per mole of thymidine
incorporated (Fuhrman & Azam 1982),after which values were converted into bacterial carbon production
using the 2 previous conversion coefficients (Table 1).
Ectoenzyme assay: The exoproteolytic activity
(EPA) was determined by using L-leucine-4-methyl7-coumarinylamide (Leu-MCA) as a protein model
substrate. Leucine aminopeptidase activity was the
amount of fluorescent 7-amino-4-methylcoumarin
(MCA) produced after peptidic bond hydrolysis
(Hoppe 1983, Chrost et al. 1989).
For all experiments, 50 p1 of 0.3, 0.6, 1.5, 2.5, 5, 10, 20
and 40 mM of Leu-MCA were added to 2 m1 of seawater, yielding final concentrations of 7.8, 15.6, 31.2,
62.5, 125, 250, 500, 1000 FM. Samples were incubated
in the dark at in situ temperature for 1 h. 200 p1 of
sodium-dodecyl-sulfate (1% final concentration) was
added to stop the reaction and the samples were
immedia.tely frozen (Delmas & Garet 1995).
Determination of the MCA released was carried out
by flow injection analysis using a pump (Kontron,
model 414), an injection valve (Beckman, model 210)
and a spectrofluorimeter (Kontron, model SFM 25)
(Delmas et al. 1994). MCA fluorescence was determined using a borate buffer (0.1 M, pH 10). For each
sample, duplicates were injected.
Enzyme kinetic data analysis: The kinetic parameters (V,,, and K,,,), which referred to substrate analogue
added, were calculated from direct plots of reaction
velocity versus substrate concentration by nonlinear,
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least-squares regression using Mar250
quardt-Levenberg algorithms to find
16
the minimum sum of squares, with the
200
computer program KINETICS (Brooks
1992). The relative standard deviation
l2
150
for kinetic parameters V,,, and K,, was
m
I
3.7 and 11.3%. respectively. The
n
8 m
P l00
turnover time was estimated by the
6
ratio K, /Vm (Wright & Hobbie 1966).
4
In our study, knowing both V, and
50
K,, we could estimate the in s i t u activity (in pM d-l) using Michaelis-Menten
0
0
equation: v = (VmX [S])/(K, + [S]).The
0
10
20
30
40
substrate concentration ([S]) was the
Tme (d)
measured ambient DCAA concentration.
Chemical analyses. Dissolved nutri1
ents (nitrate, ammonium) were measured on a Skalar continuous flow
08
analyser according to analytical protocol from Strickland & Parsons (1972)
0.6
for nitrate and from Koroleff (1976) for
I,
ammonium.
U
Concentrations of dissolved primary
U
0.4
amines (DPA) were determined by
flow injection analysis with o-phthal0.2
dialdehyde using glycine as standard.
Concentrations of dissolved free amino
acids (DFAA) were estimated after the
0
follor~ingcorrection: DFAA = DPA o
10
20
30
40
(NH4/32.3)(Delmas et al. 1990) (NH,
Time (d)
results were only used to correct DPA).
Fig. 1. (A) Temporal variations of nitrate and chlorophyll a (chl a), (B) dissolved
hydrolysis ( H C ~5.8 N, 20 h at
free amino acids (DFAA) and dissolved combined amino acids (DCAA) concen1050C) and
(NaOH'
trations in pond water during the 2 periods. Arrows indicate the refilling of the
2.9 N), the total dissolved amino acids
pond
(TDAA) were measured using the
same analytical protocol. Concentrations of dissolved combined amino acids (DCAA) were
water (Fig. 1A); such high nitrogen loads were typical
obtained after the subtraction of the DPA: [DCAA] =
in this area in winter, and they were caused by the
[TDAA]- [DPA].
enrichment of coastal water by drainage of agricultural
After extraction in 100% methanol at 0°C (Holmareas (Sornin et al. 1990, Delmas et al. 1992). During
the first days of the batch period, nitrate decreased as
Hansen & Riemann 1978), chl a concentrations were
measured by HPLC. The pigments were separated
phytoplanktonic biomass increased to its maximum
with a reverse phase column and a methanol/acetone
value (l? pg chl a 1-' on Day 9; Fig. 1A). Then, the
mixture (75/25, v/v) (protocol derived from Mantoura
phytoplankton bloom collapsed surprisingly in spite of
& Llewellyn 1983) and detected by fluorescence at
the level of the nitrate reserve (100 PM). At this time
430 nrn (excitation) and 663 nm (emission).
and until the next water renewal, nitrate uptake proceeded regularly at a rate of 5.2 + 0.4 PM d-' in spite of
chlorophyll decrease. In these ponds, in the absence of
RESULTS AND DISCUSSION
predation, phytoplankton can theoretically produce
1 pg chl a for 1 pm01 N consumed (Maestnni & Robert
General environmental background
1981);hence, we might expect that prinlary production
can potentially equal 5 1-19 chl a d-l. This discrepancy
After the first filling of the pond, very high nitrate
between potential chl a production and the ambient
(NO3) concentrations (244 PM) were present in the
chl a values measured in the pond suggests important
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Fig. 2. Relationship between concentration of dissolved combined amino
acids (DCAA) and concentration of chlorophyll a (chl a) during the
phytoplankton bloom decrease period (Day 9 to 28)

