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Abstract - Release of amino acids was examined in the laboratory in the form of dissolved primary amine (DPA) by two 
marine planktonic protozoa (the oligotrichous ciliate, Strombidium sulcatum and the aplastidic flagellate Pseudobodo sp.) 
grazing on bacteria. DPA release rates were high (19-25 x 1O-6 and 1.8-2.3 x 10m6 pmol DPA cell-’ h-l for flagellates and 
ciliates, respectively) during the exponential phase, when the ingestion rates were maximum. Release rates were lower 
during the other growth phases. The release of DPA accounted for 10 % (flagellates) and 16 % (ciliates) of the total nitro- 
gen ingested. Our data suggest that the release of DPA by protozoa could play an important role in supporting bacterial and 
‘consequently autotrophic pica- and nanoplankton growth, especially in oligotrophic waters, where the release of phyto- 
planktonic dissolved organic matter is low. 0 Elsevier, Paris 
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RCsumC - ExcrCtion d’acides amin& par des ciliCs et des flagell&s. Les taux d’excretion d’acides amines par deux pro- 
tozoaires planctoniques marins (un cilie oligotriche, Strombidium sulcatum, et un flagelle heterotrophe, Pseudobodo sp.), 
nourris avec des batteries inactivees (par choc de temperature) ont etC quantifies exptrimentalement. Les valeurs maxi- 
males sont mesurees en debut de phase exponentielle et sont comprises entre 19 et 25 x 10m6 pmolcellule-‘K’ pour les fla- 
gel&, entre I,8 et 2,3 x 10v6 ymolcellule~‘X’ pour les cilits. Elles correspondent aux valeurs maximales des taux 
d’ingestion. Les flagelles et cilits excretent au maximum 10 et 16 % de l’azote ingCrC sous forme d’acides amints. Les aci- 
des amines provenant des protozoaires pourraient jouer un role important dans la croissance des batteries et du pica- et 
nanoplancton autotrophe, notamment dans les milieux oligotrophes ou l’excretion phytoplanctonique de mat&e organique 
dissoute est faible. 0 Elsevier, Paris 

acides amin& I protozoaires I taux d’excrktion I mati&e organique dissoute 

1. INTRODUCTION protozoa are still !jcarce and conflicting. Some authors 
reported high release rates [2, 26, 341 whereas others esti- 

It is now clear from recent studies that protozoa (both cil- 
iates and phagotrophic flagellates) regenerate ammo- 
nium and phosphorus in significant quantities while 
grazing [l, 10, 121. It has been suggested that they can 
also release dissolved organic matter (DOM) [16, 19, 25, 
26, 3.5, 391. However, data on release rates of DOM by 

mated that this release is negligible [3, 9, 121. Protozoa 
can also take up clolloidal DOM, when it is available in 
the medium [13, 15, 36, 381. 

The bulk of the DOM pool is composed of complex and 
refractory material, but a significant proportion includes 
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biologicaiIy active organic compounds such as dissolved 
free amino acids (DFAA). DFAA play an important role 
in oceanic waters since they are quickly taken up by het- 
erotrophic bacteria [14, 321. Hollibaugh et al. [17] 
showed a rapid turnover of the DFAA pool in enclosed 
water column, which suggested high DFAA release rates 
in sea water. Release of DFAA by phytoplankton and 
macrozooplankton has been well studied [4, 6, 221, but 
few studies investigated DFAA release rates by flagel- 
lates [3, 24,251 and very little information is available on 
ciliates [16, 39]. 

The objective of the present study is to investigate the 
role of ciliates and flagellates as a source of dissolved 
free amino acids in the sea. The release of amino acids (in 
the dissolved primary amine form, DPA) by two protozoa 
(a flagellate and a ciliate) was therefore measured. 

