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A



B S T R A C T



We compared the characteristics of ingestion of Prochlorococcus and Synechococcus by the marine heterotrophic nano¯agellate Pseudobodo sp. and by a mixed nano¯agellate culture (around 3 lm in size) obtained from an open sea oligotrophic area. Maximum ingestion rate on Synechococcus (2.7 Syn ¯agellate)1 h)1) was reached at concentrations of 5 ´ 105 Syn mL)1 and decreased between 6 ´ 105 and 1.5 ´ 106 Syn mL)1. In order to validate laboratory data, one set of data on Synechococcus grazing was obtained during a ®eld study in the oligotrophic northeastern Mediterranean Sea. Ingestion rates by heterotrophic nano¯agellates were related to Synechococcus abundance in the water, and the feeding rate showed a clear diel rhythm with consumption being highest during the night, declining during the day hours, and being lowest at dusk. Ingestion rates on Prochlorococcus increased linearly for the whole range of prey density used (i.e., from 1 ´ 103 to 3 ´ 106 Proc mL)1), with maximum ingestion of 6.7 Proc ¯agellate)1 h)1. However, for prey concentrations in the range of 103±l05, which are usually encountered in aquatic systems, ingestion rates were signi®cantly less than on Synechococcus. In our experiments, both Prochlorococcus and Synechococcus proved to be poor food items for support of nano¯agellate growth.



Introduction The photosynthetic prokaryotes Synechococcus and Prochlorococcus often dominate phytoplankton assemblages in terms of both abundance and contribution to primary productivity [7, 19, 59, 61]. Synechococcus occurs abundantly (102±105 cells mL)1) in the euphotic zone of both
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coastal and open ocean waters. Prochlorococcus, despite its narrower geographical distribution, is usually more abundant than Synechococcus (104 to >105 cells mL)1) and seems to be more important in terms of carbon biomass than Synechococcus on a global scale [reviewed in 40]. Ample information is available on the growth dynamics and the distribution of these organisms throughout the oceans [e.g., 3, 23, 31, 39, 57, 62] and it is well known that both populations are stable over a scale of days [23, 56]. The few existing ®eld studies which considered total production and mortality (usually using community
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approaches Ð such as size fractionation, dilution, speci®c inhibitors) showed a relatively good balance between growth and apparent losses of Prochlorococcus and Synechococcus, which appear to be in the range of one division per day with a corresponding mortality of about 50% of the stock per day [e.g., 2, 27, 28, 33, 46]. Nevertheless, the above-mentioned community approaches do not distinguish between viral lysis and grazing and they may perturb the balance of the microbial food web. For this reason, the exact nature of picoautotroph losses is yet to be investigated and quanti®ed [reviewed in 40, 41]. Grazing, viral lysis, and sedimentation constitute the three known removal processes for photosynthetic picoplankton. Obviously, each of these processes has speci®c impact on de®ning the role of Prochlorococcus and Synechococcus in carbon dynamics, i.e., whether this important biomass is remineralized via sedimentation and/or viral lysis or partly transferred to higher trophic levels via protozoan grazing. Because of their small size (
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to quantify their grazing impact and to examine the potential of ¯agellates to control these populations in nature. For this, prey concentrations from 103 to 106 cells mL)1 were used in short term experiments while in a long term experiment, we studied ¯agellate growth on picoautotrophs. In order to validate laboratory data, one set of data on Synechococcus grazing was obtained during a ®eld study in the oligotrophic northeastern Mediterranean Sea.



Materials and Methods Culture Conditions The Prochlorococcus MED4, approximately 0.65 lm in diameter and originally isolated from the Mediterranean Sea, and the Synechococcus WH8103, originally isolated from the Sargasso Sea, approximately 1.0 lm in diameter, were provided by F. Partensky and D. Vaulot (Station Biologique de Roscoff, France). Cultures were grown in 500-mL sterile ¯asks in PCR-S11 medium in aged seawater, at 18 ‹ 0.5°C under continuous light (15 lmol quanta m)1 s)1), provided by Cool-White ¯uorescent bulbs wrapped in ``moonlight blue'' ®lters (Lee ®lter, Panavision France). Concentrations of Synechococcus and Prochlorococcus in the exponential cultures used for the experiments were 8 ´ 106 mL)1 and 2 ´ 107 mL)1 respectively. The picoautotroph cultures were not axenic and background heterotrophic bacterial densities during early exponential phase were approximately 1 ´ 106 bacteria mL)1 (i.e., always 


