Accumulation and exchange of parasites during adaptive radiation in an ancient lake
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Abstract

In the ancient Lake Baikal, amphipod crustaceans have undergone a spectacular adaptive radiation, resulting in a diverse community of species. A survey of microsporidian parasites inhabiting endemic and non-endemic amphipod host species at Lake Baikal’s margins indicates that the endemic amphipods harbour many microsporidian parasite groups associated with amphipods elsewhere in Eurasia. While these parasites may have undergone a degree of adaptive radiation within the lake, there is little evidence of host specificity. Furthermore, a lack of reciprocal monophyly indicates that exchanges of microsporidia between Baikalian and non-Baikalian hosts have occurred frequently in the past and may be ongoing. Conversely, limitations to parasite exchange between Baikalian and non-Baikalian host populations at the margins of the lake are implied by differences in parasite prevalence and lack of shared microsporidian haplotypes between the two host communities. While amphipod hosts have speciated sympatrically within Lake Baikal, the parasites appear instead to have accumulated, moving into the lake from external amphipod populations on multiple occasions to exploit Baikal’s large and diverse  community of endemic amphipods.
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1 Introduction

Adaptive radiation of host species into new ecological niches may allow them to escape from antagonistic interactions with parasites (Chew and Courtney, 1991), particularly where traits such as trophic specialisation reduce the likelihood of infection (Hablützel et al., 2017). Range expansions can also allow some host populations to escape from parasites (the ‘enemy release’ hypothesis) by moving into areas where the parasites do not occur (Keane and Crawley, 2002). Conversely, hosts may become susceptible to new parasites as a result of range expansion or evolutionary diversification (Bell and Burt, 1991). Both processes are therefore associated with turnover of parasite communities, as parasite species are lost and gained. Parasite turnover can itself become an important driver of host evolutionary diversification, as parasites reinforce reproductive isolation by selecting against hybrids or immigrants (Karvonen and Seehausen, 2012) and intensify sexual selection upon immunity traits (Eizaguirre et al., 2009). However, host diversification may also limit parasite prevalence because host species typically differ in their capacity to transmit any given parasite (Ostfeld and Keesing, 2012). A diverse community of host species is therefore expected to amplify a parasite less effectively than a less diverse community which contains a higher proportion of the optimal host species (the ‘dilution effect’) (Civitello et al., 2015). 
Particularly useful insights into the effects of range expansions and adaptive radiations upon parasite diversity and prevalence can be provided by the study of species flocks within ancient lakes. While the vast majority of the world’s lakes are no older than 10,000 years, approximately two dozen lakes are considerably older, by up to three orders of magnitude in some cases (Martens, 1997). These ancient lakes form habitat islands which contain diverse habitats but are accessible only to a limited range of freshwater species. Hence, they are characterised by internal adaptive radiations, producing ‘flocks’ of endemic species (Greenwood, 1984). The expansion of the range of a host species into an ancient lake and its subsequent adaptive radiation provide many opportunities for the loss and gain of parasites (Hablützel et al., 2017). Amphipod crustaceans are key benthic components of many lake ecosystems and have formed modest species flocks in the ancient lakes Ohrid (Macedonia-Albania), Titicaca (Peru-Bolivia), Issyk-Kul (Kyrgyzstan) and Fuxian Hu (China) 
 ADDIN EN.CITE 
(Gonzalez and Watling, 2003; Sket and Fiser, 2009; Wysocka et al., 2013)
. However, freshwater amphipods reach their greatest diversity by far in Siberia’s Lake Baikal (Macdonald et al., 2005) which contains 20% of all known non-marine amphipod species (Takhteev, 2000b). 
At 25-30 million years old, Lake Baikal is one of the World’s oldest lakes and also the deepest, reaching depths of 1637m and containing 20% of the Earth’s surface liquid fresh water. The Lake’s fauna can be divided between Baikalian species exclusive to Lake Baikal, and Siberian species with Palaearctic or Holarctic distributions (Kozhov, 1963). Adaptive differences between these two species complexes appear to prevent Baikalian species from invading surrounding bodies of water while excluding Siberian species from the main lake. This ‘immiscibility’ of Baikalian and Siberian species may be due to the unusual, super-oligotrophic conditions of the lake, which is characterised by low temperatures, high levels of dissolved oxygen (Timofeyev et al., 2010) and low levels of humic substances, allowing UV light to penetrate deeper and generate oxygen free radicals (Sommaruga and Psenner, 1997). It is proposed that, through becoming specialised to the unusual conditions of the lake, endemic Baikalian amphipods are able to competitively exclude more generalist Siberian species (Kozhov, 1963). 
Molecular phylogenetic analysis suggests that endemic Baikalian amphipods arose by speciation within Lake Baikal following one or two colonisation events (Macdonald et al., 2005). Most Baikalian amphipods are restricted to the main lake, although some species penetrate the River Angara, Baikal’s only outflow, and the lower parts of Baikal’s various tributaries (Kamaltynov, 1999). Although certain endemic Baikalian amphipods such as Gmelinoides fasciatus have been introduced successfully to other parts of Russia, even these species have failed to extend their ranges away from the lake naturally (Berezina and Panov, 2004). Phylogenetic analyses consistently place the Siberian species Gammarus lacustris as a sister species to the Baikalian amphipod clade (Macdonald et al., 2005), suggesting that the common ancestor of the Baikalian amphipods was G. lacustris or a closely related species. G. lacustris does not occur in the open lake and is restricted to nearby ponds, bays near the mouths of tributaries and portions of the lake cut off by sand bars (Kozhov, 1963).
Amphipods are host to a great diversity of microsporidian parasites, many of which can be transmitted vertically via the transovarial route (Cali and Takvorian, 2014). Some vertically transmitted microsporidian parasites of amphipods are feminisers, causing infected individuals to develop as females, whatever their genetic predisposition (Ironside et al., 2003). In theory, vertically-transmitted  parasites are expected to exhibit high levels of host fidelity and hence great likelihood of co-speciation (Smith, 2009), a prediction supported by the adaptation of vertically transmitted microsporidia to local populations of amphipods (Hatcher et al., 2005). On this basis it is expected that a co-evolutionary diversification of microsporidian parasites may have taken place in Lake Baikal, accompanying the adaptive radiation of their amphipod hosts. 
Additionally, the cold, super-oligotrophic conditions within Lake Baikal may have provided opportunities for amphipods to escape from some microsporidian parasites.  Vertical transmission, replication and feminization by amphipod microsporidia can all be affected by changes in temperature 
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(Dunn et al., 2006; Kelly et al., 2002)
 and these effects can vary between species. Ecological specialisation also has the potential to have allowed Baikalian amphipods to escape from their parasites. Their common ancestor is likely to have been a generalist benthic detritivore and facultative predator like G. lacustris (Hynes and Harper, 1972). While, many Baikalian amphipods retain this generalist lifestyle, others have adapted to very different ecological niches, including the sponge epibiont Dorogostaiskia parasitica and the pelagic zooplanktivore Macrohectopus branickii (Kozhova and Izmesteva, 1998). Such radical changes in trophic ecology have the potential to select against microsporidian species which rely upon horizontal transmission via environmental spores and/or intermediate hosts.
Recent molecular studies indicate that microsporidia of Baikalian amphipods include the genera Dictyocoela and Nosema which also occur in European amphipod hosts 
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(Kuzmenkova et al., 2008; Madyarova et al., 2015; Wilkinson et al., 2011)
. A large number of additional small subunit ribosomal RNA sequences from Baikalian amphipods have been submitted to Genbank, some of which have been putatively identified as belonging to the genus Cucumispora, which also infects amphipod hosts in Europe 
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(Bojko et al., 2017)
. However, other microsporidian sequences from Baikalian amphipods bear no obvious relation to any described microsporidian species. 
This study provides the first comparison of microsporidian diversity and prevalence between endemic amphipods within Lake Baikal and the closely related Holarctic species, G. lacustris. It also provides a phylogenetic analysis of the various microsporidia discovered in endemic amphipods of Lake Baikal, comparing them with those discovered in other amphipod species. These comparisons provide insights into the turnover in the microsporidian parasite community which has resulted from adaptive radiation of amphipod hosts within this ancient lake.
2 Materials and Methods
2.1 Collection and Storage