2. MATERIAL AND METHODS 

Experiments were performed with the oligotrichous cili- 
ate, Strombidium sulcatum, and the heterotrophic 
nanoflagellate, Pseudobodo sp., fed with either live or 
heat-killed bacteria. Protozoa were both isolated from the 
North-West Mediterranean Sea and grown on a mixed 
bacterial assemblage as prey [28]. Cultures were incu- 
bated in darkness at 12 “C. Heat-killed bacteria were pre- 
pared as described by Sherr et al. [31]: a mixed bacterial 
assemblage was harvested in the stationary growth phase 
and heated for 4 h at 60 “C until no enzyme activity (ami- 
nopeptidase and glucosidase, measured by spectroflo- 
rometry) could be detected in the incubation medium. 
The heat-killed bacteria were filtered through a 4 pm 
Nuclepore membrane to remove bacterial aggregates and 
stirred for 10 min. These suspensions were then used as a 
food source at a final concentration of ca. 2 x lo7 
cell.mL-‘. Two sets of bacterial suspensions (heat-killed 
and live bacteria) were used in flagellate experiments. 
Only heat-killed bacteria were used in ciliate experi- 
ments. Ciliates and flagellates were inoculated into the 
bacterial media at a final concentration of ca. 1 and IO3 
cell.mL-‘, respectively. Both flagellates and ciliates were 
previously grown on heat-killed bacteria, in order to 
avoid the carry-over of live bacteria. According to Landry 
et al. [21], flagellates selectively graze live bacteria com- 
pared to heat-killed ones. Therefore, after sub-culturing 
protozoa in heat-killed bacteria for several generations, 
contamination by live bacteria was assumed to be mini- 
mal. Bacteria (heat-killed and live) were also incubated 

during control experiments to measure the bacterial 
release of dissolved primary amine (DPA). 

All cultures were simultaneously run in triplicate, with 
samples taken once or twice a day from each culture to 
determine protozoan and bacterial abundances as well as 
DPA concentrations. Ciliates were fixed using a Lugol’s 
solution (2 % vol/vol final concentration) and counted 
with an inverted Zeiss microscope. Heterotrophic bacte- 
ria and flagellates were preserved with borax-buffered 
formaldehyde (0.3 % vol/vol final concentration), stained 
with DAPI [27], and counted with a Zeiss Axiophot epif- 
luorescence microscope. DPA bulk concentrations were 
determined using a Spex spectrofluorimeter and a fluoro- 
genie reagent (o-phthalaldehyde) according to Strickland 
and Parsons [33]. Fluorescence produced by the OPA- 
ammonium complex has been subtracted from total fluo- 
rescence. In order to avoid an increase in DPA concentra- 
tions due to cell disruption, samples were prefiltered: 
1) through 0.1 urn Millipore filters at 5 70 mm.Hg 
(0.1 bar) vacuum in the flagellate experiment; greater 
pore size filters may have induced high linear water 
velocities and high shear [l 11; moreover, gentle vacuum 
filtration (<70 mm.Hg) has a minor effect on DFAA 
concentrations 1241; 2) through syringe filtration using 
Acrodisc (Gelman) in the ciliate experiment, according to 
Nagata and Kirchman [24]. Disc filters are indeed more 
adapted to ciliates than classical membrane filtration 
units because ciliates are structurally less rigid and more 
susceptible to breakage during filtration than flagellates. 
We observed no significant filtration damage due to cell 
rupture: this would have increased DPA concentration 
with increasing protozoan number. 

Protozoan growth rate (p, h-l) was obtained as follows: 

p = (In C, - In C&t, - to) (1: 

where C, and C, are the ciliate or flagellate concentra- 
tions (cell mL-‘) at the beginning (to) and the end (ti) of 
the incubation time (h). 

DPA release rates by protozoa (RR, pmol protozoa-’ h-r) 
were estimated for bottles containing heat-killed or live 
bacteria as follows : 

R, = (DPA, - DPA,) / [C . (t, - to)] (21 

where DPA, and DPA, are the dissolved primary amine 
concentrations (PM) at the beginning (ts) and the end (tr) 
of incubation (h). C (cell mL-t) is the average concentra- 
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tion of protozoa during incubation which was defined 
assuming exponential growth : 

C = (Cl - Co) / (lnCI - lnC,) (3) 

In the ‘live bacteria’ vessels, release rates (R,) repre- 
sented ‘net’ rates (i.e. the difference between protozoan 
excretion and bacterial uptake). In the vessels containing 
heat-killed bacteria, these rates (R,,,) should represent 
actual protozoan release rates. 

