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1. General introduction 
Most of the current studies on tapeworms are focused on morphology, phylogeny and 
phylogeography. The main topics of published studies are descriptions of newly discovered 
species and species redescriptions, generally using combination of molecular markers and 
morphological data, or whole genome and mitochondrial genome descriptions. Despite the 
ubiquitous nature, diversity and medical significance of cestodes, the population genetic 
studies on tapeworms are still not as common as the above mentioned types of studies, 
although the importance of population genetics and host-parasite comparative studies is 
being mentioned by some authors (Huyse et al. 2005; Poulin et al. 2011; Møller et al. 2013). 
To date, studies on genetic characterization of tapeworm populations were largely limited to 
species of medical and/or economic interest (Poulin & Morand 2000; Sharma et al. 2013; 
Addy et al. 2017; Sanpool et al. 2017). Although a fair number of genes has been identified 
as suitable targets for studies on phylogeny of parasites (Olson & Tkach 2005; Chambrier et 
al. 2015), far less has been done in search of reliable markers to study their population 
genetics. Therefore, there is still a large area of parasitology to explore, especially in taxa in 
which biogeography and population structure were heavily affected by the human activity 
(Zarlenga et al. 2014), as well as those in which biogeographically significant phenomena 
might be expected (see below). 

Genes most widely used for phylogenetic studies are small (SSU) and large (LSU) subunit 
ribosomal DNA (Olson et al. 2001; Olson & Tkach 2005), whereas mitochondrial genes are 
the most suitable markers for studies on population inter- and intra-relationships (Freeland 
2005; Zhao et al. 2009; Sanpool et al. 2017). Although for the specific states of populations, 
e.g. ancestral polymorphisms and recently divided taxa, the nuclear genes still provide more 
specific information about lineage splitting/fusing (Carling & Brumfield 2008; Garrick et al. 
2014; Good et al. 2015), only in the combination with mitochondrial genes the whole historical 
and population story is complete (Day et al. 2013; Pinton et al. 2013; Garrick et al. 2014). 
Mitochondrial DNA (mtDNA) provides valuable markers for studies on flatworms (Le et al. 
2000; Kmentová et al. 2016). Earlier studies using partial cytochrome oxidase subunit I (coxI) 
gene (Bowles et al. 1995; McManus & Bowles 1996) and NADH dehydrogenase 1 (nad1) 
gene (Sørensen et al. 1998; Attwood et al. 2002; Troell et al. 2006; Lier et al. 2008) helped to 
understand the population genetic relationships among species, and their popularity persisted 
till now (Jabbar et al. 2011; Yanagida et al. 2012; Paper 1). For exemple Zhao et al. (2009) in 
their study on Schistosoma japonicum detected differences between populations in China 
based on three mitochondrial DNA regions, cytochrome c oxidase subunit 3 (cox3), NADH 
dehydrogenase subunits 4 and 5 (nad4 and nad5). In conclusion, analyses of mt cox3, nad4 
and nad5 sequences revealed genetic variability among S. japonicum isolates from different 
endemic regions in China. The combined sequences of cox3, nad4 and nad5 were useful for 
re-construction of phylogenetic relationships among Schistosoma spp., as well as among S. 
japonicum isolates from different endemic provinces in China. These results demonstrated 
that mt markers are useful for studying the inter- and intra-population genetic variations in S. 
japonicum, and have implications for studies of population biology, molecular epidemiology, 
and genetic structure of S. japonicum (Zhao et al. 2009). 

However, despite the undeniable quality of provided information from mitochondrial genes, 
the popularity of single gene studies is retreating and with the appearance of new multiple 
genes screening technologies (e.g. RAD-Seq, Illumina platform), more complex studies are 
becoming much more frequent. Multiple genes screening methods are getting more popular 
for diagnostics in clinical parasitology, gradually replacing microscopy-based approaches 
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(Verweij & Rune Stensvold 2014; van Lieshout & Roestenberg 2015). Also, in phylogeny and 
population genetics, these approaches are increasing and deepening the knowledge about 
historical processes, lineage splitting/fusing etc. (e. g. Brabec et al. 2015; Doležalová et al. 
2015; Gupta et al. 2016). 

Molecular markers are great tools for studying phylogenetic relationships between species 
and evolutionary processes such as speciation, providing great opportunities for comparative 
studies and tests of host-parasite specificity and/or host-parasite evolution in general. 
Nowadays, the molecular markers are mainly used in taxonomy and phylogeny for genetic 
descriptions of taxa and assessment of evolutionary relationships between them In order to 
reveal and explain evolutionary processes in populations. 

To avoid errors and misinterpretations, it is crucial to determine taxonomically both parasites 
and hosts involved in a given study. The species/taxon determination is sometimes difficult 
due to the limited availability of morphological characters and/or samples. In case of 
parasites, adults (of particular sex in many cases) which are often necessary for morphology-
based taxonomic assignment, are frequently unavailable, and field samples sometimes 
consist only of eggs, larval stages and/or fragmentary parasite tissues. Therefore, genetic 
identification of the samples is by far the most applied molecular approach in parasitology, not 
only for species determination but also for the application of the appropriate treatment and/or 
preventive measures (McManus & Bowles 1996; Tham et al. 1999; Gupta et al. 2016).  

Parasites and hosts interact along an evolutionary history on many different levels (Brooks & 
McLennan 1993; Huyse et al. 2005). Therefore, part of the parasite population dynamics is 
highly associated with that of its host (Nieberding & Olivieri 2007; Toit et al. 2013). Although it 
is of enormous importance to properly identify hosts of studied parasites (Paper 2), molecular 
approach to this matter is still surprisingly scarce among parasitologists. As a result, 
morphological identification of hosts by parasitologists remains a common practice, leaving 
behind unknown amount of misleading literature information (Paper 3).     

Reconstruction of the historical biogeography and identification of major genetic subdivisions 
within species are major objectives of phylogeography in general (Avise 2000). Furthermore, 
comparative phylogeography can identify historically and evolutionarily significant 
geographical regions (Bermingham & Moritz 1998; Riddle et al. 2000; Arbogast & Kenagy 
2001; Nieberding & Morand 2006; Neiswenter & Riddle 2011). Comparative phylogeographic 
studies involving both parasite and its host provide better understanding of the ecology and 
evolution of single species by recognizing the impact of host population genetic structure on 
that of the parasite (Bouzid et al. 2008; Brouat et al. 2011; Kvičerová & Hypša 2013; Levin & 
Parker 2013).To find traditional phylogeographical studies on parasites is a difficult task. The 
few exceptions are represented especially by medically and economically important 
endoparasites, such as Fasciolides magna and Schistosoma japonicum (Králová-Hromadová 
et al. 2011, Zhao et al. 2009) and some ectoparasites, e.g. Gyrodactylus gongae (Huyse et 
al. 2017), parasitic insects, especially lice and flies (e.g. Štefka et al. 2011; Levin & Parker 
2013). Phylogenetic/phylogeographic comparative methods provide tools for studying trait 
evolution history and trait covariance while accounting for non-independence of data collected 
across species. Hence, this approach is ideal to assess the depth of host-parasite 
relationship. Parasites are closely tied up to their hosts and therefore to their evolutionary 
past and population dynamics. Repeated speciation of host taxon leads to congruent 
phylogenetic relationships among its parasites (cophylogeny) (Page 2003; Clayton et al. 
2004) and it might be expected that parasites and hosts would share similar patterns. 
However, parasites often have shorter generation times and, in some cases, faster mutation 
rates than their hosts, which can lead to greater population differentiation in the parasite 