Prochlorococcus and Synechococcus Consumption ovoid and spherical ¯agellates of small size (


Grazing experiments In order to study the dynamics of ¯agellate consumption on picoplanktonic prey, 100 mL ¯agellate cultures were spiked with exponentially growing Prochlorococcus or Synechococcus cultures yielding 6 different ®nal concentrations ranging from 103 to 106 prey mL)1 (Table 1). The heterotrophic bacteria from the nano¯agellate and picoautotroph cultures were present in concentrations of about 106 mL)1, which are of the same order to those encountered in oceanic waters (e.g., [4, 12, 29], and this study ®eld data). Table 1.



343 Control solutions of picoautotrophs were prepared by adding the same concentration of autotrophs to 50 mL of 0.2 lm-®ltered nano¯agellate culture. We determined grazing parameters from short-term experiments (12 h) in order to minimize changes in grazer concentration [10, 21]. Samples for picoautotroph (2 mL) counts by ¯ow cytometry were removed after 0, 3, 6, 9, and 12 h and for heterotrophic bacteria at 0 and 12 h (2 mL). Samples for ¯agellate enumeration by epi¯uorescence microscopy (5 mL) were taken at 0 and 12 h. In the treatments where Synechococcus and Prochlorococcus were added at concentrations 105±106 cells mL)1 Ð where we could expect continued ¯agellate growth Ð samples for ¯agellate counting were also taken at 24 and 36 h. Parameters such as growth, grazing, ingestion, and clearance rates for prey (Synechococcus, Prochlorococcus, and heterotrophic bacteria) and predators were calculated for each time point using the equations devised by Frost [18] and modi®ed by Heinbokel [22]. In order to validate ¯ow cytometry results, we also used an independent method for studying dynamics of food uptake. In experimental bottles containing Synechococcus as prey (which Ð unlike Prochlorococcus Ð can be easily identi®ed inside ¯agellate cells because of its orange ¯uorescence), ingestion rates were determined in 5 mL samples removed after gentle mixing at 10min interval for 60 min. Samples were preserved with 1% glutaraldehyde ®nal concentration, ®ltered on 0.6 lm black Nuclepore ®lters, and stained with DAPI [43]. Synechococcus cells inside individual ¯agellates were counted with an Olympus AX70 epi¯uorescence microscope. Auto¯uorescence of ingested Synechococcus was distinguished under blue light excitation. For



Initial concentrations (cells mL)1) of prey and predators in experimental bottles in grazing and growth experiments



Grazing Experiment (cells mL)1) Synechococcus 0.98 ´ 103 9.9 ´ 103 11.7 ´ 104 4.9 ´ 105 9.9 ´ 105 1.3 ´ 106 Synechococcus 2.1 ´ 103 10.0 ´ 103 8.1 ´ 104 3.4 ´ 105 6.6 ´ 105 1.5 ´ 106 Growth Experiment** (cells mL-1) Synechococcus 8.2 ´ 106



Prochlorococcus 2.3 ´ 103 8.0 ´ 103 11.8 ´ 104 5.5 ´ 105 9.8 ´ 105 3.2 ´ 106 Prochlorococcus 4.9 ´ 103 9.5 ´ 103 7.7 ´ 104 3.8 ´ 105 6.9 ´ 105 2.9 ´ 106



Prochlorococcus 2.2 ´ 107



Het. Bacteria 1.32 ´ 106







denotes experiment duration of 12 h. denotes experiment duration of 72 h.







Het. Bacteria 0.87 ´ 106



Het. bacteria 0.95 ‹ 0.38 ´ 106 Pseudobodo sp. 3.9 ´ 104 Het. Bacteria 1.28 ‹ 0.14 ´ 106 Mixed ¯agellates 3.4 ´ 104 Psedobodo sp. 7.2 ´ 103 Mixed ¯agellates 4.1 ´ 103 Pseudobodo sp. 6.2 ´ 103 Mixed ¯agellates 3.2 ´ 103



344 each sample, the food vacuole contents of 200 ¯agellates were enumerated. Ingestion rates were calculated as the slope of the linear proportion of the uptake curve (30 min) of average prey number per cell versus time.