losses d u e to predation or cell lysis. In
addition, w e observed a large bloom of
copepods at this time; as zooplanktonic
grazing can control phytoplankton biomass (Banse 1992),this process probably explained our observations. After
the refilling of the pond, during the
second cycle, the nitrate supply content was relatively low (29 PM) and the
phytoplankton showed only a small
increase (maximum = 3.1 pg chl a I-')
(Fig. 1A); then, chl a ranged between
1.1 and 3.4 pg chl a I-'.
DFAA concentrations averaged
0.34 pM (SD = 0.14, n = 32) and did not
show any significant trend of variation,
except a short regular increase from
0.23 to 0.94 pM between Days 10 and
15, during phytoplankton decrease
(Fig. 1B).This lack of large DFAA variation can be explained by rapid
cycling of these compounds (Fuhrman
1987, Coffin 1989). In contrast to
DFAA, DCAA concentrations increased regularly as the phytoplankton bloom started to collapse and until
the next water renewal; after, their
concentrations were more or less stable (Fig. 1B). During their rise, between Days 9 and 28, DCAA concentrations negatively correlated to chl a
(r = -0.917, n = 12, p < 0.001; Fig. 2).
This indicated a phytoplanktonic origin for these compounds. Zooplankton
grazing on phytoplankton is known to
be an Important source of dissolved

compounds (Lampert 1978, Jumars et al.
1989, Chrost 1992). Therefore, this process,
which seems to control phytoplankton biomass in the pond, can also explain the
increase in DCAA concentrations.
During the first 20 d of the survey, bacterial
numbers increased regularly from 3 X 10' to
30 X log cells I-', then jumped to l00 X log cells
1-' at the end of the first cycle, whereas bacterial abundance remained between 40 and 90 X
10' cells 1-' during the second cycle (Fig. 3A).
Such abundances and increases have been
previously observed in these coastal Atlantic
marine ponds (Frikha 1989, Delrnas et al.
1992).Concomitant to the evolution of bacterial
high
secondary production (BSP)was recorded. Three maxima of
BSP could be observed during the first cycle
(Fig. 3B): the first during the bloom of phyto-
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Fig. 3. (A) Bacterial abundance, (B) bacterial secondary production (BSP) and
exoproteolytic actlvlty (EPA, V,,,) during the 2 cycles. Arrows indicate the refilling of the pond
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Table 2. Exoproteolytic activity parameters during the 2
cycles: m a x i n ~ u nvelocity
~
(V,), Michaelis constant (K,), substrate analogue turnover time (Tn). SD: standard deviation;
n: number of measurements

v,,(PM d-')
First cycle
Mean
SD

n
Min.
Max.
Second cycle
Mean
SD

n
Min.
Max.

53.7

Km (PM)

Tn Id)

33.8
14
9.7
106.8

142
33
14
94
183

4.2
3.3
14
1.6
10.4

59.9
16.8
8
34.6
83

163
25
8
134
219

2.9
0.6
8
1.9
3.9

plankton (15.5 X log cells 1-' d-l), the second during the
decrease of chl a (14.3X l o g cells 1-' d-') and the third on
the last day of the cycle (18.8 X l o g cells 1-' d-') in response to DOM enrichment and its utilization by bacteria. During the second cycle, BSP ranged between 8.8
and 12.9 X l o g cells 1-' d-l.
Maximal velocity of Leu-MCA hydrolysis (V,)
ranged between 9.6 and 105.6 pM d-' (Fig. 3B,
Table 2); these values were higher than generally
found in marine waters (3.8 X I O - ~to 3.6 pM d-l; Hoppe
et al. 1988), but similar to the maxima measured in
eutrophic freshwaters (4.8 to 120 ].]M d-'; Jacobsen &
Rai 1991).The V, of protein hydrolysis followed a temporal pattern similar to that of BSP (r = 0.620, n = 22,
p < 0.01), suggesting that this activity provides significant amounts of readily available substrate for
bacterial growth. Hence, mainly during the first cycle,
bacterial biomass increased and activity seemed to be
related to the DCAA production and zooplankton grazing on phytoplankton.