	

 3 

relative to the host (Page et al. 1998). Morevover, it might be also expected, that cophylogeny 
should have been much stronger in case of endoparasites than in ectoparasites due to their 
more intimate physiological bond with the host. However, the vast majority of existing studies 
on host-parasite comparative phylogeography is focused on insect ectoparasites (e.g. Štefka 
et al. 2011; Toit et al. 2013; Cruaud & Rasplus 2016). Although, ectoparasites might not seem 
ideal model organisms, their relashionships with hosts are much more complex than might be 
expected due to various evolutionary events, e.g. host switching and adaptative radiation 
(Bandilla et al. 2008; Hahn et al. 2015; Vanhove et al. 2015). In addition to that, given the 
presumably faster evolution of parasites compared to their hosts, phylogeographical and 
population patterns should be much more pronounced in parasites even if their generation 
time is similar to that of the host (Paper 1). Interestingly, although commonly refferred to in 
the literature, the evidence of (presumably) fast evolving parasites vs. slow evolving hosts is 
being limited exclusively to ectoparasites and Apicomplexa (Hafner et al. 1994; Cohuet et al. 
2010; Štefka et al. 2011; Khan et al. 2013). As a result, no evidence of this phenomenon was 
available for metazoan endoparasites until recently (Paper 1). 

Phylogenetic studies that are focused on cospeciation between parasites and hosts have 
improved our knowledge and understanding of parasite evolution (Page 2003; Engelstädter & 
Bonhoefferkesh 2009). Likewise, much can be gained by testing (dis)similarities of 
phylogeographical structure of single host-parasite counterparts, a topic which became the 
most studied phenomenon among host-parasite interactions studies (Page 2003; Clayton et 
al. 2004; Criscione & Blouin 2007; Attwood 2010; Paper 1). However, it is obvious that 
additional comparative host-parasite phylogeographical studies are needed to allow full 
understanding of the microevolutionary processes in populations that result in interesting 
macroevolutionary patterns such as cospeciation e.g. sharing of similar phylogeographical 
patterns between hosts and parasites (Criscione & Blouin 2005, 2007; Criscione et al. 2005; 
Morand et al. 2006).  

Interactions among species are fundamental drivers of macroevolutionary patterns of 
diversification. One of the most relevant examples of interspecific interactions is the co-
evolutionary pattern apparent between hosts and parasites. In host–parasite interactions, co-
speciation, i.e. the joint speciation between host and its parasite, can arise if the two 
organisms share a common evolutionary history, so that the parasite follows the speciation 
events of its host (Brooks 1979; Page 2003; Huyse et al. 2005, 2017; Hahn et al. 2015). 
Common history is favored by traits that strengthen the host–parasite relationship, such as a 
high level of host specificity and vertical transmission of parasites among hosts (Page 2003; 
Nieberding & Olivieri 2007; Brunner et al. 2017). 

Yet, co-speciation is an ongoing process; thus co-differentiation between lineages of a host 
and its parasite species should be already detectable at the intraspecific level. Since 
speciation often takes place between allopatric lineages (Schluter 2001), co-differentiating 
lineages of a host species and its parasite are expected to be allopatric and the 
corresponding host and parasite lineages are expected to cover similar geographic areas 
(Nieberding et al. 2004). In other words, at the intraspecific level, it can be supposed that a 
common history is best observed between a host and its parasite whose genetic lineages 
cover similar allopatric areas (Nieberding et al. 2004; Nieberding & Olivieri 2007). 
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2. Objectives of the study 

During the Holocene near past, Lake Turkana, a young inland sea in geological terms, was 
repeatedly part of the Nile drainage. As a result, Turkana’s limnic biota is essentially of Nilotic 
origin. Within the scope of ichthyoparasitological research of the Lake Turkana conducted 
since 2006 by the supervisor of the present study, numerous parasites, both new and known 
to science, were recorded. There seemed to be growing evidence that Turkana is not just a 
piece of the Nile temporarily cut off its maternal basin. Host-parasite communities of Turkana 
and the Nile proved different and similar at the same time. It became obvious, that the two 
allied basis represent interesting biogeographic model. As the surprisingly diverse fish 
parasitofauna of the lake has been revealed, a tempting question worth addressing arose: 
How different from each other are the conspecific populations of parasites, and possibly their 
hosts, in the two sibling basins? Were the five millennia of their separation, and/or the specific 
Turkana environment, enough to induce any kind of discernible signal of their differentiation?  

 

Partial objectives of the research were specified as follows: 

1) Evaluation of intra- and inter-population genetic variability of parasite and its host within 
and between the Nile and Turkana basins, and assessment of factors potentially responsible 
for the observed patterns, e.g. selection pressures, bottlenecks, salinity 

2) Detection of population genetic patterns in parasite and/or its host indicating on-going 
evolutionary processes acting on millennial time scale and potentially leading to speciation 

3) Comparison of utility of mitochondrial versus whole genome markers 

4) Reliable host taxon determination using combination of molecular and morphological data 

5) Assessment of presence/absence of correlation between morphological and genetic 
variability of parasite 

 

	  



	

 5 

3. Geographic and organismal models 

3.1. Geographic model – general considerations 

The geographic model consisting of two (bio)geographic sub-systems was proposed as 
follows: the Nile basin representing a non-isolated and fully freshwater basin vs. Lake 
Turkana representing an isolated endorheic basin with marked salinity gradient.  

Additional criteria were specified for the two geographic sub-systems as follows: i) absence of 
extant aquatic link between the two basins; ii) model organisms common in both subsystems; 
iii) presence of contrasting freshwater and highly saline (brackish) environments, i.e. marked 
salinity gradient, present in the isolated sub-system; iv) isolated sub-system of sufficient size 
to omit size-dependent bias and stochastic processes; v) recent disconnection of the two 
geographic sub-systems. 

 

In the Late Pleistocene 35-15 thousand years ago (kya), Lake Turkana almost completely 
dried out. During the Holocene peak of the African humid period 11.5-10.5 kya and for a brief 
periods 9.0, 6.6 and 5.2 kya, the lake spilled over the Lotikipi Plain to the north-west, 
overflowed into White Nile (Bloszies et al. 2015) and became a part of Nile-Chad-Niger limnic 
system (Bloszies et al. 2015, see Paper 1, Fig. 1). Re-establishment of limnic biota most 
probably dates to this early to mid Holocene period (compare Johnson & Malala 2009 and 
Bloszies et al. 2015). During the drier, lower level periods, similar to the present, the Nile-
Turkana link disappeared and the Turkana basin became endorheic (Harvey & Grove 1982; 
Nyamweru 1989; Ricketts & Anderson 1998). The near desiccation of Lake Turkana during 
the Late Pleistocene, followed by temporary connection with the Nile is the reason for the 
recent origin of its limnic biota, the faunistic similarity to the Nile and relatively low levels of 
endemism (~60 fish spp. including 10 endemics, Hopson 1982). Currently, the arid Lotikipi 
plain separating the Nile and Turkana basins lacks permanent aquatic environments. 