Amphipods were sampled from the shallow littoral zone (< 2m depth) of Lake Baikal, the outflowing River Angara, the tributary River Barguzin and nearby ponds using a hand net. All samples were collected from the Southern part of the lake shore, including Olkhon Island (Table 1, Fig 1). All sampled individuals were separated approximately into species by inspection and placed in 80% Ethanol for preservation, during transport. More precise identification was performed in the laboratory (Takhteev, 2000a). In addition to samples from ponds and rivers adjacent to Lake Baikal (Table 2), the Eurasian freshwater amphipod G. lacustris and its close relative Gammarus pulex were also collected from lakes and rivers in other parts of northern Eurasia. The Baikalian species G. fasciatus was also collected from Lake Ladoga, within its introduced range in Europe.
2.2 DNA extraction and screening
Amphipods were dissected under a stereoscopic microscope to remove all parts of the exoskeleton. Where possible the gut was removed from the sample to reduce bacterial contamination. Instruments were flame-sterilised between dissections, to avoid cross-contamination. Genomic DNA was extracted from the remaining soft tissues using a Qiagen DNeasy tissue kit, according to manufacturer’s instructions (Purification of Total DNA from Animal Tissues protocol). The concentration of genomic DNA within each sample was quantified using a NanoDrop 1000 spectrophotometer (Thermo Fisher), indicating a range of concentrations from 20-100 ng/μl.
In order to test the quality of DNA and to ascertain that the DNA concentration was appropriate for PCR, a 710 bp fragment of the host amphipod’s mitochondrial Cytochrome C Oxidase subunit 1 gene (COI) was initially amplified from each sample using the universal primer pair LCO1490 (5'-ggtcaacaaatcataaagatattgg-3') and HC02198 (5'-taaacttcagggtgaccaaaaaatca-3') (Folmer et al., 1994). PCR products were visualised by electrophoresis on a 1% agarose gel, stained with the intercalating dye SYBR safe (Thermo Fisher Scientific). Where no band was obtained, the concentration of the sample was adjusted and amplification was attempted again. Only samples for which good amplification of COI was obtained were subjected to further analysis.