Estimation of in situ rate of dissolved protein
hydrolysis
In most studies, exoproteolytic activities were
addressed in terms of hydrolysation rate (using LeuMCA at tracer concentration) or as kinetic parameters
of the Michaelis-Menten equation (Fontigny et al.
1987, Rosso & Azam 1987, Hoppe et al. 1988, Chrost &
Velimirov 1991, Chrost 1992, Hoppe et al. 1993).Whatever their expression, these results depicted the lunetics of artificial substrate, but not really the kinetics of
the dissolved proteins; in addition, these parameters
described an average enzymatic kinetic for a complex
bacterial community. However, our aim was to esti-
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mate the actual rate of dissolved protein hydrolysis.
Theoretically, knowing the kinetic parameters and the
ambient substate concentration, we could calculate an
in situ exoproteolysis rate using the Michaelis-Menten
equation. For this calculation 2 assumptions were
required: (1) the kinetic parameters V,,, and Km of LeuMCA substrate must be representative of natural substrates; (2) DCAA must represent the available dissolved proteins.
Concerning the first assumption, we know that exoproteases display a low specificity (Law 1980, Taylor
1993). Inhibition experiments carried out with proteins
such as serum albumin, different peptides and marine
indigenous proteins showed a competitive inhibition of
Leu-MCA hydrolysis kinetics: there was an increase in
apparent K, but no effect on V,, indicating that the
maximal velocity was correctly estimated. Moreover,
for marine samples, Billen (1991) obtained the same
values of V,,, estimated either with fluorogenic substrates or from uptake of labelled proteins. Concerning
the Km obtained by Leu-MCA kinetics, competitive
inhibition experiments have shown that proteolytic
enzymes exhibit a lower affinity for artificial substrate
than for natural proteins and, therefore, the K, calculated with an artificial substrate is probably an overestimation of the true Km (Fontigny et al. 1987, Billen
1991). Thus, considering the various uncertainties
associated with the estimations of kinetic parameters,
we can expect to underestimate the actual in situ dissolved protein hydrolysis rate.
Considering the second assumption, DCAA concentrations measured may not represent only proteins,
although these are usually the dominant fraction of
DCAA in euphotic waters (Billen 1991). Keil & Kirchman (1993) found that DCAA measured after acid
hydrolysis approximately equalled dissolved protein
concentrations obtained with the bicinchoninic acid
(BCA) method. However, they showed that a large part
of the proteinaceous material was not easily available
for bacterial degradation. Abiotic transformation of
labile proteins in a refractory state was studied by Keil
& Kirchman (1994);for the protein they tested, the loss
of available protein was around 37 % the first day and
then this loss rate decrease dramatically with time. In
our study, considering the low turnover time estimated
for DCAA (mean value 3.7 d , range 1.6 to 10.4 d;
Table 2), we can assume that most of these combined
amino acids are readily utilizable fresh material. Thus,
using DCAA concentrations for the estimation of in situ
rate of dissolved protein hydrolysis may not introduce
a significant overestimation of the actual hydrolysis
rate and probably this overestimation does not compensate for the underestimation due to h:, value.
In the pond, estimated i n situ exoenzymatic hydrolysis rates ranged between 0.18 and 3.39 PM d-l and rep-
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ticulate organic nitrogen did not accumulate in the pond water (unpubl. results),
thls flow of nitrogen passed through the
food webs and we assumed that it was
mostly consumed by zooplankton and
became a potential flux of DCAA, available for bacteria. On the other hand, as the
net DCAA production (less than 96 nM d-l)
was insignificant compared to these fluxes,
the mean estimated proteolysis in situ rate
(1.6 pM d-l) could equal the dissolved protein nitrogen production, resulting from
algal cell breakage and from the losses
20
caused by sloppy feeding of grazers or
Bacterial production (log cell I" d")
from dissolution of faeces. This dissolved
protein
production may represent between
Fig. 4. Relationship between bacterial production a n d exoproteolytic activ37
and
50% of the potential DCAA flux
ity in situ rate (EPA in situ) in pond water
originated from zooplankton grazing, an
estimate which is consistent with the
resented only a small fraction of the V,,, (between 1.2
results from the literature (Lampert 1978, Riemann et
