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The Context



In summary Viruses infecting bacteria and/or cyanobacteria are an essential biological compartment in aquatic microbial food webs. They are important controlling agents for planktonic communities, playing a key role in cell mortality, nutrient cycles, microbial diversification and diversity. However, still little is known on how this viral activity is linked to diversity and ecosystem functioning. This first workshop in Europe will provide an opportunity for promoting this field of research through discussion and presentation of our past and most recent results, of the various approaches and methods we use and the problems we face, for reinforcing or developing collaboration, and in fine for developing strategies for future research.



The case for an exploratory workshop Viruses are the most abundant and likely the most diverse biological entities in aquatic ecosystems. They can exceed abundances of 10 million per millilitre. In aquatic systems, the majority of viruses are mainly thought to be bacteriophages and cyanophages (i.e. viruses infecting bacteria and cyanobacteria later referred to as phages). To place this into context, in the world’s oceans, there is an estimated 27-270 and 2,740-13,700 megatons of viral and bacterial carbon, respectively! The role of phages in aquatic environments has been the subject of increased investigation during the last 15 years. The development of techniques to study these populations has also progressed tremendously. This has been due to the recognition of phages as a key biological component of aquatic ecosystems. From the first studies (1988-1992), viruses were shown to be very abundant. More recent studies have demonstrated that they play crucial roles in bacterial and/or cyanobacterial mortality and water column trophodynamics. There is increasing evidence that phages exert significant pressure on bacterial and cyanobacterial community structure and diversity. However, research related to this pressure, and research to address general aspects of viral diversity is still in its infancy. One of the problems with current research approaches is that scientists working in individual and independent laboratories cannot possibly make any appreciable advances in the field, a much more collaborative approach is necessary.



The aims of this ESF Exploratory Workshop will be to target and explore this challenging scientific topic, which would greatly benefit from a collaborative European approach to foster trans-national and interdisciplinary links as well as to develop future collaborative research project and programmes. This workshop will focus on virus-bacterial and virus-cyanobacterial interactions in aquatic systems, and how these interactions affect the structure and functioning of microbial food webs and their participation in important biogeochemical processes such as the carbon cycle, as well as viral diversity. I proposed this workshop to be the st first of future ones, and so am referring to it as the 1 European Workshop on Aquatic Phage Ecology (EWAPE-1).



Viruses in aquatic ecosystems and questions In aquatic ecosystems, bacteria and cyanobacteria play significant roles. They are the base of the microbial food web. Bacteria and cyanobacteria can both serve as food for phagotrophic protists which, in turn, can be consumed by metazoan zooplankton. In addition, heterotrophic bacteria are important agents responsible for the remineralization of organic matter. Thus, it is not surprising that the scientific community became interested in heterotrophic bacteria and cyanobacteria decades ago. This research gradually moved toward a focus on the factors and processes responsible for bacterial and cyanobacterial growth and mortality. For a long time, the grazers were considered to be the main mode for mortality of these microorganisms, and the viruses were ignored (largely for lack of suitable methods). Today, we know that phages greatly influence abundance, structure, diversity and speciation of bacteria and cyanobacteria. Phages are very abundant in aquatic ecosystems with concentrations reaching up to 10100 million per millilitre. Viruses have been traditionally enumerated by either culture-based methods and/or transmission electron microscopy (TEM). Culture-based provide a useful estimate of the number of infectious viruses in a sample, but these approaches are tedious, and not suitable for routine analyses. In addition, we are currently hindered by the fact that only a small subset (1 except in biofilms on plant surfaces. Seasonal patterns in viral abundance and VBR differed among habitats. In the marsh water column, infection rates (FVIC, FIC) and VIM were well in the range of values known from pelagic environments. Values varied among seasons, VIM from as much as 66% in the autumn to a minimum of 10% in winter. Infection of bacteria in benthic habitats, in contrast, was nearly undetectable. Only 4 out of a total of 14,384 bacterial cells inspected contained mature phages. VIM and viral production were thus negligible. This low incidence of benthic virus-bacteria interactions would suggest that the role of viruses in controlling microbial diversity, food-web dynamics and biogeochemical cycles in benthic environments is significantly smaller than would predicted based on data from the pelagic zones of lake sand oceans and from the abundances of free benthic viruses.