Each sample was then subjected to two separate PCR screens for microsporidian DNA, each of which amplified a fragment of the microsporidian small subunit ribosomal RNA gene. With reference to the Encephalitozoon cuniculi complete rDNA unit (Genbank: AJ005581) the primers of pair V1f (5'-caccaggttgattctgcctgac-3') and 1492r (5'-ggttaccttgttacgactt-3') (Weiss et al., 1994) anneal at positions 1749 and 3015 respectively, producing a 1266 bp PCR product. The primers of pair 18f (5'- cacaggttgattctgcc-3') and 1537r (5'-ttatgatcctgctaatggttc-3') (Baker et al., 1995) anneal at positions 1750 and 3046 respectively, producing a 1296 bp PCR product. This fragment of the SSU rDNA contains a highly variable region of DNA in microsporidia of the genus Dictyocoela (Wilkinson et al., 2011), making it a suitable sequence for revealing intraspecific variation and variation between closely related species.
All PCR reactions were performed in 25µl volumes with 1µl of genomic DNA added to a master mix containing 1 µM of each primer, 200 µM of each dNTP and 0.625 Units of native Taq polymerase (Invitrogen, Paisley, UK). After an initial denaturing step at 95ºC for 5mins, conditions were 35 cycles of 95ºC for one minute, 50ºC for one minute and 72ºC for one minute, followed by a final extension at 72ºC for 5 mins. The amphipod microsporidia N. granulosis and D. duebenum were used as positive controls. 
PCR products were visualised by electrophoresis on a 1% agarose gel, stained with the intercalating dye SYBR safe (Thermo Fisher Scientific). Bands were cut from the gel and DNA was extracted using a QIAquick Gel Extraction Kit (Qiagen). PCR products were sequenced in both directions with the primers V1f, 1492r and an additional primer 964r (5'-cgcgttgagtcaaattagccgcacac-3') (Terry et al., 2004) which binds at position 2571 of the E. cuniculi reference sequence. Capillary array Sanger sequencing was performed on an ABI 3100 DNA analyser. 

In order to detect any instances of infection with multiple microsporidian genotypes or intragenomic variation among copies of the SSU rDNA gene, all chromatograms were inspected carefully by eye for evidence of double peaks. To ascertain that the four Dictyocoela clades detected in our samples (Section 3.3) represented different genotypes rather than variant rDNA copies, microsporidian SSU rDNA fragments were re-amplified from the genomic DNA of four hosts belonging to clades 1, 3, 4 and 5 using the primer pair V1f and 1492r. The resulting PCR products were inserted into a pCR™4-TOPO® vector (Thermo Fisher Scientific) and cloned using chemically competent One Shot® TOP10 E. coli according to the manufacturer’s instructions. At least seven clones of each product were sequenced using the primers T3 (5'-attaaccctcactaaaggga-3') and T7 (5'-taatacgactcactataggg-3'), which bind to the regions of the vector flanking the insert.
2.3 Analysis of microsporidian prevalence and diversity
Fisher’s exact test was used to compare the prevalence (pooled across all localities and host species) of each microsporidian species between Lake Baikal and adjacent freshwater habitats. For G. fasciatus, the only host species discovered both within and outside of Lake Baikal, microsporidian prevalence was compared between the two habitat types. Finally, microsporidian prevalence in G. lacustis populations of the Lake Baikal region was compared with microsporidian prevalence in G. lacustris and G. pulex populations in other parts of Eurasia.
2.4 Phylogenetic analysis

Single-locus phylogenies of microsporidian sequences were constructed using the SSU rDNA locus, since this allowed the large number of Baikalian microsporidian sequences previously deposited in Genbank to be used. Sequences were identified to genus level by conducting a BLAST search of Genbank with a cut off of 98% identity. Dictyocoela SSU rRNA sequences from Baikalian amphipods, along with Dictyocoela SSU rRNA sequences from Gammarus lacustris and its close relative Gammarus pulex were aligned using ClustalW, implemented in MEGA6 (Tamura et al., 2013). Dictyocoela berillonum (Genbank: AJ438957) and Dictyocoela cavimanum (Genbank: AJ438959) were included as outgroups. Separate trees were produced for the direct and cloned sequences. In both cases, the Hasegawa-Kishino-Yano model of evolution with gamma distributed rate variation among sites (HKY+G) provided the best fit to the data, according to the Akaike Information Criterion, implemented in MEGA6, and this was used to build phylogenetic trees using Bayesian inference, implemented in MRBayes (Huelsenbeck and Ronquist, 2001). Cucumispora SSU rRNA sequences from Baikalian and Eurasian freshwater amphipods were aligned using ClustalW, implemented in MEGA6. Dictyocoela duebenum and Microgemma tincae were included as outgroups. Again, the HKY+G model of evolution provided the best fit to the data and was used to build Bayesian phylogenetic trees. 

