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mixotrophic flagellates occasionally exerted a significant bacterivory pressure (phase 2). Finally, the early summer was characterized by the highest protozoan grazing impact and by a rapid shift in the carbon pathway transfer, with a fast change-over of the main predators contribution, i.e., mixotrophic, heterotrophic flagellates and ciliates in bacterial mortality. The high abundance of ciliates during this period was consistent with the high densities of resources (heterotrophic nanoflagellates, algae, bacteria) in deep layers containing the most chlorophyll. Bacteria, as ciliates, responded clearly to increasing phytoplankton abundance, and although bacterial grazing impact could vary largely, bacterial abundance seemed to be primarily bottom-up regulated (phase 3).



Abstract



We investigated the dynamics and diversity of heterotrophic bacteria, autotrophic and heterotrophic flagellates, and ciliates from March to July 2002 in the surface waters (0–50 m) of Lake Bourget. The heterotrophic bacteria consisted mainly of ‘‘small’’ cocci, but filaments (>2 lm), commonly considered to be grazing-resistant forms under increased nanoflagellate grazing, were also detected. These elongated cells mainly belonged to the Cytophaga-Flavobacterium (CF) cluster, and were most abundant during spring and early summer, when mixotrophic or heterotrophic flagellates were the main bacterial predators. The CF group strongly dominated fluorescent in situ hybridization–detected cells from March to June, whereas clear changes were observed in early summer when Beta-proteobacteria and Alpha-proteobacteria increased concomitantly with maximal protist grazing pressures. The analysis of protist community structure revealed that the flagellates consisted mainly of cryptomonad forms. The dynamics of Cryptomonas sp. and Dinobryon sp. suggested the potential importance of mixotrophs as consumers of bacteria. This point was verified by an experimental approach based on fluorescent microbeads to assess the potential grazing impact of all protist taxa in the epilimnion. From the results, three distinct periods in the functioning of the epilimnetic microbial loop were identified. In early spring, mixotrophic and heterotrophic flagellates constituted the main bacterivores, and were regulated by the availability of their resources mainly during April (phase 1). Once the ‘‘clear water phase’’ was established, the predation pressure of metazooplankton represented a strong top-down force on all microbial compartments. During this period only