and 5.6%). Although results on dissolved protein
al. 1986, Jumars et al. 1989, Peduzzi & Herndl 1992).
For this approximate nitrogen mass balance, we
degradation were scarce, our estimates were in the
assumed that nitrogen was processed only once and
range of values measured with labelled proteins in the
never regenerated. Despite the above uncertainties,
Delaware estuary (range 1.5 to 3.7 pM d-'; Coffin
our estimates of in situ proteolysis rate seem realistic,
1989), but they were slightly higher than those
but we cannot affirm that they exactly equal real rates
obtained from direct DCAA uptake in different ecosysof protein hydrolysis, the main uncertainty being the
tems (range: 0.7 to 1.3 pM d-l; Kroer et al. 1994). Middelboe et al. (1995) found that protein hydrolysis,
overestimation of K, (Table 2). Pantoja et al. (1997)
based on Leu-MCA estimates, constituted on average
4 2 % of the dissolved protein assimilation deduced
from direct DCAA measurements. In the pond, the
estimated in situ proteolysis showed a temporal evolution close to that of the BSP, increasing regularly during the first cycle, then stabilising during the second.
Consequently the estimated in situ rate significantly
correlated to BSP (r = 0.774, n = 22, p < 0.001; Fig. 4).
Therefore, our estimation does not seem unrealistic.
The estimated in situ proteolysis represented on average 56% (range: 6 to 121%) of the bacterial nitrogen
production, assuming a C/N ratio = 4.5 (Nagata 1986).
This result was in the range reported for eutrophic
freshwater, estuaries and oceanic waters (between 2
and 112% of the bacterial nitrogen demand; Keil &
Kirchman 1993, Rosenstock & Simon 1993, Kroer et al.
1994). Thus, exoproteolytic activity seems to be an
important process providing a significant supply of
substrates directly available for bacterioplankton from
the high DCAA concentration.
In our pond, the flow of nitrogen deduced from disd-'
solved inorganic nitrogen uptake was about 6.2 ~ I M
Fig. 5. Average estimate of
(Fig. 5). On the one hand, the particulate nitrogen pronitrogen fluxes in the marine
tein production by phytoplankton could range bepond ecosystem Fluxes are
tween 4.3 and 3.1 pM d-', if we assume that nitrogen
expressed In pM d-' EPA In
proteins represent between 50 and 70% of the nitroro 111ghl c x ~ l ofrlte
s
situ: exoproteolytic activity ~n
situ rate
mrcrohicrl food web
gen uptake (Dortch et al. 1984). As dissolved and par-
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recently found that the K,,, for Fluorescent Lucifer Yellow (LYA)-peptides changed significantly according to
the size of the peptide; as different exoproteolytic
enzymes and different substrates may coexist in natural waters, we can speculate that a broad range of K,,
values may exist simultaneously. Using inhibition
experiments, Billen (1991) estimated that the K,, of
indigeneous peptides ranged between 1 3 and 5.8 pM
for coastal and estuarine waters. If we used these values to estimate in situ hydrolysis rate, we would obtain
results 16 to 150 times greater than those reported
above. Such results would not be consistent with our
estimated above-mentioned N balance. Although a
values exists in marine ectoenbroad range of K,,,
may be representative of
zymes, our estimates of K,,,
the exoproteases present in several strains of the bacterial conlmunity and from the numerous unknown
dissolved protein substrates.

CONCLUSION
In the marine pond under study, bacterial exoproteolytic activity was closely associated with BSP. The
high level of exoproteolytic activity recorded was
dependent on the flux and accunlulation of DCAA.
Estimates of i n situ proteolysis rates seem to be more
representative of the actual rates than V,,,. Furthermore, these N fluxes appeared to be coherent with
BSP. In this environment, exoproteolytic activity contributes significantly to BSP: we found that approximately half of the total N uptake went to bacterial production, of which EPA supported about half. The
measurement of Leu-MCA hydrolysis has been widely
used both in marine and fresh water environments;
however, the accuracy of the estimation of the in situ
rate may vary from place to place and according to the
specific characteristics of the ecosystem. Deviation
between the estimated in situ rate of hydrolysis and
actual rates probably depends on the availability of
dissolved proteins and on the uncertainties of the K,,,
determinations. Future work to improve our estimation
of dissolved proteins should be done as well as calibrations between the kinetics of Leu-MCA hydrolysis and
actual dissolved protein breakdown.
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