Similar Bayesian phylogenetic analyses were performed upon a group of microsporidian SSU sequences containing the genus Helmichia and two groups which are not yet associated with any described microsporidian species but include sequences amplified from Baikalian and European amphipod host species and submitted to Genbank. The Helmichia group includes the sequences denoted Microsporidium spp. 505, 515, 1154 and 1199 by Krebes et al. (2010) and previously detected in European populations of the amphipods G. pulex, G. duebeni and G. roselii 
 ADDIN EN.CITE 
(Grabner et al., 2015; Krebes et al., 2010)
. In this case, the Tamura-Nei model of evolution with gamma-distributed rate variation (TN93+G) provided the best fit to the data and the species Nucleospora salmonis and Vittaforma corneae were used as outgroups. 
One group of sequences containing no described species includes an SSU rRNA sequence associated with a feminising parasite of the North American amphipod Corophium volutator 
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(Mautner et al., 2007)
, in addition to sequences from European populations of the invasive amphipods Gammarus tigrinus and Echinogammarus trichiatus 
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(Arundell et al., 2015; Grabner et al., 2015)
. Again, the TN93+G model provided the best fit to the data. The species Cucumispora ornata and Trichonosema pectinatellae were used as outgroups. A second group of sequences includes the only non-Dictyocoela sequence obtained to date from a G. lacustris population near to Lake Baikal, denoted Microsporidium sp. BSEI1 LAC. In this case, the General Time Reversible model of evolution with gamma-distributed rate variation (GTR+G) provided the best fit to the data and the species Hazardia milleri and Berwaldia schaefernai were used as outgroups.
3 Results
3.1 Distribution of amphipod hosts
Several ponds near Irkutsk, on the outflowing river Angara, contained G. lacustris while other ponds, and the River Angara itself contained the Baikalian micruropodid species G. fasciatus (Table 2). Gammarus lacustris was also collected from ponds in the Zabaikalsky National Park, near the shore of Lake Baikal while G. fasciatus was collected from the small Lake Khankoy at Yalga, on the Island of Olkhon and from the River Barguzin, a tributary of Lake Baikal. Gmelinoides fasciatus and G. lacustis were never found within the same pond. Gammarus lacustris appeared to prefer more eutrophic ponds while G. fasciatus was found in oligotrophic ponds more similar in appearance to the main lake. 
Amphipod assemblages in the shallow littoral zone of Lake Baikal were dominated by the Baikalian acanthogammarids Eulimnogammarus verrucosus, E. vittatus and E. cyaneus along with the micruropodid G. fasciatus. At certain sites around the lake, the acanthogammarid Brandtia latissima and the micruropodid Micruropus vortex were also present in sizeable numbers.
3.2 Prevalence of microsporidia
Microsporidian parasites with SSU rDNA sequences similar to those of Dictyocoela duebenum and Dictyocoela muelleri were detected at high prevalence in populations of G. lacustris from ponds near Lake Baikal and from other locations in Europe (Table 2). Dictycoela-like sequences were also detected in B. latissima and E. vittatus from Lake Baikal (Table 2) and in G. fasciatus from ponds and rivers near to Lake Baikal (Table 2). A sequence similar to those of Cucumispora ornata and Cucumispora dikerogammari was also amplified from two B. latissima individuals (Table 2). Sequences similar to that of Nosema granulosis (MG062889-92) were detected in G. pulex at Lake Morozovskoye (western Russia) but were absent from all other samples, including those from Lake Baikal.

Across all species and locations, the prevalence of Dictycoela was significantly lower in amphipods from the main Lake Baikal than from nearby ponds and rivers (Fisher Exact p= 0.00,Table 2). This difference is due mainly to the high prevalence of Dictyocoela in G. lacustris, which was not found within the main lake. In G. fasciatus, the only species collected both within and outside of the lake, Dictyocoela was not detected in samples from the main lake, despite its presence in nearby water bodies. The prevalence of Dictycoela was variable in G. lacustris and G. pulex samples from near Lake Baikal and from elsewhere in Eurasia (Table 2), but it was generally higher than in Baikalian endemic species.
3.3 Phylogenetic analysis
The Dictyocoela sequences from G. lacustris sampled from near Lake Baikal were genetically diverse, including some sequences similar to D. muelleri (Fig. 2, Clade 5) but also sequences which did not group with any designated species, such as those of Clade 3. Similar results were obtained from European samples of G. lacustris and G. pulex, the majority of which also contained both D. muelleri and other Dictyocoela sequences, such as those of Clade 4. 
Dictyocoela sequences amplified from Baikalian endemic amphipods were also diverse (Fig. 2). Clade 1, containing the feminising species D. duebenum, includes sequences from many Baikalian endemic host species, including all eight sequences amplified from the sponge epibiont Dorogostaiskia parasitica. Sequences amplified from G. fasciatus outside of Lake Baikal also fell within this clade. Clade 2 is composed entirely of sequences from the Baikalian host G. fasciatus, while Clade 4 includes sequences amplified from the Baikalian host Eulimnogammarus cyaneus and specimens of the European host Gammarus pulex, collected from Western Russia and Britain.  Dictyocoela sequences from G. lacustris and those from Baikalian amphipods are not reciprocally monophyletic. Some haplotypes are shared between D. duebenum isolated from G. lacustris near Lake Baikal and those isolated from G. lacustris in western Russia. However, none of the SSU rDNA haplotypes of Dictyocoela isolated from G. lacustris was identical to any of those obtained from Baikalian amphipods.
Cloning and sequencing of Dictyocoela SSU rRNA PCR products from representatives of clades 1, 3, 4 and 5 revealed some sequence heterogeneity within PCR products extracted from single hosts. In all cases, heterogeneity was caused by single nucleotide substitutions or single nucleotide indels. Phylogenetic analysis divided cloned sequences from different hosts into separate clades (Fig. 3), indicating that the Dictyocoela SSU rDNA clades identified in this study represent divergence among genotypes, rather than between copies of the rDNA unit within genotypes. 
In addition to the sequence amplified from B. latissima in this study, Cucumispora-like SSU rDNA sequences have been discovered previously in many other Baikalian amphipod hosts (Fig. 4). A wide range of Baikalian host species are infected and there is no evidence of host-specificity associated with any clade of Cucumispora sequences. Although no Cucumispora sequences were discovered in G. lacustris, a sequence amplified from the congeneric host species G. chevreuxi falls within the associated clade. Shorter sequences with high similarity to Cucumispora have also been amplified from the congeneric hosts Gammarus setosus (Genbank: MF428415) and Gammarus roselii 
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(Bojko et al., 2017)
. As in Dictyocoela, the Baikalian and non-Baikalian Cucumispora sequences do not exhibit reciprocal monophyly. 
SSU rRNA sequences corresponding to an additional group of microsporidia, containing the genus Helmichia, have been amplified from Baikalian amphipods, including generalists such as G. fasciatus and specialists such as D. parasitica (Fig. 5). Phylogenetic analysis divided these sequences into three major clades, all of which contain sequences from Baikalian and non-Baikalian hosts. These sequences do not show reciprocal monophyly, suggesting multiple transitions between Baikalian and non-Baikalian host species. In Clade 1, very similar sequences are found in the European amphipod hosts G. duebeni, G. pulex and G. roselii and in the Baikalian endemic host G. fasciatus. Clade 3 contains a single sequence from the Baikalian host Micruropus wahlii, nested within sequences from the European host G. duebeni. Clade 2 contains Helmichia lacustris, a parasite of the insect host Chironomus plumosus (Tokarev et al., 2012). Only a single Helmichia sequence is available and this is nested within a clade which otherwise consists of sequences from the Baikalian amphipods D. parasitica and Acanthogammarus lappaceus.
A further group containing a sequence corresponding to the undescribed feminising microsporidian of Corophium volutator 
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(Mautner et al., 2007)
, also contains a sequence from the specialist Baikalian endemic D. parasitica (Fig. 6). The Baikalian sequence is highly similar to sequences from introduced populations of the North American amphipod Gammarus tigrinus (Grabner et al., 2015) and the Ponto-Caspian amphipod Echinogammarus trichiatus 
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(Arundell et al., 2015)
.
Only one record exists for a non-Dictyocoela parasite of G. lacustris collected from near Lake Baikal (Genbank: FJ756154). This falls within a clade of microsporidia which has otherwise been collected only from Baikalian amphipod host species (Fig. 7). With this one exception, no microsporidian parasites other than Dictyocoela have been reported from G. lacustris in Europe or Asia to date.