Introduction



Pelagic microbial ecosystems are characterized by a complex set of dynamic interactions between organisms. Competition for nutrients and light, commensalism between autotrophs and heterotrophic bacteria, recycling of material, cell lysis, and predation are typical processes implicated in the ecological interactions between viruses, bacteria, micro-algae, and their predators (flagellates, ciliates, microzooplankton). Top-down (grazing), bottom-up (nutrient availability, amount of prey) controls and viral lysis are primarily responsible for microbial population structure and diversity, and they operate simultaneously rather than separately. Since the seminal papers of Pomeroy [57] and Azam et al. [6], heterotrophic bacteria have been shown to play a crucial role in aquatic ecosystems, as the principal decomposers of organic matter [79], and as a main food source for microorganisms at the base of the trophic web [28, 37, 70]. The regulation of bacterial biomass, productivity, and community structure by nutrients (both organic and inorganic) and grazing (by single-cell and multicel-
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lular zooplankton) is thus a central issue in aquatic microbial ecology [50, 53, 70]. Heterotrophic nanoflagellates have long been viewed to be mainly responsible for bacterial biomass control [13, 55, 65]. Some studies have also pointed out that ciliates [39, 44, 69], metazoans such as Daphnia and copepods [1, 21, 38, 82], as well as lytic viruses [12, 54, 60] may also play key roles in structuring the heterotrophic bacterial community. For example, protist predation has been shown to induce some important shifts in the structure and composition of bacterial communities, as a result of the potential selective predation on particular bacterial size classes or specific groups [28, 29, 37, 41, 55]. To understand the complex interactions in microbial food webs, special attention has to be paid to fine dissection of microbial compartments in order to identify relevant functional groups. Some studies recently stressed the importance of developing a functional partitioning of all planktonic compartments to distinguish possible carbon pathways within the pelagic food webs [23, 32]. For example, it appeared that mixotrophs, which are usually considered unimportant bacterial grazers, could play a significant role in bacterivory and should be introduced in general models of food webs [30]. Bacteria were, until recently, considered to be a homogeneous functional unit, but the development of the fluorescent in situ hybridization (FISH) technique has now made it possible to determine the relative abundance of different phylogenetic groups of bacteria. This technique allowed better analyses of seasonal successions within these groups, which aim to identify regulating factors [2, 26, 56]. Several studies have suggested that bacteria belonging to the CytophagaFlauobacterium (CF) cluster could be preferentially grazed by hetorotrophic nanoflagellates (HNF) or ciliates [37, 43]. The FISH technique has also revealed that grazing-resistant morphotypes (typically filaments and aggregates) can be found in the major phylogenetic groups, such as the alpha-proteobacteria and beta-proteobacteria, and the Cytophaga-Flavobacterium phylum [37, 70]. Understanding how the microbial food web works also requires consideration of the seasonal dynamics of microbial communities [17, 31, 56]. The combination and the importance as structuring forces of top-down and bottom-up controls show seasonal variations that play an important role in the structure and dynamics of the bacterial community, as demonstrated by Muylaert et al. [53] for eutrophic lakes. The present article describes, for the first time, the structure and dynamics of the microbial community (heterotrophic bacteria, picocyanobacteria, flagellates, and ciliates) in Lake Bourget over a period covering the onset of thermal stratification (March to July 2002). Our aims were (1) to investigate the changes in microbial abundance and biomass according to season and depth (we chose not to consider only general functional groups but to dissect all investigated compartments); (2) to
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examine the changes in bacterial composition and the development of forms resistant to protist grazing; and (3) to analyze the relative importance of mixotrophy within the protist community. This allowed us to propose a conceptual scenario for the succession of bacterial predators in Lake Bourget, and hence of how the microbial food web works over a well-defined period of time. To support our hypotheses on regulation pathways, an assessment of protozoan grazing rates on bacteria was used. These data provided an essential basis from which to develop studies on microbial communities in Lake Bourget; notably, it allowed us to conceptualize further experimental approaches (Domaizon et al., in prep.). Methods



The mesotrophic Lake Bourget (4544¢N, 0551¢W, 231 m altitude) is located in the eastern part of France at the edge of the Alps. It is a monomictic, and elongated (18 km long, 3 km wide), north–south orientated lake, with an area of 42 · 106 m2, a total volume of 3.5 · 109 m3, a maximum and average depth of 145 and 80 m, respectively, and a water residence time of approximately 10 years. Water samples were collected from March to July 2002 at five depths (2, 6, 10, 30, and 50 m) at the reference station located in the middle and deepest part of the lake, referred to as point B. This station is more than 1.5 km from each bank, and more than 5 and 10 km from the two main freshwater inputs to the lake. The analysis of bacterial composition by the FISH technique (see below) was only performed at the 2 and 50 m depths. Study Site and Sampling Strategy.



Physicochemical Variables. Nutrient concentrations (N total, NH4+, NO3), P total, PO43)) have been measured at the hydrobiological station Institut National Recherche Agronomique (INRA) [4] (details available at http://www.thonon-inra-chimie.net/pages/public/analyses.asp). The concentration of dissolved organic carbon (DOC) was measured with a carbon analyzer (Labtoc, UV promoted persulfate oxidation, IR detection) in water samples (15 mL) filtered through a 0.2-lm pore size polycarbonate filter (data not shown). A conductivitytemperature-depth measuring device (CTD SEABIRD SBE 19 Seacat profiler) was used to obtain vertical profiles from the surface to the bottom of the water temperature gradient and of the oxygen concentration, using an oxygen probe, a polarographic YSI 5739 electrode (data not shown). The chlorophyll a (Chla) was measured in situ using a submersible spectrofluorometer that was calibrated to perform the survey of chlorophyll vertical distribution on the basis of the chlorophyll fluorescencse intensity at 680 nm (due to photosystem II core pigments) [46]. For a detailed description and functioning of this FluoroProbe, see Beutler et al. [8] and Leboulanger et al. [46].
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Table 1. Oligonucleotide probes used in this study