Protozoan specific nitrogen ingestion rates were calcu- 
lated as follows : 

I, = QN . (B, -B,Y [C 01 - to)1 (4) 

where: I,, is the particulate organic nitrogen ingestion rate 
(ymol N protozoa-’ h-l); QN is the bacterial nitrogen cell 
quota (pm01 N cell-‘); B, and B, are the bacterial concen- 
trations (cell mL-‘) at the beginning (to) and at the end 
(tl) of the incubation (h). The N content of heat-killed 
and live bacteria ranges between 1.24 and 1.47 x 10e9 
pmol N cell-’ for live and heat-killed bacteria, respec- 
tively. 

3. RESULTS 

Heat-kill.ed and live bacterial cultures: Changes in the 
concentration of heat-killed bacteria were measured daily 
in the control bottl& to check for the absence of cell divi- 
sion. No growth could be observed and concentrations 
actually decreased from 8.50 to 5.64 ~10~ cell mL-’ in 
one week, perhaps due to cell disintegration. Moreover, 
there was no significant DPA release in bacterial cultures 
without protozoa. In live bacterial cultures, the amount of 
DPA quickly decreased (from ca. 3.6 to 1.8 FM) whereas 
it remained stable (ca. 4.3-3.8 pM) in the heat-killed sus- 
pensions (table I),, 

3.1. Ciliate experiment 

Ciliates exhibited a typical growth curve, with a lag, an 
exponential and a stationary phase of 2, 4 and 4 days 
respectively. Bacterial abundance decreased with the 
increase of ciliate concentration @gure la). Ciliate 
growth rates reached maximum values at the end of the 
exponential phase (0.08 h-‘), remained high during ca. 
48 h (0.06 to 0.08 h-‘) and decreased thereafter 
(&ure lb). Particulate nitrogen ingestion rates were 

maximal during the exponential phase (2 to 4 x 1O-5 pmol 
N cell--’ h-‘,$gure lb) when the bacterial food was still 
abundant. DPA concentrations varied from 0 to 2.5 pM 
from the beginning to the end of the incubation 
cfigure la). Maximum DPA release rates occured during 
the lag and early exponential phase and varied from 
1.80 to 2.30 x lo4 pmol N cell-’ h-’ figure 2). These 
rates were lower at the end of the exponential growth 
phase (0.02 to 0.1 lo4 ymol N cell-’ h-l) and dropped 
during the stationary phase (2 x lo-’ to 0.9 x 1O-9 pmol 
cell-’ h-l). 