A single microsporidian SSU rDNA sequence was obtained from the Baikalian endemic amphipod G. fasciatus in its introduced European range (Genbank: MF405266). This sequence does not correspond to any described species but is highly (98%) similar to a sequence (Genbank: KC111788) obtained from compost in the North American city of Vancouver (Ardila-Garcia et al., 2013). 

4 Discussion
Although the results presented here suggest differences in prevalence and a degree of segregation between microsporidia of Baikalian endemic amphipods and more widely distributed amphipod species, there is no clear evidence of a Microsporidian species flock in Lake Baikal. Instead, the endemic amphipod species of this ancient lake appear to have been colonised by microsporidian parasites from a variety of different sources. Some of these, such as Nosema, Dictyocoela, Cucumispora and the Helmichia-like group are widespread parasites of amphipods in Europe and northern Asia 
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(Bojko et al., 2017; Krebes et al., 2010; Madyarova et al., 2015; Wilkinson et al., 2011)
. While other groups of microsporidia are known only from Baikalian amphipods, this is likely to be a consequence of sampling bias owing to the relatively high number of Baikalian amphipod species and individuals screened for microsporidia, as indicated by sequences submitted to Genbank.

Amphipods of the Holarctic species G. lacustris inhabiting ponds at the margins of Lake Baikal exhibit infection with microsporidia of the genus Dictyocoela at high prevalence and high genetic diversity. In contrast, populations of Baikalian endemic amphipods from the edges of the lake and from nearby ponds and rivers exhibit low prevalence of Dictyocoela and occasional infection with other microsporidian species, such as Cucumispora, which was not detected in G. lacustris. The apparent absence of Dictyocoela muelleri in Baikalian endemic hosts screened in this study and in that of Madyarova et al. (2015) is notable, given its presence in adjacent populations of G. lacustris and suggests that certain microsporidian species are unable to colonise Baikalian endemic hosts. Conversely, the presence of Microsporidium sp. BSEI1 BLAC in G. lacustris at the margins of Baikal suggests escape of Baikalian microsporidia from Baikalian endemic hosts, given that this species has not been discovered in G. lacustris or other palearctic amphipod host species at other locations.
The presence of Dictyocoela in the Baikalian endemic G. fasciatus at low prevalance in habitats outside of Lake Baikal suggests that it is not the specific properties of the lake habitat that prevent Dictyocoela from reaching high prevalence in this host species. This conclusion is supported by the results from Irkustk, in which Dictyocoela was not detected in G. fasciatus sampled from the River Angara despite its high prevalence in G. lacustris sampled from adjacent ponds. This result also suggests that the low prevalence of Dictyocoela in Lake Baikal is not due to the lake’s high diversity of amphipod host species, since G. fasciatus was the only amphipod species discovered in the pond and river habitats in which it was found. Nonetheless, a possible effect of habitat on Dictyocoela prevalence cannot be ruled out, given that G. lacustris was never discovered in the same habitat as any Baikailian amphipod species, even outside of Lake Baikal. In general, the habitats occupied by G. fasciatus appeared less eutrophic than those occupied by G. lacustris, suggesting that some property of the eutrophic environment might favour transmission of Dictyocoela.
It is possible that Dictyocoela was originally transmitted to the Baikalian endemic amphipods from G. lacustris or another Siberian amphipod species at some point in the history of Lake Baikal. However, the lack of reciprocal monophyly between Dictyocoela of Baikalian amphipods and those of G. lacustris suggests that, in this case, transmission between Baikalian and palearctic amphipods has occurred on multiple separate occasions, rather than through a single introduction to Lake Baikal at the time of colonisation by the G. lacustris​-like ancestor of the Baikalian amphipods. Similarly, the lack of reciprocal monophyly between Baikalian and non-Baikalian sequences of Cucumispora and the Helmichia-like group suggests that both of these microsporidian groups entered Lake Baikal from multiple sources. Conversely, it is possible that some microsporidian species may have adapted to exploit Baikalian endemic hosts and radiated within Lake Baikal, before escaping the lake, possibly by infecting species such as G. fasciatus which can tolerate non-Baikalian environmental conditions.
In Europe, Dictyocoela does not show clear evidence of co-evolution with its amphipod hosts, although certain strains appear to predominate in particular host species (Wilkinson et al., 2011). The overall impression is that Dictyocoela has undergone frequent transitions between host species accompanied by a limited degree of adaptation and host-specialisation. The ability of Dictyocoela to switch host readily, despite its apparent reliance upon vertical transmission, has been demonstrated through the invasion of Europe by Ponto-Caspian amphipod species. The European microsporidia Dictyocoela duebenum and Dictyocoela berillonum have not been found in the Ponto-Caspian region yet parasitise the invasive Ponto-Caspian amphipods Dikerogammarus villosus, Echinogammarus trichiatus and Pontogammarus robustoides in Europe 