3.1.1. The Nile 

The Nile River is the longest river in the world (for comprehensive review, see Dumont 2009). 
There are no natural barriers restricting fish dispersal along a remarkably long section of the 
Nile River between the Murchinson Falls in Uganda and more than 3.000 km (air distance) 
distant delta of the Nile in Egypt. As a result of permeable nature of the river system, much of 
the fish diversity is well represented in all its parts, so that differences in composition of fish 
communities at different (even the most distant) sites are far more influenced by local habitat 
conditions (e.g. presence of large swamps) than by distance, biogeographic patterns or 
climatic differences. The fish fauna of the Nile River belongs to the Nilo-Sudan ichthyological 
province, comprising 128 species in 27 families (excluding connected lakes: Albert, 
Edward/George, Tana and Victoria/Kyoga); of the fish families present, the most diverse are 
Cyprinidae (25 spp.), Mochokidae and Mormyridae (both 15 spp.) and Cichlidae (10 spp.) 
representing slightly over 50% of the overall fish diversity (Witte et al. 2009).  

The Nile sampling localities: Atbarah River, Khashm al Girba, 14.9194 N, 35.9019 E; Blue 
Nile, Sennar, 13.5436 N, 33.6367 E; White Nile, Kostí, 13.1722 N, 32.6722 E 

3.1.2. Lake Turkana 

Lake Turkana is the largest desert lake on Earth measuring ~240 by 13-50 km, with surface 
area 6,750 km2, volume 203 km3 and average/maximum depth 31/114 m. Due to alkaline 
Quaternary and Tertiary lavas of the rift floor, Turkana is the most alkaline lake of the eastern 
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branch of EARS (Fuchs 1939). It constitutes a centre of endorheic drainage, the Turkana 
basin (130,000 km2), with mean temperatures 31-33°C and annual rainfall < 200 mm. 
Approximately 98% of Turkana’s water comes from Ethiopian highlands via the Omo River. 
There is no outlet and with reduced inflows and high evaporation the chloro-carbonate 
alkaline water is subject to seasonal water level fluctuations (1-3 m annually, > 20 m during 
20. century). The lake is becoming increasingly saline along the Omo River delta (0.07) in the 
north, to highly saline (brackish) towards the south (Kalokol 1.78, El-Molo Bay 1.89). The 
presented salinity values are original data obtained just after the peak of rainy season during 
September 2-26th 2008, i.e. during the season when lowest possible salinity values are to be 
expected due to increased inflow from Ethiopian highlands. Based on the salinity values 
present, the major part of Lake Turkana outside the Omo delta area is classified as brackish. 
Hopson (1982) lists some 60 fish species from Turkana - of these, 50 species are shared with 
the Nile, remaining 10 species are endemics. 

The highly saline majority of the lake harbours depleted lacustrine communities mostly devoid 
of aquatic and littoral vegetation (Fig. 1). Fish community of the open water areas of Turkana 
differ markedly from those of other great African lakes, being dominated by generalist species 
such as mochokid catfish Synodontis schall (Bloch et Schneider, 1801), possibly as a 
consequence of harsh environmental conditions, especially rapid lake level fluctuations 
(Kolding 1993; Muška et al. 2012). The Omo River delta (~30 km wide) including adjacent 
parts of the lake represents the only spatially significant freshwater habitat in the whole 
Turkana limnic system. Small pockets of freshwater habitats are present in estuaries of 
seasonal affluents, the Kerio River and Turkwell River, at the central part of Turkana’s west 
coast. The main habitats presents in the Omo delta are Typha sp. dominated wetlands and 
narrow lakeshore floodplains harbouring relatively rich Nilotic biota (Fig. 1). The fish 
communities in Omo delta and the Kerio delta, include multiple fish taxa sensitive to 
increased salinity and thus absent from the open lake. Fish mostly restricted to these 
freshwater habitats include for example Arapaimidae (Heterotis niloticus), Gymnarchidae 
(Gymnarchus niloticus), Mormyridae (Mormyrus kannume, Hyperopisus bebe), Polypteridae 
(Polypterus bichir, Polypterus senegalus) and Protopteridae (Protopterus aethiopicus). 

Lake Turkana sampling localities: El-Molo Bay (saline - brackish), 2.8322 N, 36.6958 E; 
Kalokol (saline - brackish), 3.558611 N, 35.915833 E; Omo River delta, Todonyang 
(freshwater), 4.4517 N, 35.9439 E. 

Additional sampling localities of minor importance: Central Island (saline - brackish), 
3.495833 N, 36.040278 E; Kerio River delta (freshwater), 2.974813 N, 36.173469 E. 

Gibe III-V – farewell to Turkana as we know it? 
In this study, an evidence of evolutionary significance of Turkana’s isolated limnic system is 
shown. A few other existing studies revealed presence of endemic fishes and remarkable 
parasite taxa (Hopson 1982; Moravec et al. 2009a; b). Turkanaland and lower Omo pose one 
of the very last pieces of the continent where indigenous cultures exist in the context of 
African wilderness, still at places inhabited by the continent’s megafauna. A controversial 
Gibe III Dam is being filled up on upper Omo, another two - Gibe IV and V, are under 
construction or pending confirmation. The purpose: hydropower, large-scale irrigation 
schemes, flood prevention. In fact, the floods to be avoided are actually essential for the 
region’s indigenous communities relying on flood-depending agricultural systems, Turkana’s 
limnic system needs the floods too, and the large-scale irrigation of the arid area is likely to 
consume much of limited water resources before they reach the lake. Inevitably, the Gibe 
cascade will pose a plethora of adverse effects on the tiny Omo River and the lake it keeps 
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alive. Desiccation of the lake, together with reduced water supply and absence of floods are 
likely to affect the uniquely preserved indigenous cultures of Turkanaland. So far self-
sustaining socio-economies of culturally diverse tribes relying on floods and fish resources 
might be ruined in a couple of decades. Despite the very explicit near-past experience of what 
happens with heavily exploited hydrological systems in arid endorheic basins, the issue 
remains largely neglected, and virtually unknown by international community. Turkana might 
well be on its way to its Late-Pleistocene ground zero state and became the Aral of Africa. 
These circumstances add further significance to this and other studies on Turkana’s biota as 
these might soon become important sources of baseline data on pre-damming conditions, 
allowing assessment of the impact of the Gibe cascade on Turkana unique and fragile 
ecosystem. 
 

 

Figure 1. Principal lacustrine habitats of the Lake Turkana, Kenya. Above: Saline southern 
part of the lake in the lava desert 7 km south-west from Loiyangalani; South Isalnd and 
western shore of the lake are visible at the background. Below: Freshwater habitat in the 
Omo River delta 5 km north of Todonyang; view over the shoreline floodplain towards Typha 
sp. dominated wetland at the background. Compare the densely vegetated freshwater littoral 
habitat of the delta with the bare, vegetation free brackish locality above. The remarkably 
contrasting environments are inhabited by a single unstructured population of catfish host 
Synodontis schall, yet multiple markedly divergent subpopulations of its tapeworm parasite 
Wenyonia virilis. Photo: Miloslav Jirků. 
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3.2. Model organisms 

Following requirements were proposed for both host and parasite model: wide distribution, 
high abundance and reliable availability in both Nile and Turkana basin and at all sampling 
localities. 