3.2. Flagellate experiment 

Flagellates exhibited growth patterns similar to those 
obtained for ciliates (figure 3, 4~). When fed heat-killed 
bacteria, flagellates exhibited a lag but no stationary 
phase and their concentrations sharply decreased after the 
peak (figure 3a). However, the highest concentrations 
were similar in live and heat-killed bacterial cultures (ca. 
5 - 8 x lo4 cell mL-‘). During the exponential phase, 
flagellates grew at rates equal to 0.05 to 0.25 h-’ and 0.05 
to 0.15 h-’ on heat-killed and live bacteria, respectively. 
Growth rates decreased from the beginning to the end of 
the incubation tim’e in the live bacterial media, whereas 
they presented several peaks in the heat-killed one 
cfigures 3, 4b). As for ciliates, maximum values of partic- 
ulate nitrogen ingestion rates (figure 3, 4b) were obtained 
during the lag and early exponential phases (4 or 5 x 10e5 
pmol N cell-’ h-l for flagellates fed live and heat-killed 
bacteria, respectively). The amount of DPA increased 
regularly from 0 to 3.3 pM and from 0.2 to 2.4 pM in the 
heat-killed and live bacterial media respectively 
@gures 3-4a). Maximum DPA release rates (figure 2) 
also occured during the lag and early exponential phases 
(O-48 h) and varied from 19 to 24.6 x lo4 and from 2.1 
to 3.5 x 10L9 pmol DPA flagellate-’ h-’ for flagellates fed 
heat-killed and live bacteria respectively. These rates 
were lower at the end of the exponential phase (1 to 7 x 
10m9 and 0.1 to 0.3 x 1O-9 pmol cell-’ h-’ for flagellates 
fed heat-killed and live bacteria, respectively), and 
decreased during the stationary phase (0.1 to 3 x 10m9 and 
0 to 0.1 x 1O-9 pmol cell-’ h-l for flagellates fed heat- 
killed and live bacteria, respectively). DPA release rates 
in the ciliate and flagellate experiments (log transformed) 
were significantly (p < 0.05) correlated with ingestion 
rates (R2 equal to 0.91, 0.90 and 0.96 for ciliates and 
flagellates fed hea.t-killed bacteria and flagellates fed live 
bacteria respectivelyfigure 5). 
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Figure 1. Ciliates fed heat-ki!led bacteria. A) concentrations of bacteria (black circles), ciliates (white circles) and dissolved primary amine 
(dashed line) during the incubation time. 6) Ciliate ingestion rates (black circles) and growth rates (white circles). Data are given as mean and 
standard deviation of three replicate experiments. 

4. DISCUSSION 

Our data suggest that protozoa release dissolved organic 
matter derived from the ingested bacteria. Since cultures 
containing bacteria alone did not show any increase in 
DPA concentrations with time, bacterial protein ingested 
by protozoa was hydrolyzed in food vacuoles to amino 
acids, and then released. The ecological importance of 
the release of DOM by protozoa has only recently been 
recognized [26] and the organic nitrogen pool has been 

shown to be an important nutrient reservoir. Any attempt 
to budget the pathways of total nitrogen in the euphotic 
zone must therefore account for DON fluxes. 

DPA release rates measured in the flagellate experiments 
are in agreement with the results on DFAA obtained by 
Nagata and Kirchman [25]. This suggests that the method 
used in this experiment (with heat-killed bacteria as a 
food source) is satisfactory for this type of measurement. 
As far as ciliates are concerned, we are not aware of any 
study measuring amino acid release rates during their 

488 



AMINO ACID RELEASE BY PROTOZOA 

0 --- 0 
4 4 M u -w 

Latence Exponential Stationnary Decreasing 
Phase Phase Phase Phase 

Figure 2. DPA release rates (pm01 cell-’ h-l) for the flagellates and ciliates fed heat-killed bacteria. 

growth. Taylor et ad. [34] found, for natural microzoop- 
lankton populations, that dissolved organic carbon 
release accounts for 3 to 88 % of the ingested carbon bio- 
mass in an eutrophic environment. Joseph and Nair [ 181 
as well as Tranvik [3S] demonstrated that flagellates 
excrete dissolved and colloidal organic carbon from 
ingested bacteria. However, no information is available 
on dissolved organic nitrogen. Hoch et al. [16] recently 
demonstrated that not only flagellates but also ciliates 
release equal proportions of ammonium and DFAA dur- 
ing exponential growth, but excretion rates were not 
quantified. In the present experiment, we demonstrate 
that ciliates can rellease large amounts of DPA when food 
is sufficient. 