Growth of Flagellates in Picoprocaryote Cultures In a second series of experiments, inocula from the early stationary phase of ¯agellate cultures were added to exponentially growing cultures of Prochlorococcus MED4 (2 ´ 107 cells mL)1) and Synechococcus WH8103 (8 ´ 106 cells mL)1) yielding a ®nal concentration of 103 ¯agellates mL)1 (Table 1). All experimental bottles were prepared in duplicate. The initial abundance of heterotrophic bacteria from the ¯agellate and autotroph cultures was about 1 ´ 106 cells mL)1. Samples were taken at 0, 12, 24, 36, 48, and 72 h from each of the ¯asks for protozoan counts (5±10 mL).



Field Data One set of data on Synechococcus grazing drawn from a ®eld study was used to validate laboratory experimental data. In order to investigate the importance of periodicity of grazer induced mortality, samples were collected from 5 depths in the 0±100 m water column (5, 20, 50, chlorophyll maxÐbetween 80 and 89 mÐand 100 m) every 6 h over two separate 54-h cycles (90 samples in all) at 2 stations (39°25¢ N, 25°44¢ E and 39°58¢ N, 25°45¢ E, depth 400 and 100 m, irrespectively) in the north Aegean (northeast Mediterranean Sea) in September 1999. The water column was strati®ed; the water temperature was 20±23°C in the surface layer and was around 15°C at 100 m depth. The north Aegean is oligotrophic and the planktonic food web is characterized by low chlorophyll low bacterial production, and overall dominance of bacterial biomass [11]. Samples for nano¯agellate (35 mL) and Synechococcus (10 mL) counts were preserved with 1% glutaraldehyde ®nal concentration and ®ltered on black polycarbonate (Nuclepore) ®lters (0.6 and 0.2 lm respectively), stained with DAPI [43], stored at )20 °C, and counted by epi¯uorescence microscopy. A minimum of 100 heterotrophic nano¯agellates were examined per ®lter and the presence of Synechococcus in food vacuoles was examined using blue light excitation. Ingestion rates based on food vacuole content were calculated applying the digestion rate of nano¯agellate on Synechococcus of 1.1% cell content min)1 determined by Dolan and SÏimek [14] using a mixed ¯agellate culture prepared by size fractionation and enrichment, as in our study. Total Synechococcus consumption for the whole water column (1010 Synechococcus m)2 h)1) was obtained by depth integration (0±100 m) of grazing measured at the 5 different depths for each sampling time.



Flow Cytometry Analysis (FCM) Samples of two 2 mL were preserved with 2% paraformaldehyde [55] and stored in liquid nitrogen before their ¯ow cytometric



U. Christaki et al. analysis. Synechococcus and Prochlorococcus counts were performed with a FACSCalibur ¯ow cytometer (Becton Dickinson, San Jose, CA) equipped with an air-cooled argon laser (488 nm, 15 mW). Synechococcus excited at 488 nm were detected and enumerated according to their right-angle light scattering properties (RALS) and their orange (585/42 nm) and red ¯uorescence (>650 nm) emissions related to phycoerythrin and chlorophyll pigments, respectively. For Prochlorococcus cells, RALS and red ¯uorescence were use for discriminating and counting. In order to calibrate the ¯ow cytometer, ¯uorescent beads (1.002 lm; Polysciences Inc., Warrington, PA) were systematically added to each sample. The precise volume analyzed (between 250 and 500 ll) and subsequent estimations of cell concentrations were calculated by measuring the remaining volume and subtracting it from the initial subsample volume (1 mL). Samples for bacterial counts were stained with SYBR Green I [35], a speci®c dye for nucleic acids (Molecular Probes). Stained bacterial cells, excited at 488 nm, were enumerated using the FACSCalibur cytometrer according to their right-angle light scatter (RALS) and green ¯uorescence (FL1, collected at 530/30 nm) from their stained nucleic acids. Flow cytometer calibration and cell concentrations were performed as for phytoplankton (see above). The number of picoautotrophs was deducted from the bacterial total numbers.



