Objective of the research

The objective of this research project was to investigate the population genetics and host-parasite interactions in the highly clonal freshwater bryozoans and their myxozoan parasites that cause the devastating Proliferative Kidney Disease of salmonid fish. We hypothesised that due to the prevalence of asexual modes of reproduction in the bryozoan life-cycle, many populations should show little genetic diversity. However, as the PKD parasite has the potential to exert high virulence (castration) on the bryozoan host, we further hypothesised that antagonistic coevolutionary processes may create local hotspots of bryozoan genotypic diversity and drive local adaptation in this system. To address these hypotheses, we aimed to develop high-resolution, hypervariable population genetic markers, conduct field work to collect F. sultana and monitor the distribution of the PKD parasite, and to conduct field transplant experiments to investigate the adaptive role of genotypic variation with respect to environmental drivers and parasitism.
Results of the study

A) Population genetic markers via next-generation sequencing
Massively parallel sequencing of genomic DNA was used to develop eight hypervariable microsatellite markers for assessing the clonal structure of the bryozoan F. sultana (Hartikainen and Jokela, submitted). This cutting-edge, cost-effective method has quickly become widely used for genetic marker development and our study is the first to use it for development of markers suitable for distinguishing closely related clonal genotypes. Over 900 candidate loci were identified, out of which only the most variable loci were selected. Up to 17 alleles per locus were detected and this high variation allowed clonal identities using multilocus genotypes to be unambiguously determined with only a minimum set of 3 loci. This represents a set of hypervariable markers capable of determining the clonal structure in populations with high levels of inbreeding and asexual propagation.
B) Genotypic diversity of bryozoan populations

F. sultana samples were collected from 10 locations in Switzerland, 8 populations were found to be infected with T. bryosalmonae, showing that this species is widespread especially in the Swiss lowlands. The bryozoan genotypic diversity showed marked spatial variation, from nearly monoclonal stands to populations showing indications of frequent sexual reproduction (Fig 1a). The genotypic evenness (E5) showed that low diversity populations were dominated by very few successful clones (Fig 1b). We had hypothesised that genotypic diversity of bryozoan populations could be driven by antagonistic host-parasite coevolution, given that the parasite shows high virulence by castrating the bryozoan host (Hartikainen and Okamura, in press). Our new results show that genotypic diversity and parasite prevalence are indeed highly correlated, but in an opposite direction to that required by the above hypothesis. Instead we found that bryozoan populations with lowest clonal diversities harboured the most infections (Fig 1c, swiss and other European populations included). This suggests that parasite virulence may be lower than expected, allowing strong local adaptation of the parasite to the most common bryozoan genotype present in the local population. This is supported by the results from the field exposure studies, which showed that susceptible hosts have a window of opportunity for reproduction prior to infection, thus negating the effects of castration by the parasite. Local bryozoan population structure may therefore explain why the incidence of T. bryosalmonae is patchy within bryozoan populations, whereas the disease in fish is generally widespread and outbreaks occur in consecutive years in the same localities. Environmental drivers that potentially reduce the diversity of bryozoan populations, such as habitat modification, dispersal barriers and climate change, may thus indirectly impact PKD occurrence in brown trout populations by provide reservoirs of monoclonal bryozoan populations in which the PKD parasite can multiply and persist. 
A previously unplanned experiment was conducted when access to a temporal sample set of F. sultana infected with high prevalence of T. bryosalmonae (2002-2011) from a single site in the UK became available via collaboration with The Natural History Museum, London. This population remained almost monoclonal over 7 years. The only occurrence of rare new clones followed a peak infection year, suggesting that changes in genotypic diversity may be influenced by parasitism in this population (Fig 1d). 
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	Figure 1 a) Shannon diversity index for 10 Swiss F. sultana populations, b) Evenness E5 for populations in panel a, c) diversity of 16 F. sultana populations calculated using Stoddard’s G0 index, which ranges from 1 (all individuals identical) to N (N=sample size and all individuals different) relative to infection prevalence, d) changes in proportion of infected colonies in a single site (River Cerne). The black bar represents the only departure from monoclonal population status (2 new clones appear and then disappear by 2007). Error bars show 2.5% and 97.5% quantiles around the median genotypic diversity in a-c.


C) Genotypic variation in susceptibility
Reciprocal exposure of naïve bryozoans at three sites with known high PKD prevalence in resident brown trout revealed patterns of potential local adaptation. The colonies originating from Alte Aare (AA) were more susceptible to allopatric parasites and showed equal (in Furtbach, FB) or higher (in Lyssbach, LY) susceptibility than sympatric hosts. Similarly, colonies from FB experienced higher infection levels than sympatric host-parasite combinations in LY and AA. In contrast, colonies from LY did not show increased susceptibility to allopatric parasites. The survey of population structure indicated that LY was the most diverse population. Significant genotypic variation in susceptibility within sites was also inferred. The clones originating from AA in particular showed high variation in susceptibility when exposed at home, but these differences were much reduced when exposed to allopatric parasites (Fig2 c). These results indicate complex patterns of local adaptation, with stronger host-parasite coevolutionary signal in less diverse populations. An additional unexpected result was the discovery of high infection levels by the parasite Buddenbrockia plumatellae, a close relative of Tetracapsuloides bryosalmonae. The life-cycle of this parasite is not known and collaborations are currently underway to investigate the presence of this parasite in other fish species in the affected rivers. 
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	Figure 2 a) Mean infection prevalence over all clones per site in the reciprocal exposures (number of clones in AA and FB =4, in LY =3), error bars shows +/- 1SE, b) Stoddard’s genotypic diversity in the populations from which the clones were established, c) infection prevalence of the 4 different clones originating from AA and exposed at home, in FB and LY.




Conclusions and potential impacts

This works demonstrates the evolutionary interactions of a unique host-parasite system with a colonial host incorporating sexual, asexual and vegetative reproductive modes and a parasite with a complex, multi-host life-cycle. Understanding the coevolutionary processes between bryozoans and the PKD parasite is crucial for unravelling the reasons behind the recent emergence of PKD in many European countries, and for providing management solutions for sustainable wild and farmed trout and salmon populations in the European Economic Area. The results indicate low realised virulence of the parasite and local adaptation to the most common bryozoan clones within low diversity populations. The population genetic resources created by this project will enable novel insights into host-parasite interactions involving colonial hosts, a research area for which very little theory and empirical evidence exists. This research may be relevant for conservation agencies involved with salmonid protection and fisheries and government agencies concerned with sustainable use of freshwater resources and development of aquaculture.