Planktonic oligotrichous ciliates belonging to the genus 
Strombidium represent more than 50 % of the total 
concentration of ciliates inhabiting Mediterranean waters 
[30]; therefore, the excretion of organic nitrogen by these 
protozoa is likely to play an important role in nutrient 
cycling. Maximum DPA release rates were obtained dur- 
ing the lag and early exponential phase. This could be 
due to high metabolic rates of ciliates due to the high bac- 
terial concentratialns. During the exponential growth 
phase, release rates varied between 1.8 and 2 x lOA pmol 
cell-’ h-‘. These rates were of the same order of magni- 
tude (although lower) as those measured during the same 
growth phase for the phagotrophic flagellates (19-24 x 
10d pmol cell-’ h-l). DPA excretion rates by flagellates 
were in agreement with DFAA release rates found previ- 

ously by Nagata and Kirchman [25] for the same culture 
phase. These authors measured maximum release rates of 
0.15 to 30 x 10e6 pmol flagellate-’ h-’ (depending on the 
prey type) for the phagotrophic flagellate Puruphysomo- 
nas imperforata. However, decrease in release rates dur- 
ing the stationary phase was higher in this experiment 
(lo-’ to 10-l’ pmol flagellate-’ h-’ than in previous 
observations [25]. Excretion could be greatly underesti- 
mated if DPA uptake by heterotrophic bacteria was not 
taken into account. In this experiment, maximum release 
rates for flagellates fed live bacteria (0.20 to 9 x 10e9 
umol cell-’ h-l) were well below those measured for 
flagellates fed heat-killed ones. DPA release was under- 
estimated by factors of 100 to 1000 in cultures containing 
live bacteria. High amino acid uptake rates by bacteria 
were already reported in previous studies [5, 20,29, 371. 

Expressed in terms of dry weight, DPA release rates for 
ciliates (0.41 to 0.46 ug mg DW-t h-‘) were lower than 
those obtained for flagellates (8.70 to 11.10 yg mg DW-’ 
h-l). This was previously observed in ammonium studies 
[7, lo]. When compared with ammonium excretion rates 
measured during the exponential growth phase for the 
same ciliates and flagellates fed with the same bacterial 
prey ([lo]; 8.72 x l10m6 and 7.72 x 10m9 pmol NH: cell-’ 
h-’ respectively), DPA release rates were in the same 
range. During the stationary phase, decrease in ammo- 
nium excretion rates was lower than the decrease in DPA 
release rates. Moreover, positive relations were obtained 
between ammonium or DPA release rates and nitrogen 
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Figure 3. Flagellates fed heat-killed bacteria. A) concentrations of bacteria (black circles), flagellates (white circles) and dissolved primary 
amine (dashed line) during the incubation time. B) Flagellate ingestion rates (black circles) and growth rates (white circles). Data are given as 
mean and standard deviation of three replicate experiments. 

To determine whether the “protozoa-bacteria” system 
may be a significant source of nitrogen in the sea, the per- 
centage of bacterial nitrogen ingested by protozoa and 
released as amino acids was calculated. In order to esti- 

ingestion rates and confirmed results from previous 16.5 % of the ingested nitrogen was released as amino 
studies [2, 251. acids during the exponential growth phase of het- 

erotrophic flagellates and ciliates, respectively. In con- 
trast, ammonium release during the same growth phase 
(both for ciliates and flagellates) accounted for ea. 30 % 
of the ingested nitrogen [lo]). 

mate this percentage, an average of 12.5 % N in amino While some authors found no evidence for protozoan 
acids was assumed 131. In our experiments, 10 % and amino acid release [3, 121, our results are in agreement 
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Figure 4. Flagellates fed live bacteria. A) concentrations of bacteria (black circles), flagellates (white circles) and dissolved primary amine 
(dashed line) during the incubation time. B) Flagellate ingestion rates (black circles) and growth rates (white circles). Data are given as mean 
and standard deviation of three replicate experiments. 

with other estimates of dissolved organic matter release 
rates in flagellates. Andersson et al. [3] estimated that 
release of DFAA by the flagellate Ochromonas sp. was 
7 % of the ingested nitrogen biomass. Nagata and Kirch- 
man [25] calculated for another flagellate (Paraphysomo- 
nas imperforata) that DFAA release varied between 4 to 
22 % of the ingested nitrogen depending on type of prey. 
Finally, Van Wambeke [39] estimated that the dissolved 

organic nitrogen excreted by the ciliates in a culture of 
Phaeodactylum tricornutum constituted more than 50 % 
of the identified nitrogen forms (dissolved and particu- 
late). 