For the parasite model, additional criteria were set as follows: narrow host specificity (to avoid 
influence of different host), complex life cycle (more likely to be influenced by environment 
including salinity), well resolved taxonomy. 

3.2.1. Host model - Synodontis schall (Bloch et Schneider, 1801) 

The Mochokidae (Actinopterygii, Siluriformes) is an endemic African family of freshwater 
catfish containing 211 species in nine genera (Eschmeyer et al. 2017). With 131 nominal 
species currently recognized, Synodontis Cuvier, 1817 is the most speciose mochokid genus 
and is widely distributed in all African ichthyological provinces except for Maghreb and South 
Africa (Poll 1971; Paugy & Roberts 2003; Froese & Pauly 2017). Available knowledge on 
most Synodontis spp. is limited to morphology and distribution (e.g. Poll 1971; Sands 1983; 
Musschoot & Lalèyè 2008) and first molecular phylogenetic studies were published during the 
last decade (Day & Wilkinson 2006; Koblmüller et al. 2006; Day et al. 2013; Pinton et al. 
2013). Despite the taxonomic complexity and limited knowledge, no published literature 
combining morphological and molecular analyses apparently exists on Synodontis to date. 
Morphological determination of multiple Synodontis spp. is difficult without extensive 
taxonomical experience and there are only a few reliably assigned Synodontis GenBank 
sequences available for genetic determination. As a result, much information available in form 
of various literature species accounts, museum catalogues, GeneBank entries and field 
collection lists, remain blurred by uncertainties about taxonomic identity of some Synodontis 
spp. involved.  

As it is “traditionally” recognized, Synodontis schall (Fig. 2), the model host species of the 
present study, is considered the most widely distributed mochokid, supposedly being 
widespread, common and abundant throughout the whole Nilo-Sudanian ichthyological 
province. It is reported from practically all West African basins (except the coastal basins of 
Upper Guinea province), and further to the east throughout the Niger, Chad, Nile and Turkana 
basins (Poll 1971; Hopson 1982; Hopkins et al. 2007; Musschoot & Lalèyè 2008; Pinton et al. 
2013). Among Synodontis spp. of eastern Nilo-Sudan, S. schall might be confused with the 
morphologically very similar Synodontis frontosus Vaillant, 1895. According to the literature, 
the two species might co-occur in the Nile, Chad and Turkana basins (Hopson 1982; Paugy & 
Roberts 2003). The diagnostic features of the two species are similar and partly overlapping 
and distinguishing between them in the field is a notoriously confusing task. Due to the 
reasons mentioned above, combined approach using morphological and molecular tools was 
used to determine species identity of Synodontis samples included in the present study (see 
Paper 2 for details). 
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Figure 2. Model host of the present study, Synodontis schall is medium sized (up to 35 cm 
standard length in L. Turkana), generalist, mostly carnivorous (in Turkana), bentho-pelagic 
fish inhabiting all habitats and parts of Turkana, including the open waters of the deepest 
parts of the lake. Depending on site and season, the species is most abundant in the depths 
between 10-25 m; exceptionally high aggregations of S. schall were occassionally found in 
Omo delta area in the lake water/river water interface; all information in this legend obtained 
from Hopson (1982). Photo: David Modrý, Lake Turkana, Kenya. 

3.2.2. Parasite model - Wenyonia virilis Woodland,1923 

The order Caryophyllidea van Beneden in Carus, 1863 (41 genera, ~150 species), to which 
the model parasite belongs, includes intestinal parasites of freshwater teleost fishes, mainly 
cyprinids, catfishes and catostomids. The only exception from the general pattern is genus 
Archigetes, members of which parasitize oligochaetes. All members are characterized by 
monopleuroid (no proglottisation) and monozoic (single set of reproductive organs) body plan 
(Mackiewicz 1994). The monopleuroid body is relatively small (up to 95 mm in Khawia 
sinensis Hsü, 1935), narrow, and without any internal or external segmentation. Although 
scolex morphology varies greatly between families, its morphology is always simple, devoid of 
sclerotized structures (hooks, hooklets, spines etc.), but possessing specialized attachment 
structures (e.g. loculi, bothria, folds, frills, acetabula) (Mackiewicz 1972; Oros et al. 2010; 
Schaeffner et al. 2011). All representatives of the order are hermaphrodites with a male and a 
female set of reproductive organs, eggs are operculate and mostly unembryonated. The life 
cycle involves one oligochaete intermediate host and fish definitive host. Intermediate host is 
infected by ingestion of eggs or oncosphere that develops into plerocercoid in the 
intermediate host coelom. In case of caryophyllid genus Caryophyllaeus including common 
parasites of carp and other Eurasian cyprinids, the intermediate hosts are tubificids and other 
oligochaetes that are castrated when infected (Goater et al. 2014). The definitive hosts are 
mostly benthic-feeding siluriform or cypriniform freshwater fishes, in whose gut the 
plerocercoid finishes the development into adult stage (Mackiewicz 1972). Caryophyllidea 
have been reported from Africa, Asia, Australia, Europe, and North America (Mackiewicz 
1994). Although the Caryophyllidea as a group is widely distributed on all continents with 
highest diversity in the Nearctic region, they are absent in the Neotropics. Most 
caryophyllidean taxa are highly endemic, mostly infecting single host genus within a single 
biogeographic region, a pattern indicating long history of their association with, and 
adaptation to, particular host taxa (Mackiewicz 1972).   
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The genus Wenyonia Woodland,1923 is the only caryophyllidean taxon in which genital pore 
is located at the anterior part of body. As shown by taxonomic (re)analyses of available 
voucher and type material from various geographic regions, all known Wenyonia spp. are 
exclusively parasites of freshwater catfish of the genus Synodontis Cuvier, 1817 endemic to 
Africa. Wenyonia spp. is widespread throughout Sub-Saharan Africa, being absent or 
remaining unknown in four ichthyological provinces: Maghreb, South Africa, East coast and 
Zambezi. Absence of Wenyonia in Maghreb and South African ichthyological provinces 
obviously reflects absence of the host genus, whereas the lack of records in the East coast 
and Zambezi provinces possibly reflects undersampling. Life cycle of Wenyonia spp. remains 
unknown, but probably similar to other fish caryophyllideans as described above. Unlike all 
other caryophillideans, four body regions are recognized in Wenyonia spp.: scolex, neck, 
body and postovarian region, the latter being absent in all other representatives of 
Caryophyllidea (Schaeffner et al. 2011). The scolex is equipped with number of crevices and 
creases, sometimes tremed longitudinal furrows, which are considered the most determining 
feature for mode of attachment to host mucosa (Ibraheem & Mackiewicz 2006). The main 
diagnostic features used for Wenyonia spp. indentification include: i) scolex morphology, ii) 
disposition of testes, iii) arrangement of vitelline follicles throughout the body, iv) length ratios 
of the body parts (Schaeffner et al. 2011). Currently, six Wenyonia spp. are considered valid: 
Wenyonia acuminata Woodland,1923 (Nilo-Sudan and Congo; the geographic terms refer to 
ichthyological provinces from which the species has been reported); Wenyonia longicauda 
Woodland,1923 (Upper Guinea); Wenyonia minuta Woodland, 1923 (eastern Nilo-Sudan); 
Wenyonia synodontis Ukoli, 1965 (Nilo-Sudan); Wenyonia virilis (Nilo-Sudan); Wenyonia 
youdeoweii Ukoli, 1965 (Nilo-Sudan). The most recent comprehensive revision of the genus 
Wenyonia has been published by Schaeffner et al. (2011). 