Flynn R Bacteriophage as tracers: How viruses help us understand the subsurface Recent years have seen increased use of bacterial viruses (bacteriophage) as tracers for understanding hydraulic connections in complex heterogeneous environments. The possibility of easily cultivating invisible, none-toxic bacteriophage to high concentrations makes their use as tracers attractive to hydrologists, particularly for potable water supplies. Furthermore, the absence of marine bacteriophage in potable groundwater, and the possibility of detecting these viruses at very low concentrations mean that they can be used to demonstrate hydraulic connections at levels of dilution where more widely used conservative solute tracers may not be confidently identified. However, in contrast to conservative solute tracers, bacteriophage undergo interactions with aquifer materials resulting in attenuation, which in many cases may be total over short distances. In the past this has been viewed as one of the principal disadvantages of using bacteriophage. However, more recent advances including better characterization of aquifer materials and the size and make up of bacteriophage capsid have meant that use of similarly sized bacteriophage with different capsid properties can be used to provide an insight into the physical and chemical composition of subsurface deposits, particularly when used in combination with additional solute and particle tracer types. Overall, this approach highlights potential benefits that may result from experiments using micro organisms to better understand the structure of the subsurface in years to come.



Fuhrman J, Hewson I, Schwalbach M Interactions between marine bacterial and viral community composition For several years, microbial ecologists have considered how viruses may affect microbial community composition, and the dominant idea has been the “kill the winner” hypothesis, whereby viruses are thought to help promote diversity by tending to infect and kill the most common organisms (winners of competition for resources). We have addressed this question by manipulation of field samples of plankton and sediment. Samples have come from the open sea as well as coastal waters. Experiments have included those where viruses are (1) enhanced by ultrafiltration and then added to the sample, or (2) reduced by filtration and dilution. We use sensitive molecular biological assays, usually ARISA community fingerprints, to observe community composition, and have also made measurements of specific rare groups, such as nitrogen fixers. One difficulty in such experiments is that they take so much time to observe expected effects (a few generations, typically several days) that there are often substantial community shifts from containment (“bottle”) effects in the controls, and this may mask many virus effects. In practice, we have usually found some virus effects that are consistently different from control treatments, but they are often subtle. In retrospect, it is not so surprising to see a lack of dramatic effects in experiments where we typically just make incremental changes to the virus community, and have only a few days to observe the effects. Meta-analysis of several such experiments confirms that, as expected from the “kill the winner” hypothesis, viruses have a tendency to reduce the abundance of the most common taxa and increase the relative proportions of minor taxa. But in a given single experiment, the results are usually not so clear cut. Looking at the other direction of interactions, it is reasonable to ask what controls the community composition of the viruses, and is there feedback to the bacteria again? Of course we expect viruses to in some way follow their hosts, and it may be reasonable to expect some sort of predator-prey-like cycles of shifting community composition. We have looked for such cycles on scales of days and months in a marine plankton time series study, but so far there is no strong evidence of them.



Jacquet S, Dorigo U, Delmas B, Six D, Leberre B A new virus infecting freshwater PE-rich picocyanobacteria of Lakes Annecy and Bourget (France) After isolation and characterization of two phycoerythrin-rich species of Synechococcus from Lake Annecy and Bourget (France) using flow cytometry, HPLC pigment analysis and fluorescence properties, an attempt was made to isolate one or several viruses infecting these strains. A virus was isolated and this talk will deal with its characterization (using Flow cytometry, transmission electron microscopy, protein sequence analysis) and some basic properties (burst size, host range, etc).



Jost G, Witzel, K-P Autochthonos phage-host systems – do we need them? Usually, there are about 106 bacteria per mL and in many cases a tenfold concentration of phages in aquatic ecosystems. Compared to this there are only a few reports about direct phage detection using autochthonous bacterial strains. Moreover, mostly the specific phage concentrations ranged from 1 to 10 plaque-forming units per mL. A main limitation for phage-host systems is probably the availability of host strains, recognizing the low efficiency of culturing autochthonous bacteria. Consequently, this leads to the question if the currently accessible bacterial isolates may be a sufficient basis? Different culture-independent techniques and experimental approaches are now available to answer questions at the community level. For example, the mean burst size under different nutrient conditions could be estimated by counting VLP in individual bacterial cells using transmission electron microscopy. Or the existence of mean threshold concentrations of phages to infect their host cells could be detected by dilution or phage enrichment experiments. Previously, such questions were typically studied by using phage-host systems. But how can we observe a specific phage-host interaction under environmental conditions? How many different phages are able to infect a certain host bacteria? What about the evolution of different phage-host systems under natural conditions? A short review about the published studies using autochthonous phage-host systems is presented and some examples may illustrate the potential and limitations of this approach. And what about combining specific phage-host systems with more general community approaches in the future?