High DPA release rates obtained for both ciliates and 
flagellates suggest that they are an important source of 
available dissolved organic matter. Since DPA release 
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A) Ciliates fed heat-killed bacteria 
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Figure 5. Correlation between nitrogen ingestion rates and DPA release rates. Data represent mean values of three replicate experiment! 
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Table I. Changes in bacterial and DPA concentrations in the live and heat-killed bacterial cultures. Data are given as mean and standard devi- 
ation of three replicate experiments. 

Incubation time Live bacteria 
(days) (10’ cell mL-‘) 

Heat-killedbacteria DPA concentrations in the live DPA concentrations in the heat- 
(10’ cell mL-l) bacterial culture (pM) killed bacterial culture (PM) 

1 11.94 + 1.93 8.50 + 0.35 3.60 +_ 0.5 1 4.22 f 1.13 
2 10.85 + 1.51 8.17 + 0.31 3.69 f 1.45 4.30 f 0.23 
3 10.27 + 1.86 6.87 f 1.50 2.77 f 0.21 4.37 i: 0.65 
4- 10.74 f 0.06 5.95 + 1.34 1.82 ir 0.51 3.39 -t 0.09 
5 10.90 c 0.52 6.06 + 1.80 1.77 + 0.32 3.55 f 0.39 
6 10.66 -t- 1.11 5.95 f 1.19 1.34 * 0.43 3.86 f 0.15 
7 11.90 f 1.06 5.64 + 1.02 1.71 + 0.26 3.80 + 0.31 

rates can be as higlh as ammonium excretion rates, proto- 
zoa could play a key role in nutrient remineralization, 
mainly in oligotrophic environments where microphy- 
toplanktonic biomass is generally low [23], and the 
release of phytoplanktonic DOM is also likely to be low. 
Thus, even small amounts of amino acids provided by 
protozoa could be important for bacterial growth (net 
nutrient production) and after recycling, for autotrophic 
pica- and nanoplankton growth. Moreover, nutrient turn- 
over during grazing is relatively fast [8]. Even though 
bulk amino acid concentrations might be low, rapid 
cycling could malke them.highly significant, agents for 

REFERENCES 

[I] Allali K., Dolan J., Rassoulzadegan F., Culture characteristics 
and orthophosphate excretion of a marine oligotriche ciliate, 
Strombidium sulcatum, fed heat-killed bacteria, Mar. Ecol. 
Prog. Ser. 105 (1994) 159-165. 

[2] Andersen O.K., Goldman J.C., Caron D.A., Dennett M.R., 
Nutrient cycling in a microflagellate food chain: phosphorus 
dynamics, Mar. Ecol. Prog. Ser. 31 (1986) 47-55. 

[3] Andersson A., Lee C., Azam F., Hagstrbm A., Release of 
amino acids and inorganic nutrients by heterotrophic marine 
microflagellates, Mar. Ecol. Prog. Ser. 23 (1985) 99-106. 

[4] Baine S.B., Pace M.L., The production of dissolved organic 
matter by phytoplankton and its importance to bacteria: pat- 
terns across marine and freshwater systems, Limnol. Ocean- 
ogr. 36 (1991) 1991-1995. 

[5] Billen G., Frontigny A., Dynamics of a Phaeocystis dominated 
spring bloom in, Belgian coastal waters. II. Bacterioplankton 
dynamics, Mar. Ecol. Prog. Ser. 37 (1987) 249-257. 

[6] Bjomsen P.K., Phytoplankton exudation of organic matter : 
Why do healthly cells do it ? Limnol. Oceanogr. 33 (1988) 
151-155. 

carbon and nitrogen cycling and major contributers to 
overall food web processes. 

Acknowledgements 

The authors would like to thank J. Fuhrman, T. Nagata, 
D. Kirchman, J. Dolan and J.-P. Gattuso for comments. 
This research is a contribution of the “Microzooplankton 
team” and was supported by CNRS (URA 716) and the 
EEC. MAST II programme targeted on the Mediterra- 
nean (sub-project Mast 2-CT93-0063 MEDIPELAGOS) 
grants. 