The Analysis The Gabriel's approximate test [54, p. 508] was used to check differences between slopes and intercepts of linear regression models. This procedure is performed to test if two or more regression coef®cients (slopes) or intercepts are statistically different. In the present study, regression coef®cients or intercepts whose 95% con®dence intervals, calculated by the GT-2 method, did not overlap were considered signi®cantly different [54].



Results Both Pseudobodo sp. and ``mixed ¯agellates'' actively ingested Synechococcus and Prochlorococcus (Figs. 1a, 1b, 1c); the grazing parameters were different for the two types of prey (Table 2). The ingestion rate of ¯agellates, from Synechococcus counts in experimental bottles, obtained by ¯ow cytometry, ranged from 0.0002 to 2.7 Syn ¯agellate h)1. Ingestion rates increased linearly for prey concentrations between 102 and 5 ´ 105 Syn mL)1, while above 5 ´ 105 Syn mL)1 the ingestion rate decreased (Fig. 1a). The relationships between ¯agellate ingestion rates (IR) and Synechococcus concentration, up to 5 ´ 105 Syn ml)1, for both Pseudobodo sp. and mixed ¯agellate cultures, were both described by the linear model (Fig. 1b). Although the ranges of ingestion rates by both predator
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b Fig. 1. (a) Ingestion rate of Pseudobodo sp. (circles) and mixed ¯agellate culture (triangles) plotted against Synechococcus mean cell concentration for 3-h sampling intervals. Closed and open symbols represent results from ¯ow cytometric counts and microscopic counts of Synechococcus in ¯agellate food vacuoles, respectively (see text for details). (b) Ingestion rate of Pseudobodo sp. (circles) and mixed ¯agellate culture (triangles) plotted against Synechococcus concentration up to 5 ´ 105 cells mL)1. Linear regression models (continuous lines) were ®t to the solid data points; open points were not considered as part of the linear response. Top (thick) line represent linear regression ®tted to solid circles: y = 0.056 + 0.0051x, r2 = 0.916, F = 197.31, p < 0.001. Bottom (thin) line represent linear regression ®tted to solid triangles: y = ) 0.00130 + 0.0035x, r2 = 0.903, F = 207.18, p < 0.001. Dotted lines represent the 95% con®dence intervals of the regressions. (c) Ingestion rate of Pseudobodo sp. (circles) and mixed ¯agellate culture (rectangles) plotted against Prochlorococcus concentration up to 3 ´ 106 cells mL)1. Top (thick) line represent linear regression ®tted to circles: y = ) 0.1324 + 0.0019x, r2 = 0.903x, F = 224.92, p < 0.001. Bottom (thin) line represent linear regression ®tted to rectangles: y = 0.0115 + 0.0012x, r2 = 0.922, F = 395.02, P < 0.001. Dotted lines represent the 95% con®dence intervals of the regressions.



types were of similar magnitude (Table 2), the slopes of the two ¯agellate cultures (up to 5 ´ 105 Syn mL)1, Fig. 1b) were signi®cantly different (p < 0.05). Ingestion rates obtained by ¯ow cytometry were similar to those obtained independently by direct microscopic observation of Synechococcus in ¯agellate food vacuoles