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(Arundell et al., 2015; Wattier et al., 2007; Wilkinson et al., 2011)
. The apparent ability of Dictyocoela species to switch hosts readily argues against the assumption that vertically transmitted parasites will always show strong host fidelity (Smith, 2009) and suggests that caution should be applied to the introduction of microsporidia to novel ecosystems for biological control of invasive amphipods (Bojko et al., 2015).
Most hosts infected with Dictyocoela appear asymptomatic, with only occasional hosts exhibiting the large focal infections associated with horizontal transmission in other amphipod microsporidia such as Pleistophora mulleri (Terry et al., 2003) and Cucumispora dikerogammari (Ovcharenko et al., 2010). It is not known whether Dictyocoela accomplishes host species switching by direct transmission between amphipod hosts or utilises an alternate host in its life cycle, as does Amblyospora (Sweeney et al., 1985). In contrast, Cucumispora produces large focal infections in the musculature of its amphipod hosts (Ovcharenko et al., 2010) and there is a clear mechanism for direct transmission between amphipod hosts. Laboratory studies have shown that C. dikerogammari can infect native European amphipods (Bacela-Spychalska et al., 2012), suggesting a broad host range. The lack of association between clades of Cucumispora and specific host species in Lake Baikal also suggests a lack of host specificity in parasites of this genus.
Helmichia-like microsporidia have not been described from amphipod hosts, although their presence is indicated by sequences amplified from European Gammarus species 
 ADDIN EN.CITE 
(Grabner et al., 2015; Krebes et al., 2010)
 as well as Baikalian endemic amphipods. All described Helmichia species are parasites of non-biting midge larvae of the family Chironomidae (Tokarev et al., 2012). Interestingly, chironomid midges are the only group of insects to inhabit the open waters of Lake Baikal, including the Baikalian endemic genus Sergentia, which has radiated to occupy all bathymetric zones of the lake, making Sergentia species the World’s deepest dwelling insects (Papoucheva et al., 2003). The parallel adaptive radiations of amphipods and chironomids within Lake Baikal may have played a role in driving microsporidia to switch between these arthropod host groups.
There is little evidence that Baikalian endemic amphipods have escaped microsporidian parasitism through habitat specialisation. In this respect, it is notable that a wider variety of microsporidian parasites have been found within the sponge epibiont D. parasitica than within generalists such as Eulimnogammarus species. The Dictyocoela sequences amplified from D. parasitica are all very similar to that of D. duebenum, a microsporidian with efficient transovarial transmission and the ability to feminise genetically male hosts (Ironside et al., 2003). Dorogostaiskia parasitica also hosts a close relative of Microsporidium sp. C81, another transovarially transmitted feminiser 
 ADDIN EN.CITE 
(Mautner et al., 2007)
. The feminising strategy reduces emphasis upon horizontal transmission and hence may allow parasites to persist in hosts which have evolved high degrees of habitat specialisation. However, the discovery that D. parasitica is also parasitised by several different Cucumispora and Helmichia-like parasites indicates that it is not inaccessible to horizontal transmission. This may reflect the fact that habitat specialisation does not appear to have led to dietary specialisation in D. parasitica (Mekhanikova, 2010).
In summary, it appears that the high diversity, density and longevity of the amphipod community within Lake Baikal has allowed it to accumulate most of the microsporidian parasites associated with amphipods in other parts of Eurasia. While these parasites may have undergone a degree of adaptive radiation within the lake, it is likely that exchanges of microsporidia between Baikalian and non-Baikalian hosts have occurred frequently in the past and may be ongoing. Conversely, limitations to parasite exchange between Baikalian and non-Baikalian host populations at the margins of the lake are implied by their differences in parasite prevalence and lack of shared microsporidian haplotypes. A novel and unexpected conclusion of this study is that, while the hosts appear to have speciated sympatrically within Lake Baikal, the parasites appear instead to have accumulated, moving into the lake from external amphipod populations on multiple occasions to exploit Baikal’s large and diverse  community of endemic amphipods.
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Tables
Table 1: Locations in Lake Baikal region from which amphipods were collected