[7] Caron D.A., Goldman J.J., Protozoan nutrient regeneration, 
p 283-306. In Capriulo G.M., (ed.) Ecology ofMarine Proro- 
zoa (1990) Oxford. 

[X] Caron D.A., Goldman J.C., Dennett M.R., Experimental dem- 
onstration of the roles of bacteria and bactivorous protozoa in 
plankton nutrient cycles, Hydrobiol. 159 (1988) 27-40. 

[9] Caron D.A., Goldman J.C., Andersen O.K., Dennett M.R., 
Nutrient cycling in a microflagellate food chain: 2. Population 
dynamics and carbon cycling, Mar. Ecol. Prog. Ser. 24 (1985) 
243-254. 

[lo] Ferrier-Pages C., Rassoulzadegan F., N remineralization in 
planktonic protozoa, Limnol. Oceanogr. 39 (1994) 41 l-419. 

[l l] Fuhrman J.A., Bell T., Biological considerations in the measu- 
rement of dissolved free amino-acids in seawater and implica- 
tions for chemical and microbiological studies, Mar. Ecol. 
Prog. Ser. 25 (1985) 13-21. 

[12] Goldman J.C., Caron D.A., Andersen O.K., Dennett M.R., 
Nutrient cycling in a microflagellate food chain: 1. Nitrogen 
dynamics, Mar. Ecol. Prog. Ser. 24 (1985) 231-242. 

[13] Hadas O., Pinkas R., Albert-Diez C., Bloem J., Cappenberg T., 
Berman T., The effect of detrital addition on the development 

493 



C. FERRIER-PA&S et al. 

of nanoflageilates and bacteria in lake -Kinneret, J. Plankton 
Res. 12 (1990) 185-199. 

[14] Hagstrom A., Ammerman J.W., Henrichs S., Azam F., Bacte- 
rioplankton growth in seawater: II. Organic matter utilization 
during steady state growth in seawater cultures, Mar. Ecol. 
Prog. Ser. 18 (1984) 41-48. 

[15] Heissenberger A., Herndl G.J., Formation of high molecular 
weight material by free-living marine bacteria, Mar. Ecol. 
Prog. Ser. I1 1 (1994) 129-135. 

[16] Hoch M.P., Snyder R.A., Cifuentes L.A., Coffin R.B., Stable 
isotope dynamics of nitrogen recycled during interactions 
among marine bacteria and protists, Mar. Ecol. Prog. Ser. 132 
(1996) 229-239. 

[17] Hollibaugh J.T., Carruthers A.B., Fuhrman J.A., Azam F., 
Cycling of organic nitrogen in marine plankton communities 
studied in enclosed water columns, Mar. Biol. 59 (1980) 15- 
21. 

j18) Joseph A., Nair P.V.R., A note of extracellular products (ECP) 
in some nanoplankters, J. Mar. Biol. Assoc. India 26 (1984) 
155-157. 

[19] Jumars P.A., Penry D.L., Baross J.A., Perry M.J., Frost B.W., 
Closing the microbial loop: Dissolved carbon pathway to hete- 
rotrophic bacteria from incomplete ingestion, digestion and 
absorption in animals, Deep-Sea Res. 36 (1989) 483495. 

[ZO] Keil R.G., Kirchman D.L., Contribution of dissolved free 
amino acids and ammonium to the nitrogen requirements of 
heterotrophic bacterioplankton, Mar. Ecol. Prog. Ser. 73 
(1991) l-10. 

[21] Landry M.R., Lehner-Fournier J.M., Sundstrom J.A., Fager- 
ness V.L., Selph K.E., Discrimination between living and heat- 
killed prey by a marine zooflagellate, Puruphysomonas vestitu 
(Stokes). J. Exp. Mar Biol. Ecol. 146 (1991) 139-151. 

