1) Main goal and specific aims as described in the original application:

Given the key ecological role that photosynthetic picoeukaryotes (PPEs) play in global CO2 fixation and carbon cycling in the ocean, it is of fundamental importance to identify the factors controlling their diversity and distribution. The most common consumer strategy, namely parasitism, is usually left out of aquatic trophic food web functioning; however, recent results highlight the potential importance of this process in aquatic systems. The aim of the project was therefore to determine and characterize the major parasitic groups potentially associated with PPEs, assess their ecological relevance and determine their impact on microbial eukaryote population dynamics and planktonic food web structure. 

Project objective 1: To assess the diversity and specificity of parasites in both the pico- and nano-phytoplankton size classes. 
Project objective 2: To compare the extent of parasite versus virus-mediated infection of photosynthetic eukaryote communities. 
Project objective 3: To determine the role of environmental variables on parasite infection of pico- and nano-phytoplankton

2) Accomplishments including an overview of results and conclusions
The first objective of this project was to answer general questions as: What is the diversity of photosynthetic picoeukaryotic classes (potentially susceptible to parasitism) in the open ocean? Are parasites capable of infecting pico-sized eukaryotic phytoplankton, or is their action limited to larger cells? The underlying hypothesis was that parasites could infect small photosynthetic eukaryotes and thus regulate their diversity and distribution in aquatic systems.
Initially, we determined the population structure of the eukaryotic pico- (<5µm) and nano- (<20µm) phytoplankton fractions so as to assign the photosynthetic classes potentially susceptible to parasitism. The diversity of these groups has been assessed by PCR cloning-sequencing of plastid 16S rRNA genes and Fluorescent in situ Hybridization (FISH). The small fraction was dominated by Pelagophyceae and Chrysophyceae whereas Prymnesiophyceae were the principal component of the nano-fraction. 

Besides the regular occurrence of sequences affiliated to Syndiniales (Marine alveolate, MALV, including virulent pathogens for a wide range of algae) in 18S rRNA gene libraries of marine ecosystems, their quantitative distribution has barely been studied in open waters. We used FISH with an oligonucleotide probe specific for Amoebophryidae (MALV II) to investigate the contribution to the eukaryotic community of the small free-living stage of Amoebophryidae (zoospore) and their potential impact on small phytoplankton along a transect in the Atlantic Ocean (SOLAS cruise). The FISH method showed that free-living zoospores were not abundant (average along transect =3% of total eukaryotes) at the stations studied. Moreover, for the first time we developed a dual labelling FISH protocol in this work (existing probes for the major phytoplankton classes + MALV II) to allow the visualisation of potential parasites both in the host (endoparasitism) and on the host (ectoparasitism). However, no parasitic association was detected in the pico or nano-size fraction of the eukaryotic phytoplankton. Within the alveolate super-group, Perkinsozoa were also investigated. However, we were not able to amplify (with specific primers) or detect by microscopy these parasites although they have previously been found in marine and lacustrine environments.

Fungal microbes encompass a large proportion of total microbial diversity and biomass in terrestrial environments, and include key biological components in ecologically important processes such as symbioses or parasitism. However, very few fungal lineages have been detected in oceanic environments. Indeed, 18S rRNA gene surveys performed on the small eukaryotic fraction (<5µm) showed 0.8% of the clones affiliated to fungi. In contrast, recent environmental surveys of microbial eukaryotes in lakes have unveiled major fungal infecting agents in pelagic systems, consisting primarily of chytrids (Chytridiomycota). Using two oligonucleotide probes targeting (1) all divisions of the Eumycota (MY1574, Baschien et al. 2008) and (2) fungal species of the order Chytridiales (Chyt1061, Jobard et al. 2010), we first assessed the distribution and abundance of fungi from total samples (filtration <20µm) along the SOLAS cruise transect. Both probes gave positives signals at all stations representing on average 8% and 4% of the total picoeukaryotes for MY1574 and Chyt1061 probes, respectively. The fungi identified in the small fraction (1-5µm) corresponded to zoospores which is the disseminate stage of fungi. Chitin is absent in these zoospores and therefore did not show any hybridization with the WGA (Wheat Germ agglutinin) Dye. In contrast the largest fungi corresponded to the chitin positive stage (e.g. sporangia). Chytrid sporangia which have larger dimensions than zoospores, are attached on their algal hosts, and are easier to detect under the microscope. On flow cytometry sorted (which allow to recover only PPEs) and filtered samples we used double hybridization FISH to visualize the association between fungi (potentially parasites) and small photosynthetic eukaryotes. Observation showed fungi in association with small Prymnesiophyceae (<5µm) and dinoflagellates (20-25µm). 3% on average of the small Prymnesiophyceae were identified with fungal structure attached, both chytrids and general probe of Eumycota showed positive association. This quantitative work has been completed using a molecular approach encompassing a specific primer for fungi since the 18S rRNA gene general primers did not seem to be efficient to pick up fungi in marine waters. Most of the sequences obtained were affiliated to uncultured eukaryotes and suggest a high novelty of these sequences. This work therefore suggests the importance of fungi in open pelagic marine system and highlights their association, potentially parasitic, with small phytoplankton. Further investigation on the specific role of fungi in marine systems is therefore needed to better understand carbon flow in pelagic ecosystems.
FISH experiments also highlighted the presence of prokaryotes inside PPEs cells. However, this is most likely due to the bacterivory of these organisms rather than parasitism. Indeed, it has been shown by radiotracer analysis that feeding on bacterioplankton appears to be the most likely means of phosphorus acquisition by small plastidic protists. In order to investigate this hypothesis we used double hybridisation FISH using specific probes for PPEs (Prymnesophyceae, Chrysophyceae and Pelagophyceae) in combination with prokaryotic probes, SAR11, Prochlorococcus and Synechococcus which are the main components of the prokaryotic community. PPE sorted samples were analysed at 5 different stations along the Atlantic Meridional Transect (AMT). Epifluorescence and confocal microscopy showed prokaryotic cells inside PPEs. Synechococcus was not observed, which is in agreement with their natural abundance in these waters, while up to 6% of the Prymnesiophyceae were associated with Prochlorococcus and 3% with SAR11. Chrysophyceae were also in association with prokaryotic cells. 
Even though the major focus of this research project was to assess the role of eukaryotic parasitism in controlling photosynthetic picoeukaryote communities, it was also important to know the impact of more traditional loss factors, e.g. viral lysis. In this project, we evaluated the use of transmission electron microscopy (TEM) to distinguish between virus-infected and non-infected photosynthetic eukaryotes. However this was technically a challenge due to the amount of cells needed and the relatively large size of the cells (compared to bacteria). However, we were able to extract viral DNA from the pico and nano photosynthetic sorted fraction and characterize the virus associated with these populations. The underlying hypothesis was, if parasites do not affect picoeukaryotic phytoplankton, lysis of cells by viruses could be one of the main regulatory factors of this community. 

Since the beginning of the funding, we have concentrated our efforts on the first objective of the proposal. Due to the interesting data obtained on fungi, we decided to concentrate our work to quantify and elucidate the role of fungi in marine systems. Our data clearly suggest that they are an important component of the small eukaryotic community and they could play an important role in regulating small photosynthetic picoeukaryotes. Moreover, together with zooplankton grazing, viral infection is likely an important loss factor too for these small cells. 

Therefore, the ecological role of parasites in the ocean especially in relation to small eukaryote phytoplankton and its implication for food web dynamics should be addressed in more detail in the future. In light of recent data, parasites should be incorporated into research and monitoring programs to maximize information gathered in ecosystem-based studies and resource management.