	Location
	Latitude
	Longitude
	Habitat(s)

	Lystvyanka
	N51.843
	E104.876
	Lake Baikal and River Angara

	Babushkin
	N51.719
	E105.850
	Lake Baikal

	Bolshoi Koty
	N51.904
	E105.076
	Lake Baikal

	Kultuk
	N51.700
	E103.699
	Lake Baikal

	Zabaikalsky National Park
	N53.629
N53.611
	E109.008
E108.981
	Lake Baikal

Ponds

	Irkutsk
	N52.163

N52.143

N52.184
	E104.163

E104.186

E104.161
	River Angara

Reservoir

Ponds

	Barguzin
	N53.364
	E109.382
	River Barguzin

	Ust Barguzin
	N52.245
	E108.592
	Lake Baikal

	Olkhon Ferry
	N53.012
	E106.555
	Lake Baikal

	Yalga
	N53.091
	E107.103
	Lake Baikal and Lake Khankhoy

	Khuzhir
	N53.122
	E107.202
	Lake Baikal


Table 2: Microsporidian parasites detected in amphipods sampled from the shallow littoral zone of Lake Baikal, from ponds and rivers near Lake Baikal and from ponds and rivers in Europe. Genbank accession numbers are provided for all unique sequences identified within a sample.
	Location
	Host species
	Sample size (infected)
	Microsporidian genus
	Clade
	Prevalence

(95% CI)
	Accession numbers

	Lake Baikal
	
	
	
	
	
	

	Lystvyanka
	E. verrucosus
	10 (0)
	-
	-
	0-0.30
	-

	
	E. cyaneus
	18 (0)
	-
	-
	0-0.19
	-

	Babushkin
	E. verrucosus
	10 (0)
	-
	-
	0-0.31
	-

	Bolshoi Koty
	E. verrucosus
	10 (0)
	-
	-
	0-0.31
	-

	
	E. vittatus
	10 (0)
	-
	-
	0-0.31
	-

	
	B. latissima
	12 (0)
	-
	-
	0-0.26
	-

	
	G. fasciatus
	6 (0)
	-
	-
	0-0.46
	-

	Kultuk
	E. verrucosus
	20 (0)
	-
	-
	0-0.17
	-

	
	E. vittatus
	10 (0)
	-
	-
	0-0.31
	-

	
	E. cyaneus
	10 (0)
	-
	-
	0-0.31
	-

	
	B. latissima
	10 (1)
	Dictyocoela
	1
	0.00-0.44
	MG029394

	
	
	(2)
	Cucumispora
	-
	0.03-0.56
	

	Zabaikalsky
	E. vittatus
	22 (0)
	-
	-
	0-0.15
	-

	Ust Barguzin
	E. vittatus
	12 (2)
	Dictyocoela
	1
	0.02-0.48
	MG029374
MG029375

	Olkhon Ferry
	E. vittatus
	12 (0)
	-
	-
	0-0.26
	-

	Khuzhir
	E. vittatus
	12 (0)
	-
	-
	0-0.26
	-

	
	
	
	
	
	
	

	Ponds/rivers near Baikal
	
	
	
	
	
	

	Irkutsk (River Angara)
	G. fasciatus
	24 (0)
	-
	-
	0.00-0.14
	-

	Irkutsk reservoir
	G. fasciatus
	24 (1)
	Dictyocoela
	1
	0.00-0.21
	MG029373

	Barguzin (River Barguzin)
	G. fasciatus
	11 (0)
	-
	-
	0-0.2849
	-

	Yalga (Lake Khankhoy)
	G. fasciatus
	12 (1)
	Dictyocoela
	1
	0.00-0.38
	MG062893

	Zabaikalsky pond
	G. lacustris
	20 (7)
	Dictyocoela
	3, 5
	0.15-0.59
	MG029369, MF399467,
MG063275

	Irkutsk pond
	G. lacustris
	22 (14)
	Dictyocoela
	3, 4, 5
	0.41-0.83
	MG029384-91, MF399461-63, MF399469-70

	
	
	
	
	
	
	

	Ponds/rivers in Europe
	
	
	
	
	
	

	Kartesh, Russia
	G. lacustris
	17 (4)
	Dictyocoela
	1, 4
	0.07-0.50
	MG029383, MG029392-93

	Stanton Craig, UK
	G. pulex
	12 (2)
	Dictyocoela
	5
	0.02-0.48
	MG029372, MF399468

	Gdynia, Poland
	G. pulex
	16 (5)
	Dictyocoela
	4
	0.11-0.59
	MG029378-82

	Lake Morozovskoye, Russia
	G. pulex
	15 (7)
	Dictyocoela
	4, 5
	0.21-0.73
	MG029370-71, MF399464-66, MF399471