Laybourn-Parry J, Madan N, Marshall C Annual viral dynamics in contrasting Antarctic lakes Viruses are a common feature of the microbial plankton of Antarctic lakes, which are systems dominated by microbial plankton with few or no zooplankton. The annual patterns of viral abundance, levels of lysogeny and production were investigated in three marine derived lakes in the Vestfold Hills (68oS). These were meromictic Ace Lake (18-20‰), Pendant Lake 18-19 ‰ and Highway Lake (4-5 ‰). Virus like particles (VLP) showed no clear seasonal pattern, with high concentrations occurring in both winter and summer, though numbers were consistently high over the winter. Pendant Lake supported the highest bacterial biomass resulting in higher bacteria: virus ratios in Ace Lake (18.6 – 126.7) and Highway Lake (30.6 – 80.0). These values are at the upper end of the spectrum of VBRs reported for marine and freshwater systems. Lysogenic bacteriophage showed a seasonal pattern with highest levels in winter (maximum 72% in Ace Lake and 32% in Pendant Lake), falling to non-detectable in summer. Corresponding VLP concentrations in the lakes suggest that the lytic cycle was occurring in winter, but viral decay rates were probably low in cold, dark waters. We found a strong negative correlation between VLP and photosynthetically active radiation (PAR) and temperature, suggesting that as PAR and temperature increased, the icecovers thinned and disappeared causing an increase in viral decay. Viral production during mid summer ranged between 0.202 to 0.823 x 106 ml-1 h-1 in Pendant Lake and 0.176 – 0.424 x 106 mL1 -1 h in Ace Lake. Bacterial concentrations and production showed only limited correlation with VLP concentrations. Overall VLP dynamics in saline Antarctic lakes appear to differ from other lakes and marine systems in a number of ways: in having high VLP numbers in winter and high VBR.



Leitet C, Riemann L, Hagström Å Prevalence of plasmids and lysogenic viruses in Baltic Sea bacterioplankton The pelagic ocean is an ever-changing environment in which the ability to adapt is a prerequisite for survival. Acquisition of new phenotypic traits may be one means of adaptation. Ecological and whole-genome studies suggest that plasmids and other extrachromosomal elements such as viruses are important for the movement of genes, and thereby traits, between bacterial populations. Current knowledge on the prevalence and diversity of plasmids and lysogenic viruses in marine bacterioplankton is, however, limited. Using the Kieser method and Mitomycin C induction, 84 bacterial strains isolated from the central Baltic proper in spring, summer and autumn were screened for the presence of plasmids and lysogenic viruses, respectively. We found that 14% of the isolates contained plasmids and 34% contained lysogenic viruses. No significant seasonal variation was seen, although fewer isolates tended to contain plasmids/viruses during summer. Plasmids and viruses were found with genome sizes in the range of 1.8 – 6.5 kb and 9 – 87 kb, respectively, and seemed to be randomly distributed among the bacterial taxa examined. Viruses with identical genome sizes were found among most bacterial taxa examined and 2 - 3 different viruses were commonly observed within one host. The widespread distribution of viruses and plasmids among Baltic isolates emphasize the potential importance of these extrachromosomal elements for bacterial adaptation. Future work will include characterizations of the isolated plasmids/viruses and comparisons to host phylogeny.



Mann N Impact of phage infection on photosynthesis in the marine picoplankton The prokaryotic component of the marine picoplankton is dominated by unicellular cyanobacteria belonging to the genera Synechococcus and Prochlorococcus and makes a significant contribution to primary production, particularly in the oligotrophic regions of the world’s oceans. Phages infecting these organisms were first characterized in 1993 are now thought to affect the genetic diversity and abundance of their hosts and to drive a significant fraction of fixed carbon into the microbial loop. Two of the key factors determining the nature of phage host interactions are host population density and host quality and a theoretical consideration of these factors can yield interesting predictions regarding the pressures that have shaped the evolutionary trajectory of these phages and consequently determine the current nature of their interactions with hosts. Evidence from a very different approach, genomics, also provides novel insights into phage-host interactions and extends current ideas and models based solely on the study of phages infecting heterotrophic bacteria. In particular, phages infecting Synechococcus and Prochlorococcus appear to be capable of subverting and modifying the host’s photosynthetic physiology in a variety of ways.



Middelboe M, Glud RN Virus dynamics in marine sediments: implications for benthic carbon cycling The recognition of viral influence on pelagic processes has in the past few years led to an increased focus on the role of viruses in benthic environments. Such studies have verified that viruses are abundant, diverse and dynamic players also in benthic communities. There are 107-109 viruses cm-3 surface sediment, which is 10-100 times higher than densities usually found in the overlying water column of the same area, and viruses therefore potentially influence bacterial mortality and biogeochemical processes in aquatic sediments. The presentation will include data on benthic viral production and distribution and discuss the impact of viruses on bacterial mortality and benthic carbon cycling in coastal and deep sea environments. Virus net production ranged from 2 to 7 x 106 VLP cm-3 h-1 in anaerobic sediment incubations (> 2 cm below sediment surface) and was closely coupled with bacterial respiration. At a coastal site, dynamic viral communities were detected even below 150 cm depth in the sediment, in association with the sulfate-methane transition zone with high rates of bacterial sulfate reduction. Doubling times of benthic viral communities of 0.5 to 6 days, suggested that viral lysis constitute an important loss factor for benthic bacteria (up to 40 % of bacterial production). However, estimated inputs of viral lysates could in general only explained 
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