Wenyonia virilis, type species of the genus, and the parasite model of the present sturdy, is 
the most widespread and perhaps most common of all Wenyonia spp. It is reportedly 
distributed across numerous basins throughout the Nilo-Sudan ichthyological province - from 
Gambia in West Africa, across the Niger basin, to the Nile and Turkana basins in east Africa, 
and up to lower Nile in Egypt in the north-east of Africa (Schaeffner et al. 2011). In eastern 
part of the Nilo-Sudan, the dominant host species of W. virilis is its type host Synodontis 
schall (Bloch et Schneider, 1801); another eleven Synodontis spp. are reported as hosts of 
W. virilis by Schaeffner et al. (2011). Apart from the wide geographic range, other typical life-
history traits of W. virilis include relatively high prevalence in most localities (frequently over 
20% or even  50%), and sometimes high abundances, i.e. tens of specimens per individual 
host (Schaeffner et al. 2011, original unpublished data). Unlike other congeners, W. virilis 
shows remarkable morphological variability both within and between different localities and 
populations. Schaeffner et al. (2011) highlighted remarkable morphological variability in W. 
virilis: “...especially in the shape of the body, proportions and size of individual body regions, 
shape of the scolex and distribution of the vitelline follicles in the postovarian region”. 
However, a few years earlier, the same author recognized five W. virilis morphotypes showing 
gradual differentiation rather than clearly distinct morphological-units, and considered them 
conspecific based on general scolex morphology and sequence analysis of 22 specimens 
(Schäffner 2009). These five morphotypes described by Schäffner (2009) based on material 
from the Nile River and Lake Turkana were used in the present study to characterize 
phenotype variability of the newly obtained material from the same localities. 
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4. Summary of results and discussion with respect to the partial aims 

4.1. Opposing population histories: a fast parasite in a stationary host 
Mitochondrial (coxI) and whole genome (AFLP see Appendix I) markers were used to assess 

intra- and inter-population genetic variability in parasite and its host from different sampling 

localities (Paper 1, Fig. 1 and Tab. 1) distributed in Turkana and Nile basins. As revealed by 

analysis of coxI data, parasites showed significantly more variability (Paper 1, Fig. 4a) 

compared to the hosts (Paper 1, Fig. 4b). Majority of host data clustered into a single 

haplotype represented in all sampled localities, while parasite data clustered into groups 

corresponding mostly to the geographic origin. This result is congruent with the long 

discussed theory of faster mutation rates in the parasite, which supposedly leads to greater 

population differences compared to its host (Page et al. 1998). 

The contrasting status of individual parasite (sub)populations was revealed. Wenyonia virilis 

samples from the freshwater and saline Turkana localities exhibited a radial branching pattern 

with the main haplotype surrounded by satellite low frequency haplotypes - a trait typical for 

young expanding populations, while populations from the Nile contained (with one exception) 

only haplotypes organized into networks separated by multiple mutations without star-like 

patterns - a trait typical for older populations in equilibrium (Paper 1, Fig. 4a). Importantly, 

Turkana haplotypes originate almost exclusively either from saline or freshwater samples and 

in all hosts examined, only tapeworms belonging either to freshwater or saline haplotype were 

present. Such absence of mixed infections probably indicates presence of reproductively 

isolated tapeworm (sub)populations in the lake. The sporadic occurrences of freshwater 

haplotypes in saline localities, and vice versa, were always detected in sole (individual) hosts, 

and might be well explained by unrestricted migration of hosts throughout the lake (Hopson 

1982). However, the general population genetic pattern indicates absence of gene flow 

between Turkana parasite subpopulations in freshwater and saline localities, implying that 

contrasting environmental conditions are more challenging for the parasite than for the host. 

This is in contrast with previously performed studies and well established concepts where 

both host and parasite are equally affected by environmental changes (Mostowy & 

Engelstädter 2011; Brunner et al. 2017). 

Although the parasite and host population structures reconstructed using coxI are extremely 

divergent, evidence of geographically determined events shared between the two organisms 

was detected by analyses of their mt datasets. Population genetic statistics (haplotype and 

nucleotide diversities, Tajima's, Fu and Li's tests) showed that Turkana populations are 

genetically smaller and not in mutation-drift equilibrium, which is typical for populations that 

experienced a recent bottleneck (Paper 1, Tab. 4). Moreover, testing of migration theories 

showed that the White Nile is an ancestral population for both organisms and the Blue Nile 

and Turkana were colonized separately (Paper 1, Fig. 2 and Tab. 5). According to these 

results, Lake Turkana might have been colonized multiple times and different parts of the lake 

might be populated by tapeworms originating from different colonization waves, most 
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probably during different Nile-Turkana reconnections during the Holocene. This interpretation 

is further supported by revealed presence of genetically clearly distinct W. virilis 

subpopulations in freshwater and saline (brackish) areas of the lake (Paper 1, Tab. 5). The 

multiple origin scenario was also supported by the Principle Coordinates Analysis (PCoA) of 

parasite AFLP data. Separation of samples from freshwater and saline samples can be seen 

in the upper left part and lower left part of the PCoA diagram in Paper 1 (Fig. 5a,b). 

Similarities between host and parasite data were also observed for the results of population 

genetic structure based on AFLP data (Paper 1, Fig. 6a,b). Clusters, which are less frequent 

in the Nile, show increased proportional presence in Turkana. This is possibly concordant 

with the effect of drift (increasing frequency of some clusters after a bottleneck), but does not 

give support for the origin, because clusters with increased frequency in the Nile should be 

statistically more likely to colonize Turkana than clusters with low frequency. The formation of 

Lake Turkana locality-specific (freshwater vs. saline) clusters might support a gradient of 

salinity as environmentaly-driven selection force, making isolation by adaptation more 

plausible explanation of the detected segregation of tapewom populations than isolation by 

distance (Orsini et al. 2013; Sexton et al. 2014; Spurgin et al. 2014). The salinity might affect 

the Turkana tapeworms indirectly by means of restricted distribution of alternative 

intermediate hosts (if different subpopulations use different intermediate host) in the 

freshwater or saline parts of the lake, in a way similar to other platyhelminths with complex life 

cycles, e.g. Schistosoma mansoni and its intermediate snail hosts Biophalaria spp. in South 

America (Paraense 1986; Morgan et al. 2005; Webster et al. 2013). The observed increased 

frequency in Turkana of parasite clusters less frequent in the Nile might be associated with 

multiple colonization events and different frequencies of clusters at the time of each 

colonization wave, as well as with temporal changes of population sizes (Papkou et al. 2016). 