(Figs. 1a, 1b) over short term incubations. The ingestion rate of ¯agellate grazing on Prochlorococcus increased linearly over the whole range of prey density used (from 103 to 106 Proc mL)1, Fig. 1c). Overall, the ¯agellate ingestion rate on Prochlorococcus ranged from 0.001 to 6.7 Proc ¯agellate)1 h)1. As with Synechococcus, although the ranges of ingestion rates by the two predator types were similar, the slopes for the different ¯agellate cultures grazing on Prochlorococcus were signi®cantly different (p < 0.05), being steeper for Pseudobodo sp. than for the mixed ¯agellate culture (Fig. 1c). Interestingly, for prey concentrations up to 5 ´ 105 mL)1, the ingestion rate on Synechococcus was signi®cantly higher than that on Prochlorococcus for both predator cultures tested, i.e., a statistical difference (p < 0.05) was found between the slopes estimated for Synechococcus and Prochlorococcus. Clearance rates by ¯agellates were from 0.4 to 10.9 nL ¯agellate)1 h)1 for Synechococcus and from 0.16 to 3.4 nL ¯agellate)1 h)1 for Prochlorococcus (Figs. 2a, 2b, Table 2). Moreover, clearance was inversely related to Synechococcus concentration, with higher rates at lower Synechococcus concentrations. This relationship was more pronounced for Pseudobodo sp. (see regression lines in Fig. 2a). In contrast, for both ¯agellate cultures, clearance of Prochlorococcus showed no relationship with the concentration of Prochlorococcus (Fig. 2b).
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Table 2. Grazing parameters (range and mean in parentheses) from the experiments with Pseudobodo sp. (top), from a culture of mixed ¯agellates feeding on Prochlorococcus and Synechococcus (middle), and from the ®eld measurements based on Synechococcus presence in food vacuoles of ¯agellates at 2 oligotrophic stations in the NE Mediterranean sampled every 6 h over two separate 54 h cycles (bottom) Laboratory experiment Pseudobodo sp. Prey concentration (cell mL)1) Ingestion rate (cell ¯agellate)1 h)1) Grazing rate (h)1) Clearance rate (nl ¯agellate)1 h)1) Mixed ¯agellate culture Prey concentration (cell mL)1) Ingestion rate (cell ¯agellate)1 h)1) Grazing rate (h)1) Clearance rate (nl ¯agellate)1 h)1) Field data Mixed ¯agellates Prey concentration (cell mL)1) Ingestion rate (cell ¯agellate)1 h)1) Grazing rate (h)1) Clearance rate (nl ¯agellate)1 h)1)



Synechococcus



Prochlorococcus



0.15 ´ 103±1.3 ´ 106 0.0005±2.7 (1.0) 0.016±0.43 (0.20) 0.40±10.9 (5.11)



1.1 ´ 103±2.8 ´ 106 0.001±6.7 (1.86) 0.01±0.25 (0.07) 0.16±3.37 (1.6)



1.2 ´ 103±1.4 ´ 106 0.0002±2.4 (0.74) 0.009±0.22 (0.10) 0.66±5.48 (3.17)



1.9 ´ 103±2.7 ´ 106 0.002±6.4 (1.03) 0.02±0.07 (0.04) 0.79±2.69 (1.35)



Synechococcus spp. 0.7 103±5.5 ´ 104 0.008±0.15 (0.055) Ð 0.4±17 (4.9)



Flagellate Growth The number of ¯agellates did not change signi®cantly during the ®rst 12 h in all grazing experimental bottles and remained around 3±4 ´ 104 cells)1 mL)1. Samples for ¯agellate counting taken at 24 and 36 h in the treatments where Synechococcus and Prochlorococcus were added at concentrations of 105±106 cells mL)1 showed a decrease relative to zero time (2±2.5 ´ 104 cell mL)1). Microscopical observation of the mixed culture showed no apparent shift in the population composition which was dominated by the same forms of ¯agellates, i.e., bi¯agellated ovoid and spherical cells of small size (


during 12 h incubation in the experimental bottles was 1.64 ‹ 1.19 bact ¯)1 h)1, and the clearance rate was 1.37 ‹ 0.8 nl ¯)1 h)1 (Table 2) and represented 25 ‹ 10% of the body carbon of ¯agellate d)1. These ®gures are close to bacterial consumption values exerted by small ¯agellates in marine waters [e.g., 4, 11]. Finally, in the experiments where ¯agellates were feeding almost exclusively on picoautotrophs (i.e., ¯agellate inocula were added to picoautotroph cultures and background bacterial carbon was 
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Field Data In 90 samples from the 0±100 m water column at two northeast Mediterranean stations, cells 


Discussion



Fig. 2. (a) Clearance rate by Pseudobodo sp. (circles) and mixed ¯agellate culture (rectangles) plotted against Synechococcus concentration. Top (thick) line represent linear regression ®tted to circles: y = 6.9802 ) 0.0046x, r2 = 0.56, F = 29.217, p < 0.001. Bottom (thin) line represent linear regression ®tted to squares: y = 3.7387 - 0.0016x, r2 = 0.313, F = 15.239, P < 0.001. (b) Clearance rate by Pseudobodo sp. (circles) and mixed ¯agellate culture (squares) plotted against Prochlorococcus concentration.



unknown reasons, showed signs of deterioration, losing typical morphology and ¯agella.