Probe



Specificity



EUB338 ALF968 BET42a CF319a ARCH915



Bacteria Alpha subclass of proteobacteria Beta subclass of proteobacteria Cytophaga flavobacterium cluster Archaea



Sequence of probe GCTGCCTCCCGTAGGAGT GGTAAGGTTCTGCGCGTT GCCTTCCCACTTCGTTT TGGTCCGTGTCTCAGTAC GTGCTCCCCCGCCAATTCCT



Target site 16S 16S 23S 16S 16S



(338–355) (968–986) (1027–1043) (319–336) (915–935)



%FAa



Reference



20 20 35 35 35



[4] [45] [39] [40] [64]



a



Percentage of formamide.



A 1-mL sample for bacteria was fixed with formaldehyde (final concentration: 3.7%), and stored at 4C until it was analyzed (within 3 days after sampling). Heterotrophic bacteria were concentrated on black polycarbonate membranes (diameter: 47 mm, pore size: 0.2 lm) by filtering under reduced pressure of 2 lm). The biovolume of more than 400 bacteria was measured using a semiautomatic image analysis system (Lucia 4.6, Laboratory Imaging Ltd, Czech Republic) and was converted to carbon units using the allometric relationship proposed by Loferer-Kro¨ßbacher et al. [38]. The frequency of dividing cells was determined and used as an estimator of bacterial productivity. We demonstrated through a seasonal study (May to August) that in Lake Bourget the [3H]thymidine incorporation rate into bacterial DNA is significantly correlated with the number of dividing cells (NDC) (r = 0.74, n = 18, P < 0.01): [3H]thymidine incorporation = 0.0084 · NDC ) 0.0354 ([3H]thymidine: nmole L)1 h)1 ; NDC: 107 cells L–1) (Domaizon et al., unpublished). Under green light, the phycoerythrin content of the picocyanobacteria produced a red-orange autofluorescence [74], which made it possible to count the picocyanobacteria collected on 0.8-lm polycarbonate membranes using epifluorescence microscopy. The mean biovolume was determined by the same image-analysis system used for heterotrophic bacteria. The conversion factor of 360 fgC lm)3 was used to obtain the biomass of picocyanobacteria [76]. Glutaraldehyde (1% final concentration) was used to fix the flagellates. Samples were filtered (pressure 30 lm’’ size class accounting for 7% of the total filaments, whereas the dominant group (44% of filaments) belonged to the smallest size class of filaments (2–5 lm). ria.



FDC. The frequency of dividing cells (FDC) fluctuated between 1.2% and 9.1% and was highest in the
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Figure 3. Seasonal changes in the abundance of the different phylogenetic bacterial groups at 2 m and 50 m depths from March to July



2002. (A, B): Alpha-proteobacteria (Alpha), Beta-proteobacteria (Beta), Gamma-proteobacteria (Gamma), and Cytophaga flavobacterium (CF); (C, D): small and filamentous cells.



epilimnion and lowest at 30 m and 50 m depths. The highest values for FDC occurred on 22 March, at the beginning of the spring phytoplankton peak (5.5%, 7.5%, and 9.1% at 2 m, 6 m, and 10 m, respectively); another series of high values was recorded later, on 12 April. For all depths, minimal values for FDC were observed during the clear water phase (6 May to 23 May). Based on the relation we established between NDC and [3H]thymidine we could estimate bacterial production varying between 3.2 · 106 and 2.5 · 108 bacteria L)1Æh)1. FISH. The efficiency of detection with the eubacterial probe EUB338 relative to DAPI, ranged from 9.2% (March 11, 50 m) to 62.8% (March 22, 50 m), (mean: 23.5%, all depths), whereas the archibacterial probe ARC915 identified between 0.04% and 8.9% of DAPI-stained cells (mean: 3.57%, all depths). Although concentrations of archaebacteria were similar at both depths, their mean relative abundance was higher at 50 m than at 2 m depth (mean: 18.5% and 10.4% of total identified cells (EUB+ARC), respectively at 50 m and 2m, representing 4.7% and 2.4% of DAPI stained cells). In the hypolimnion, local archaebacteria concentrations could be higher than those of Cytophaga-Flavobacterium and Beta-proteobacteria (two of the main bacterial groups observed during the study), and could represent up to 49.3% of total detected cells (EUB+ARC) at 50 m (11 April), whereas the maximum relative abundance at 2 m depth was only 17.5% of total detected cells (March 22). The fraction of bacteria detected by EUB338 was rather low (from 9.2% to 62.8% of DAPI-stained cells), but there was no covariation of the fraction of bacteria de-