Although not fully compatible, the outcomes of parasite coxI and AFLP data analyses suggest 

similar evolutionary patterns. When compared to the host data, parasite data show much 

more structure and better resolution of evolutionary patterns (multiple colonizations, 

bottleneck effect and ancestral population). Finally, obtained results represent probably the 

very first evidence supporting the long discussed theory of supposedly rapid parasite 

evolution opposed by slower evelution of its host, a phenomenon documented thus far only in 

ectoparasitic arthropods and apicomplexan protists (Cohuet et al. 2010; Khan et al. 2013). 

4.2. No cospeciation: a diversifying parasite in a stationary host  
As shown above, the host population structure for both markers shows markedly low 

variability and extent of evolutionary processes compared to the parasite, thus, only parasite 

data are further discussed. Compared with coxI data, the AFLP data provided better 

resolution of deeper population structure. Even though AFLP data analyses were not entirely 

satisfying and collection of more data would be required for further studies (see also point 3 

below), the results imply presence of locality-specific genetic patterns (Paper 1, Fig. 5a,b), as 

well as formation of a specific clusters exclusive either for the freshwater or saline parts of 

Lake Turkana (Paper 1, Fig. 6a – magenta). In the environmentally contrasting freshwater 
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and saline parts of the Lake Turkana, the tapeworm subpopulations might be subject to 

different environmental pressures, which might, especially given the apparent lack of gene 

flow between the subpopulations, induce allopatric differentiation in a sympatric system, i.e. 

divergence of parasite subpopulations in freshwater and saline environments of a single lake 

in which no barriers exist to dispersal of the host (and the parasite alike). This interpretation 

seems to be supported by the robust evidence of spatial overlap, and thus physical contact, 

between the tapeworm subpopulations as reflected by sporadic, but repeated and reliably 

confirmed records of hosts infected with tapeworms from the saline subpopulation in 

freshwater part of lake and vice versa. Under such circumstances, the clear divergence of the 

tapeworm subpopulations and the lack of gene flow between them are of special interest, 

implying some form of environmental non-permeability for the parasite (but not its host), 

possibly associated with its complex life cycle. 

4.3. Mitochondrial markers: more informative than whole genome markers 
(AFLP) 
AFLP did not provide an optimal level of resolution (Paper 1). The AFLP data alone were not 

fully convincing with respect to clear distinction between the effect of IBA (isolation by 

adaptation) and IBD (isolation by distance). Moreover, compared to the mt marker, the AFLP 

did not separate clearly distinct, only distantly related species neither in the Wenyonia spp. 

nor in the Synodontis spp. dataset (Paper 1, Fig. 5a,b,c,d, and Fig. 6a,b). However, the 

combination of both types of markers helped us to reveal and confirm multiple colonization of 

Lake Turkana from the Nile. Moreover, AFLP data also showed on-going separation of 

freshwater and saline parasite subpopulations in Turkana and formation of Turkana specific 

cluster (Paper 1, Fig. 5a,b and Fig. 6a). Despite these findings, the overall image of 

evolution in populations was much less clear when using only AFLP data without analysis of 

coxI sequences. AFLP mostly supported the coxI outcomes and provided additional 

information about deeper population structure. Moreover, the signal of the ancestral gene flow 

contained in the mtDNA data was similar for both organisms and provided valuable 

information about historical changes in species distributions. Therefore, the suitability of AFLP 

data to elucidate one of the main questions of this study, i.e. significance of the salinity 

gradient itself, remains ambiguous. Thus, using other molecular markers (e.g. GWAS) for 

further studies of this host-parasite system would be required in order to reveal detailed 

population patterns and to make inference about the role of the environment in population 

differentiation. 

4.4. Intricate host identity: cryptic sibling and unexpected phenotypic 
variability  
Apart from several well recognizable Synodontis spp. in the Nile, two very similar species, S. 

schall and Synodontis frontosus, i.e. easily mistakable potential hosts for Wenyonia 

tapeworms, were reported from both the Nile and Lake Turkana. As the study of the present 

host-parasite system required reliable host determination, the whole Synodontis dataset from 
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both basins was subjected to thorough morphological and genetic analysis (diagnostic 

morphological traits vs. AFLP + the original coxI dataset enlarged and supplemented with 

cytb and RAG2 genes). Morphological analysis of the Synodontis sample (n=138) in the field 

(specimens examined, photographed and tissue samples taken, no vouchers collected) 

revealed not only typical S. schall-like and S. frontosus-like morphotypes, but also high 

incidence of intermediate forms. Haplotype network revealed the presence of only one 

species in Turkana (S. schall) and two species in the Nile sample (S. schall + morphologically 

well distinguished control Synodontis nigrita) (Paper 2, Fig. 4b). All analyses of the enlarged 

coxI (n=131), cytb (n=96) and RAG2 (n=23) datasets, supplemented with all available 

GenBank data for respective genes, revealed equivocally a presence of only a single 

Synodontis sp. in Lake Turkana. All S. schall-like + S. frontosus-like specimens, including 

intermediate forms, from the Nile clustered together with those from Turkana in all analyses 

performed for all genes (Paper 2, Figs. 3, 4, 6, 7, 8). The cluster containing clearly 

conspecific specimens from Turkana and the Nile was assigned to S. schall sensu stricto as it 

is defined by the type locality in the Nile. Based on the results, morphological characteristics 

of S. frontosus were considered intraspecific variability of S. schall, revealing its yet 

overlooked phenotypic variability, and synonymization of the two nominal taxa was suggested 

(though not formally performed due to absence of vouchrs), indicating priority of the specific 

name S. schall over S. frontosus. In addition, mitochondrial data (coxI, cytb) revealed a strong 

biogeographical signal in distribution S. schall-like + S. frontosus-like catfishes (both original 

and GenBank data) throughout the Nilo-Sudan ichthyolocial province. The two distinct, yet 

unrecognized clades, S. schall sensu stricto and S. schall sensu lato, most likely restricted to 

the eastern (e.g. Nile, Turkana, Chad) and western (e.g. Senegambia, Niger, Chad) parts of 

the Nilo-Sudan ichthyological province, respectively. The western sensu lato cluster most 

probably represents a cryptic species, yet unrecognised due to the absence of discernible 

morphological signal. Contact zone of both entities was identified in the Chad basin. These 

findings highlight the intricate nature of comparative host-parasite datasets in which special 

emphasis should be put on host determination. The fact that authors of redescription of S. 

schall (Musschoot & Lalèyè 2008) did not detect any morpphological signal among 105 

specimens from throughout Nilo-Sudan by statistic analysis implies that thorough revision of 

the Nilo-Sudan S. schall-like catfishes based on both morphological and genetic approaches 

is needed.  

4.5. Matching phenotypic and population genetic patterns: a role for 
contrasting lacustrine environments? 
Individual tapeworms from the present Nile-Turkana W. virilis sample were assigned to five 

morphotypes described previously by Schaeffner (2009) based on material from the same 

localities. To assess potential correlations between phenotype variability and population 

genetic structure, morphotype data were compared with corresponding coxI and AFLP 

datasets and the observed patterns cross verified by AMOVA analyses of both types of data. 

AMOVA analysis of coxI data confirmed absence of statistical differences within individual 
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sequence datasets comprising specimens assigned to different morphotypes. No difference 

has been found both between sequence datasets corresponding with two very similar 

morphotypes, and their datasets were pooled (D+G). Significant difference between D+G 

sequence dataset and a sequence dataset corresponding with morphotype E was found. 