Our results clearly showed that for prey concentrations in the range of 103±105, which covered the whole range of abundance encountered in aquatic systems, ingestion and clearance rates on Synechococcus were signi®cantly higher than those on Prochlorococcus. In a ``typical'' marine environment, which might contain 103 ¯agellates mL)1 and 104 Synechococcus mL)1 (e.g., see Table 3), according to our experimental data, ¯agellates consume approximately 16% of the Synechococcus standing stock per day. In a recent study based on vacuole content analysis in a longitudinal transect of the Mediterranean Sea, we found that ¯agellates consumed 13% of the Synechococcus standing stock d)1 (from 0.4 to 45 % at 4 different depths of the euphotic zone [12]). Similar results were obtained in the present study during diel cycles at the two north Aegean stations (10 and 15% of the Synechoccocus standing stock d)1) and by Dolan and SÏimek [15] during a diel study in surface coastal waters of a northwest Mediterranean station (14% of the Synechococcus standing stock d)1).
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Fig. 4. Field data: (a) percent of Synechococcus cells in division (doublets), mean values for 5 sampling depths; (b), (c), (d) depth integrated values 0±100 m of: (b) Synechococcus abundance, (c) Synechococcus ingested by heterotrophic ¯agellates h)1, and (d) heterotrophic nano¯agellate (HNAN) abundance. Dark bars denote night-time hours.



Fig. 3. Changes in cell concentrations of (a) mixed ¯agellates and (b) Pseudobodo sp. feeding on cultures of Synechococcus (open symbols) and Prochlorococcus (closed symbols).



One important dynamic feature of picoautotrophs in marine environments is that they show higher division rates at dusk [23, 56, 57, this study]. Despite strong diel rhythms, the stability of prokaryotic populations over a scale of days indicates that, in nature, losses do not take place uniformly over a diel cycle [23, 28, 57]. Dolan and SÏimek [15] and our own ®eld data showed a clear diel variation of Synechococcus consumption by nano¯agellates with enhanced feeding rates after cell division [see also 34, 57]. The total Synechoccocus number varied little and did not follow any clear pattern, which implies that nano¯agellates might preferentially remove smaller newly produced Synechococcus cells. Thus, small protists seem to optimize selection of preferred prey size by removing the ``smallest'' Synechococcus and the ``largest'' heterotrophic bacteria [e.g., 13, 20, 50]. For bacterial populations, the ecological implication of selective removal of bacteria is community composition control [e.g., 25, 42, 53]. Although the ecological implication for Synechococcus is not known, one could suppose that by removing smaller newly produced Synechococcus cells, nano¯agellates optimize their role as Synechococcus consumers.



We compared the ingestion rates of the present study, plotted against Synechococcus concentration, with those from other studies (Fig. 5, Table 3). With the exception of the study by Dolan and SÏimek [15], available information suggests that nano¯agellate ingestion rates increase with increasing picoplankton concentrations [4, 8, 11, 29, 26, 30, 37, this study]. Most of the ®eld data considered in this study testify to such a relationship and fall well between the 95% con®dence intervals of the present experimental data (Fig. 5, Table 3). Comparison with ®eld data, such as that shown in Fig. 5 for Synechococcus, could not be undertaken for Prochlorococcus since in the few ®eld studies dealing with its mortality [28, 33, 34, 46], the number of predators has not been considered. According to our experimental data, in a ``typical'' oceanic environment, which might contain 103 ¯agellates mL)1 and 5 ´ 104 Prochlorococcus mL)1, ¯agellates would consume 
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Source [4]



Details of data presented in Fig. 4



Location



Coastal, Vineyard Sound, surface water (5 combined depths) [29] Coastal, northern Baltic, surface water (1 depth) [15] Coastal NW Mediterranean station, diel study, surface water (1 depth) [12] Longitudinal Mediterranean transect, euphotic zone (4 depths) This study Diel studies, NE Mediterranean sea (5 depths) This study Laboratory experiment (Pseudobodo sp., mixed ¯agellate culture feeding on Synechococcus WHS 103) a
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Flagellates (103 cells mL)1)