tected by EUB338 with bacterial abundance, chlorophyll concentrations, Dissolved Organic Carbon (DOC), or temperature. Maxima and minima of Eubacteria counts were often concomitant with those of DAPI cell counts. The linear regression analysis between the DAPI cell counts and EUB cell counts during this study yielded an r2 of 0.68 (n = 18, P < 0.02). Eubacterial concentrations were significantly higher in the surface layers (P = 0.001) (Fig. 3A). Similarly, the mean abundances recorded for the different bacterial groups (Alpha-, Beta-, Gamma-proteobacteria, Cytophaga-Flavobacterium) were always higher in the epilimnetic layers than in the hypolimnion (Fig. 3A). These bacterial groups represented from 14.5% to 77.8% of cells detected with EUB338. Alpha-proteobacteria were the minority group at both depths, with a maximum concentration recorded on July 3 at 2 m and 50 m (4.3 · 104 and 1.2 · 104 bacteria mL)1, respectively). However, these highest values accounted for only 5.2% (2 m) and 4.1% (50 m) of Eubacteria (Fig. 3A). At 50 m Beta-proteobacteria abundances remained rather low and stable throughout the study, whereas at 2 m depth, maximum values were recorded on April 11 and July 3. Then, Beta-proteobacteria accounted for 16.1% (April 11) and 15.4% (July 3) of the EUB. Beta filaments were regularly observed, and could account for up to 30% of total Beta-proteobacteria (April 25: 2 m). In the epilimnion, Beta filaments accounted for 0 to 25% (mean: 7.65%) of DAPI-stained filaments, whereas in the deeper layer, these percentages ranged from 0 to 100% (mean: 25.5%); (Fig. 3B). Gamma-proteobacteria represented the second most abundant group, and accounted on average for 6.4% and 11.9% of Eubacteria,
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respectively, at 2m and 50 m. Bacterial filamentous forms were rarely detected with Gamma-preoteobacteria probes. At both depths, CF constituted the main bacterial group, with maximum values of 3.6 · 105 bacteria mL)1 on April 11 at 2 m and 6.4 · 104 bacteria mL)1 on March 22 at 50 m (Fig. 3A). When maximum abundances were reached, CF represented 51.4% (2 m, April 11) and 43.3% (50 m, April 11) of the EUB338-detected cells. Filaments could account for up to 17.4% of CF cells (maximum on June 19 at 2 m). Peaks of abundance for CF filaments were observed on April 25 and June 19 in the epilimnion, while at 50 m, filament concentrations remained low except on June 19 (Fig. 3B). Cytophaga-Flavobacterium filaments accounted for between 0 and 87.8% of the DAPI-stained filaments at 2 m depth (mean: 61.11%), whereas in the hypolimnion, the low proportion of filaments within this group (mean: 23.9%) suggested that most of the DAPIstained filaments were not identified by FISH. We observed seasonal variations in the relative contributions of the four bacterial groups (Alpha, Beta, Gamma, CF), especially at 2 m depth (Fig. 3A). During the mixing period, the structure within the four groups was quite similar at 2 m and 50 m, and was generally characterized by the marked dominance of the CF group, and the relatively low abundances of Alpha- and Betaproteobacteria. From March to the end of May only one exception was noted, when, on April 11, the fraction of Beta-proteobacteria increased markedly at both depths. Then, when thermal stratification occurred, and more especially in June and July, at 2 m, the proportion of CF gradually decreased, while the Alpha- and Beta-groups increased to reach their maximum relative abundance on July 3 (16.8% and 49.5% of EUB338-detected cells, respectively). At 50 m depth, the fraction of the Betagroup also increased on 23 May (clear water phase) and 19 June, but it was replaced by Alpha-proteobacteria by the end of the study (Fig. 3A). We noted, at 2 m depth, that the abundances and fractions of Alpha- and Betaproteobacteria covaried with the abundance of heterotrophic flagellates (r = 0.81 and r = 0.83, respectively). Taxonomic Composition, Abundance, and Biomass of In most cases, flagellates could be identiFlagellates.