Datasets of two other morphotypes (F, H) were excluded from further analyses due to small 

sample sizes. The two major well sampled morphotypes (D+G and E) were mapped over 

population genetic data for both markers (coxI and AFLP), revealing strong correlation 

between morphotype distribution and population genetic structure. The outcome showed 

clear affinity of each of the two morphotypes either to the freshwater or saline tapeworm 

subpopulation, i.e. freshwater or saline environments of Turkana (Paper 3, Figs. 1 and 2, 

Tab. 3). Observed patterns were cross verified by conducting AMOVA analyses of both types 

of data with identical outcomes (Paper 3, Tabs. 3). Due to the origin of Turkana W. virilis 

population in the Nile (Paper 1), presence of only a single host in our Nile-Turkana sample 

(Paper 2) and occurrence of all (but one, not analyzed) morphotypes at all (but two, 

extremely low sample sizes) major sampling localities in both the Nile and Turkana (Paper 3, 

Tab. 1, Fig. S1), the effect of different hosts as well as geographic origin of samples on 

observed patterns could be dismissed. The phenotypic variability and occurrence of different 

morpho-varieties is common in caryophyllidean cestodes (e.g. Barčák et al. 2014; 

Bazsalovicsová et al. 2014; Hanzelová et al. 2015). However, the majority of studies 

compared cestodes from different hosts or vastly distant localities (e.g. France, Portugal, 

Ukraine, Slovakia, Finland, Barčák et al. 2014). However, the presented results show that 

geographic origin, i.e. long distances between sampling localities, and different host species 

are might not necessarily be responsible for phenotypic patterns in caryophyllideans. The 

coinciding absence of gene flow between W. virilis Turkana subpopulations (Paper 1) and the 

apparent match between phenotype variability and population structure further supports 

hypothesis proposed in Paper 1, evolutionary processes involving allopatric differentiation 

(freshwater vs. saline environments) in a sympatric system (same host species with unlimited 

dispersal, same limnic system) are ongoing in the Lake Turkana. The documented level of 

divergence within Turkana tapeworm population is striking, especially taking into account that 

the young Turkana limnic system is of early-mid Holocene origin, i.e. ~11.5-5.2 millennia of 

age only, and the remarkable patterns observed reflect slightly over five millennia of isolation 

(for Turkana's history, see Bloszies et al. 2015). 
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5. Conclusions and future perspectives 

5.1. Conclusions 

Obtained results for host-parasite system showed that both model organisms originate from 
the White Nile and both populations experienced bottleneck during the Lake Turkana 
colonization. The colonization events are better reflected in the parasite dataset. The 
population structure of the parasite implies segregation of its conspecific subpopulations in 
different, environmentally contrasting (freshwater and saline) areas of the limnic system, as 
well as apparent lack of gene flow between the subpopulations inhabiting freshwater and 
saline parts of the lake. This stands opposed to the patterns obtained from host data, which 
assume (probably repeated) fusions of colonization waves during the Holocene Nile-Turkana 
reconnection events. By comparing organisms with same or similar generation time, the 
performed analyses of host-parasite system confirmed the long dicussed teory that parasites 
evolve much more rapidly and have faster mutation rates than their hosts (Page et al. 1998). 
In the present study, first evidence of this phenomenon was provided for endoparasitic 
metazoans. Although AFLP and mtDNA showed similar patterns in both host and its parasite, 
mtDNA provided a remarkably higher resolution of population structure, historical gene flow, 
evolutionary patterns, as well as inter- and intra-specific genetic differentiation. 

Morphological and molecular examination of Synodontis samples from Turkana and the Nile 
aided with the all available sequence data from other Synodontis spp., showed that only one 
Synodontis species is present in Lake Turkana. Our results not congruent with literature 
reports on a presence of two morphologically similar congeners S. schall and S. frontosus in 
Lake Turkana and the Nile (Hopson 1982; Day et al. 2009). All individuals morphologically 
identified either as S. schall or S. frontosus in our sample from both basins clustered together 
in performed all analyses for all sequenced genes. By analysing and comparing mt and 
nuclear genes we proved that the apparent occurrence of only one species is not a 
consequence of introgression and/or lineage sorting. In addition, our analyses revealed highly 
probable presence of a cryptic species hidden under the nominal species S. schall with a 
strong geographical affinity to western part of the Nilo-Sudan ichtyological province and 
apparently overlapping with S. schall sensu stricto (as defined by type locality) in the Chad 
basin. Therefore we hint for thorough revision and detailed examination of morphological 
features and population genetic patterns of S. schall-like mochokids in Nilo-Sudan.  

Our study proved that W. virilis is a well-defined monophyletic species with a high level of 
phenotypic variability. All five morphotypes were recorded in both basins at all major sampling 
localities, therefore the geographic origin or environmental factors are not a priori decisive 
with respect to their presence/absence in particular part of the lake. Most prevalent and best 
sampled morphotypes present in Turkana (D+G and E) showed high affinity either to 
freshwater or saline parts of the Lake Turkana, and correlated with population structure. 
Compared to findings of population genetic structure, where AFLP data did not provide 
optimal level of resolution when compared with mt data, in this case, outcomes from both 
markers are almost identical and showed that different morphotypes are significantly 
correlated with population genetic structure of Turkana parasite populations.   

5.2. Future perspectives 

Overall, results obtained in Paper 1 show that subsequent population genetics studies should 
include different molecular markers (e.g. microsatellites, RAD-seq) to cross check our 
outcomes and to clearly answer the question of salinity gradient impact as the selection 
pressure on parasite population structure (isolation by distance vs isolation by adaptation). 
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Furthermore, different parasite taxa from the same host might be included in the study to 
provide insight into how distantly related members of the same taxonomic class respond to 
the same or similar environmental conditions and historical events. Among potential 
candidates Proteocephalus synodontis (Cestoda, Proteocephalidae), parasitizing the same 
host in the same basins, appears suitable. However, inclusion of parasite taxa other than 
Cestoda could reveal completely different scenarios of population genetic response to the 
peculiar environment and short-term isolation. Other parasites of S. schall present in both 
Turkana and the Nile include especially Trematoda (Sandonia sudanensis, Glossidium 
pedatum). Among other suitable host-parasite models present in the model geographic area 
and fulfilling the criteria specified in this study, especially Labeo horiae-Nematobothrium 
labeonis, i.e. common and abundant cyprinid and highly host-specific didymozoid trematode, 
might pose a good comparative model. 

Furthermore, W. virilis morphotypes and its population structure in the Nile should be 
investigated in more detail to asses geographic structuring of the populations and morphotype 
frequencies in maternal population.  

The importance of correct host species determination was shown in Paper 2, highlighting one 
of the underestimated aspects of parasitology. During fieldwork, fish are most likely to be 
categorized by parasitologists not by ichthyologists. This fact might not only lead to incorrect 
species identification, but moreover, also contribute to an artificial host species list in various 
parasites (as shown in practice in Paper 2). This type of error might affect future studies on 
parasite diversity, leading to both over- and underestimations of host spectra or diversity of 
parasites. Simply, proper host determination should become essential part of studies on 
parasite populations and, molecular identification of hosts should become the standard 
procedure to avoid further errors.  