Synechococcus Ingestion rate (104 cells (Syn ¯ag)1 )1 mL ) h)1) n



Metabolic inhibitors



1±2



0.6±4.4



Size fractionation



0.7±3.4



Food vacuole content analysis



Technique



z



0.07±0.22



4



0.7±50



0.02±2.6



11



1±2



1.7±3.8



0.04±0.35



28



Food vacuole content analysis



0.05±3.0



0.02±3.0



0.004±0.12



36



Food vacuole content analysis Flow cytometry, food vacuole content analysis



0.1±2.6



0.07±5.5



0.008±0.15



90



30±40



0.02±50



0.0005±2.68



64



n = number of observations plotted in Fig. 4. Ingestion rates on Synechococcus from [15] were extrapolated from their Fig. 2.



surface waters, while Prochlorococcus extends deep in the water column and often presents a sharp maximum concentration of the order of 105 cells mL)1 near the bottom of the euphotic zone where abundance of protozoa declines signi®cantly [12, 36, 40, 41]. Although grazing parameters of both predator types used in this study had very similar ranges (Table 2), the difference between slopes of ingestion rates obtained at all



cases (Figs. 1b, 1c) indicated that ¯agellates exhibited different grazing models and behavior [e.g., 1, 21]. Flagellates used in our experiments were grown on bacterial prey and were supposedly bacterivores; however, our results showed that these ¯agellates were active predators of both Synechococcus and Prochlorococcus. The zoo¯agellates of the genus Pseudobodo are ubiquitous free-living forms abundant in marine environments [e.g., 16, 45] and



Fig. 5. Flagellate ingestion rates plotted against Synechococcus concentration; data from different ®eld studies superimposed on data from the present study (see also Table 3). The regression line and con®dence limits (95%) correspond to the results of the present experimental study (squares) for concentrations up to 5 ´ 105 Syn mL)1. Note that the x-axis was cut off at 1 ´ 105 for better visualization of the results.
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although considered as bacterivores they have been also found to actively feed on picoautotroph prey [38]. It should be also stressed that the inoculum for our mixed ¯agellate culture was obtained from an open-sea oligotrophic area (80 m) where both Synechococcus and Prochlorococcus are common. Moreover, in both coastal and oceanic environments the nano¯agellate populations are usually dominated by small bacterivorous ¯agellates around 3 lm [e.g., 4, 11, 12, 15, 48] similar to those used in our experimental study. In our experiments for concentrations from 105 to 106 Syn mL)1, the Synechococcus carbon ingested by ¯agellates would theoretically result in 1±2 generations per day (assuming 40% growth yield for ¯agellates). Equally, for Prochlorococcus concentrations >106, we would theoretically expect one or more generations of ¯agellates per day. Contrary to these expectations, ¯agellates did not grow in our experiments. Several authors have reported moderate growth and/or survival of ¯agellates and ciliates on Synechococcus [4, 10, 51, 52], while in a recent study Boenigk et al. [1] showed that two freshwater ¯agellates excreted a Synechococcus species a few minutes after ingestion and that they were not able to grow when fed on this species. Interestingly, the only comparable data about the food value of Prochlorococcus for other bacterivoresÐnamely the scuticociliate Uronema sp. [10]Ðsuggested that Prochlorococcus inhibited or interfered with cell division, while it permitted a moderate growth for the omnivorous ciliate Strombidium sulcatum. Interestingly enough, in the only existing study dealing with a ¯agellate (Picophagus ¯agellatus) capable to grow on Prochlorococcus [21], the calculated ingestion rate (on average 1 Prochlorococcus ¯agellate)1 h)1) determined for a single prey concentration (7 ´ 105 Prochlorococcus mL)1) was almost identical to ours (1.19 Prochlorococcus ¯agellate)1 h)1 according to the equation determined in our study (see legend of Fig. 1). In conclusion, although the scarce information from ®eld studies indicates that the picoautotrophs constitute only secondary food for ¯agellates [4, 12,15, 28], the existence of at least one Prochlorococcus feeder is now documented [21]. In helping to improve the understanding of photosynthetic prokaryote's loss processes in situ, future studies should focus on ¯agellate community composition in waters dominated by picoautotrophs.
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