fied to the genus level. A total of 13 taxa were identified. Within heterotrophic flagellates, major taxa such as Kinetoplastids, Chrysomonads (Heterokonts), and Cryptomonads Kathablepharis sp. could be identified under the microscope. Some other flagellates, particularly the colorless Cryptomonads (5–10 lm long) and small uniflagellate cells (2–6 lm long Oikomonas-type cells), which could not be identified unequivocally, were referred to as: ‘‘unidentified heterotrophic Cryptomonads’’ (UHC) and ‘‘unidentified heterotrophic uniflagellates’’ (UHU). The cryptomonads Cryptomonas and Rhodomonas and the Chrysophytes Dinobryon and Chrysidalis dominated
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Figure 4. Seasonal changes in of heterotrophic (A) and pigmented



flagellate (B) abundances from March to July 2002.



the pigmented flagellate community. More occasionally often, we observed the Chrysophytes Ochromonas and Mallomonas and the Euchlorophytes Chlamydomonas. Of these, Dinobryon, Ochromonas, and Cryptomonas were the main species known to develop phagotrophic activity [18, 66, 68]. Flagellate abundance and biomass fluctuated from 1.9 · 102 cells mL)1, i.e., 2.4 lgC L)1 (April 25, 50 m depth) to 6.6 · 103 cells mL)1, i.e., 8.3 · 101 lgC L)1 (April 25 , 2 m depth). In the upper layers, peak abundances were observed during April (max: 6.6 · 103 cells mL)1) and June (max: 5.6 · 103 cells mL)1), while in the bottom layers, no clear variation was observed. In the euphotic zone, at all sampling dates, pigmented flagellates outnumbered the HNF. Heterotrophic flagellate abundance ranged from 7.3 · 101 to 3.2 · 103 cells mL)1. Two abundance peaks were recorded. The first peak occurred in mid-April throughout the depth of the water column, with a maximum value of 2.3 · 103 cells mL)1 (April 11, 2 m) and the second, on July 3, was essentially located in the upper layers (max: 3.24 · 103 cells mL)1, 6 m) (Fig. 4A). The heterotrophic flagellate size structure displayed some major seasonal variations. The ‘‘>5 lm’’ size fraction of HNF was composed of Cryptomonads (Katablepharis) and some Kinetoplastids (Bodo). The small size fraction (from 2 to 5 lm), composed of Spumella and several undetermined flagellates represented a large part of the total flagellate community in the bottom layers (45% and
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Figure 5. Seasonal changes in the taxonomic composition of heterotrophic (A) and pigmented (B) flagellates at the five sampling depths from March to July 2002. (*): No pigmented flagellates recorded.



55% of the total heterotrophic flagellate community at 30 m and 50 m depth, respectively). We detected seasonal variations in the composition of the HNF community (Fig. 5A). We noticed that Katablepharis was relatively important throughout the study; it reported more than 89.5% of the total HNF abundance on March 11 (2 m). Spumella ranged from 0 to 52.6% of the total abundance



in the upper layers (2 m) during the clear water phase. The relative abundance of unidentified flagellates remained high throughout the study, whereas that of Bodo was relatively low. Maximum abundances for pigmented flagellates were recorded during spring (April 25) and early summer (June 19) in the upper layers (5 · 103 and 4.8 · 103 cells mL)1, respectively, at 2 m). We observed a
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concentration gradient of pigmented flagellates as a result of their photosynthetic activity (Fig. 4B). Most of the pigmented flagellates ranged in size from 8 to 20 lm. All Chrysidalis spp. identified were 
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