[22] Lignell R., Excretion of organic carbon by phytoplankton: its 
relation to algal biomass, primary productivity and bacterial 
secondary productivity in the Baltic Sea, Mar. Ecol. Prog. Ser. 
68 (1990) 85-99. 

[23] Lins Da Silva N., Etude de la repartition spatio-temporelle des 
peuplements microbiens planctoniques en Mer Ligure (MCdi- 
terranee Nord-Occidentale). These de Doctorat de 1’UniversitC 
de Paris VI. (1991) 119 p. 

[24] Nagata T., Kirchman D.L., Filtration-induced release of disol- 
ved free amino acids: application to cultures of marine proto- 
zoa, Mar. Ecol. Prog. Ser. 68 (1990) 1-5. 

[25] Nagata T., Kirchman D.L., Release of dissolved free and com- 
bined amino acids by bactivorous marine flagellates, Limnol. 
Oceanogr. 36 (1991) 433443. 

[26] Nagata T., Kirchman D.L., Release of dissolved organic matter 
by heterotrophic protozoa: implications for microbial food 
webs, Arch. Hydrobiol. Beih. Ergebn. Limnol. 35 (1992) 99- 
109. 

[27] Porter K., Feig U.S., The use of DAPI for identifying and 
counting aquatic microflora, Limnol. Oceanogr. 25 (1980) 
943-948. 

[28] Rivier A., Brownlee D.C., Sheldon R.W., Rassoulzadegan F., 
Growth of microzooplankton : a comparative study of bactivo- 
rous zooflagellates and ciliates, Mar Microbial Food Webs. I 
(1985) 5160. 

[29] Rosenstock B., Simon M., Use of dissolved combined and free 
amino acids by planktonic bacteria in Lake Constance, Lim- 
nol. Oceanogr 38 (1993) 1521-1531. 

[30] Sherr B.F., Rassoulzadegan F., Sherr E.D., Bactivory by pela- 
gic spirotrichous ciliates in coastal waters of the NW Mediter- 
ranean Sea, Mar. Ecol. Prog. Ser. 55 (1989) 235-340. 

[31] Sherr B.F., Sherr E.D., Fallon R.D., Use of monodispersed 
fluorescently labeled bacteria to estimate in situ protozoan 
bacterivory, Appl. Environ. Microbial. 53 (1987) 958-965. 

1321 Smith D.C., Steward GE, Long R.A., Azam F., Bacterial 
mediation of carbon fluxes during a diatom bloom in a meso- 
cosm, Deep-Sea Res. 42 (1995) 75-97. 

[33] Strickland J.D.H., Parsons T.R., A practical handbook of 
seawater analysis (2nd ed.), Bull. Fish. Res. Bd. Can. 167 
(1972) l-311. 

[34] Taylor G.T., Itturiaga R., Sullivan C.W. Interactions of bactivo- 
rous grazers and heterotrophic bacteria with dissolved organic 
matter, Mar. Ecol. Prog. Ser. 23 (1985) 129-141, 

1351 Tranvik L.J., Colloidal and dissolved organic matter excreted 
by a mixotrophic flagellate during bacterivory and autotrophy, 
Appl. Environ. Microbial. 60 (1994) 1884-1888. 

[36] Tranvik L.J., Sherr E.B., Sherr B.F., Uptake and utilization of 
“colloidal DOM” by heterotrophic flagellates in seawater, Mar. 
Ecol. Prog. Ser. 92 (1993) 301-309. 

[37] Tupas L., Koike T., Amino acid and ammonium utilization by 
heterotrophic marine bacteria grown in enriched seawater. 
Limnol. Oceanogr 3.5 (1990) 1145-l 155. 

[38] Umorin P.P., Competition between bacterivorous flagellates 
and bacterivorous ciliates for food resources, Oikos 63 (1992) 
175-179. 

[39] Van Wambeke F., Fate of Phaeodactylum tvicornutum and 
nitrogen flow in an experimental microbial food web limited at 
the top by protozoans, Aquat. Microb. Ecol. 9 (1995) 127-136. 

494 