	
	
	15 (5)
	Nosema
	-
	0.12-0.62
	MG062889-92

	Lake Ladoga, Russia
	G. fasciatus
	7 (1)
	Microsporidium
	-
	0.00-0.58
	MF405266


Legends to figures
Figure 1: Locations in Lake Baikal region from which amphipods were collected.
Figure 2: Phylogenetic tree of Dictyocoela SSU rDNA sequences from freshwater amphipod hosts of Lake Baikal, nearby water bodies and other locations in Eurasia. The tree was produced according to the Bayesian Inference criterion, using the Hasegawa-Kishino-Yano model of evolution with gamma distributed rate variation among sites (HKY+G). * indicates samples collected from Lake Baikal, while † indicates samples collected from nearby ponds and rivers. Host species are indicated by the following abbreviations: Gd = Gammarus duebeni, Dp = Dorogostaiskia parasitica, Gf = Gmelinoides fasciatus, Al = Acanthogammarus lapaceus, Av = Acanthogammarus victorii, Em = Echinogammarus marinus, Pc = Pallasea cancellus, Bl = Brandtia latissima, Gl = Gammarus lacustris, Gfo = Gammarus fossarum, Gps = Gammarus pseudolimnaeus, Ec = Eulimnogammarus cyaneus, Gp = Gammarus pulex, Gr = Gammarus roseli. Sequences obtained in the current study are indicated in bold. Where several sequences are identical at informative sites, only one sequence is included in the tree. The identical sequences available on Genbank are listed in Supplementary Table S1.
Figure 3: Phylogenetic tree of cloned Dictyocoela SSU rDNA sequences from four amphipod hosts. The tree was produced according to the Bayesian Inference criterion, using the Hasegawa-Kishino-Yano model of evolution with gamma distributed rate variation among sites (HKY+G).

Figure 4: Phylogenetic tree, showing position of Microsporidium sp. BL SSU rDNA sequences and related sequences from freshwater amphipod hosts of Lake Baikal. The tree was produced according to the Bayesian Inference criterion, using the Hasegawa-Kishino-Yano model of evolution with gamma distributed rate variation among sites (HKY+G). * indicates samples collected from Lake Baikal. Host species are indicated by the following abbreviations: Pk = Pallaseopsis kessleri, Gf = Gmelinoides fasciatus, Bl = Brandtia latissima, Dp = Dorogostaiskia parasitica, Oa = Ommatogammarus albinus, Bg = Brachyuropus grewingkii, Lv = Linevichella vortex, Av = Acanthogammarus victorii, Pc = Pallasea cancellus, Gch = Gammarus chevreuxi, Dh = Dikerogammarus haemobaphes, Mp = Micruropus platycercus, Gc = Garjajewia cabanisii, Ec = Eulimnogammarus cyaneus, Gd = Gammarus duebeni, Cf = Crangonyx floridanus, Dv = Dikerogammarus villosus, Cp = Crangonyx pseudogracillis, Lh = Lepeophtheirus hospitalis. Sequences obtained in the current study are indicated in bold. Where several sequences are identical at informative sites, only one sequence is included in the tree. The identical sequences available on Genbank are listed in Supplementary Table S2.
Figure 5: Phylogenetic tree, showing microsporidian rDNA sequences belonging to a clade containing the genus Helmichia. The tree was produced according to the Bayesian Inference criterion, using the Tamura-Nei model of evolution with gamma distributed rate variation among sites (TN93+G). * indicates samples collected from Lake Baikal. Host species are indicated by the following abbreviations: Gd = Gammarus duebeni, Gp = Gammarus pulex, Gr = Gammarus roselii, Gf = Gmelinoides fasciatus, Dp = Dorogostaiskia parasitica, Lv = Linevichella vortex, Ev = Eulimnogammarus verrucosus, Cp = Chironomus plumosus, Al = Acanthogammarus lappaceus, Mw = Micruropus wahlii. Where several sequences are identical at informative sites, only one sequence is included in the tree. The identical sequences available on Genbank are listed in Supplementary Table S3.
Figure 6: Phylogenetic tree, showing position of the feminising Microsporidium sp. C81 SSU rDNA sequence and related sequences from freshwater amphipod hosts of Europe and Lake Baikal. The tree was produced according to the Bayesian Inference criterion, using the Tamura-Nei model of evolution with gamma distributed rate variation among sites (TN93+G). * indicates samples collected from Lake Baikal. Host species are indicated by the following abbreviations: Gt = Gammarus tigrinus, Et = Echinogammarus trichiatus, Dp = Dorogostaiskia parasitica, Cv = Corophium volutator.
Figure 7: Phylogenetic tree, showing position of Microsporidium sp. BSEI1 LAC SSU rDNA sequences and related sequences from freshwater amphipod hosts of Lake Baikal. The tree was produced according to the Bayesian Inference criterion, using the General Time Reversible model of evolution with gamma distributed rate variation among sites (GTR+G). * indicates samples collected from Lake Baikal, while † indicates samples collected from nearby ponds and rivers. Host species are indicated by the following abbreviations: Gl = Gammarus lacustris, Pk = Pallaseopsis kessleri, Bl = Brandtia latissima, Mw = Micruropus wahlii.
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