Owing to the fact that population genetic studies are conducted with multiple samples of one 
species from the same locality, it is not an exception that during that intensive sampling 
cryptic species or species complexes are discovered (Brown et al. 2007; Elmer et al. 2007; 
Paterson et al. 2016). Furthermore, population genetic studies combine the knowledge about 
biota and the geological and climatic history with adequate sample size and taxonomic 
description; therefore the discovery of cryptic species is much more accurate (Beheregaray & 
Caccone 2007; Detwiler et al. 2010; Nadler & De Leon 2011). The prevalence of cryptic 
species, even in well studied animals like the giraffe (Brown et al. 2007) or tortoise (Russello 
et al. 2005), highlights the importance of combining multiple approaches in order to describe 
species complexity. 
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Abstract

Biogeographical and ecological barriers strongly affect the course of micro-evolutionary pro-

cesses in free living organisms. Here we assess the impact of a recently emerged barrier on

populations of limnic fauna. Genetic diversity and population structure in a host-parasite

system (Wenyonia virilis tapeworm, Synodontis schall catfish) are analyzed in the recently

divided Turkana and Nile basins. The two basins, were repeatedly connected during the

Holocene wet/dry climatic oscillations, following late Pleistocene dessication of the Turkana

basin. Mitochondrial DNA sequences for cytochrome oxidase I gene (cox I) and a whole

genome scanning method—amplified fragment length polymorphism (AFLP) were

employed. A total of 347 cox I sequences (representing 209 haplotypes) and 716 AFLP frag-

ments, as well as 120 cox I sequences (20 haplotypes) and 532 AFLP fragments were

obtained from parasites and hosts, respectively. Although results indicate that host and par-

asite populations share some formative traits (bottlenecks, Nilotic origin), their population

histories/patterns differ markedly. Mitochondrial analysis revealed that parasite populations

evolve significantly faster and show remarkably higher genetic variability. Analyses of both

markers confirmed that the parasites undergo lineage fission, forming new clusters specific

for either freshwater or saline parts of Lake Turkana. In congruence with the geological his-

tory, these clusters apparently indicate multiple colonisations of Lake Turkana from the Nile.

In contrast, the host population pattern indicates fusion of different colonisation waves.

Although fish host populations remain connected, saline habitats in Lake Turkana (absent in

the Nile), apparently pose a barrier to the gene flow in the parasite, possibly due to its multi-

host lifecycle, which involves freshwater annelids. Despite partially corroborating mitochon-

drial results, AFLP data was not sufficiently informative for analyzing populations with

recently mixed biogeographic histories.
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Introduction

The cyclic Pleistocene climatic oscillations severely affected all biomes. Alternating hot-humid
and cool-dry periods lasting for tens of millennia caused repeated contraction/expansion and/
or fragmentation of vegetational belts and hydrological systems [1]. Freshwater habitats and
taxa were among the most severely affected [2–4]. Contractions/fragmentations of hydrologi-
cal systems during the cold-dry periods resulted in patchy distribution of limnic biota, which
remained restricted to areas with continuous freshwater habitats. In the tropics such humid
refugia allowed localized persistence and accumulation of both aquatic and terrestrial taxa dur-
ing the critical cold-dry periods and these are recognized as biodiversity and/or endemism
centres analogous to the Pleistocene refugia of the Holarctic [4,5]. During the cold-dry periods,
desiccation, shrinkage and fragmentation affected all major drainages and lakes worldwide,
making some of them isolated and endorheic and consequently, in arid areas, subject to salini-
zation. Yet, the significance of African Pleistocene refugia for speciation processes remains
unclear, since many of the radiations associated with them are of Miocene or older ages (Afri-
can vertebrates: phylogenetic evidence e.g. [6–8]; indirect paleontological evidence e.g. [9,10])
and because there is only limited information available on millennial-scale genetic processes in
metazoans [11,12].

Lundberg and colleagues [13], further supported by [14], proposed a ‘hydrogeological
hypothesis’ based on the finding that Neotropical fish diversity might be a result of geologically
and climatically controlled palaeohydrological changes. Recently, similar relationships
between phylogenetic history and hydrogeological changes have been revealed in two Afrotro-
pical fish genera, an alestid Hydrocynus and a mochokid Synodontis [8,15,16]. The latter two
studies highlighted the significance of two geological structures, the Central African shear
zone and the East African rift system, as the drivers of diversification and subsequent allopatric
speciation.

Mechanisms of allopatric speciation by geology- and climate-driven isolation/fragmenta-
tion of drainages are well explained. On the other hand, the effects of isolation-related hydro-
logical changes on limnic biotas could be more complex. Despite the obvious complementarity
of lake isolation and salinization observed in numerous contemporary lakes in arid regions (in
Africa for example lakes Chad, Natron and Turkana), the significance of salinity itself for the
intraspecific diversification and/or speciation remains virtually unknown. As a result, allopat-
ric speciation mostly serves as a universal explanation of diversity and biogeography of African
freshwater organisms. One of the few exceptions is the well-known phenomenon of sympatric
speciation in African cichlids [12,17].

The present study provides an analysis of evolutionary processes on a millennial scale, 5
thousand years ago (kya) following the Holocene split of initially continual populations of fish
and their parasites in geo-historically and biogeographically allied Nile and Turkana basins,
following the Late Pleistocene (near) dessication of Lake Turkana and its reestablishment and
expansion during the African humid period [18,19]. The main aim of the study is to show that
metazoan evolutionary processes can be detected within short time periods (millennia) on a
population genetic level [20,21]. Based on this evidence we predict to see an emerging popula-
tion structure between the two recently divided units (Nile and Turkana). In addition, we test
the hypothesis, that apart from the well-understood effects of isolation (by fragmentation, dis-
tance etc.), salinization of limnic systems also poses a significant evolutionary force that can
shape population structure on short spatial scales and might facilitate diversification in other-
wise strictly freshwater organisms [22]. These hypotheses are assessed by testing two assump-
tions: a) the Nile represents a source/ancestral biogeographic unit from which Lake Turkana is
derived, and b) there is a population genetic signal mirroring a recent (African humid period
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~11–5 kya) establishment and subsequent five millennia of isolation of extant biota of Lake
Turkana, and/or its marked environmental gradient of salinity. In order to deepen the knowl-
edge on the degree of genetic changes taking place on millennial time scales, this study
addresses the following partial aims: i) evaluation of intra- and inter-population genetic vari-
ability of hosts and parasites within and between the Nile and Turkana basins and assessment
of factors potentially responsible for the observed patterns, e.g. selection pressures, bottlenecks,
salinity; (ii) evaluation, whether or not the parasite and/or host population genetic patterns
indicate on-going evolutionary processes potentially leading to speciation; (iii) comparison of
the rate of evolution between host and parasite in connection with differences in the depth of
population structure.

Methods

Geographic model

We proposed the following geographic model consisting of two (bio)geographic sub-systems:
a non-isolated and fully freshwater basin, and an isolated endorheic basin with marked salinity
gradient. Our criteria were specified for the two geographic sub-systems: i) absence of aquatic
link; ii) model organisms common in both subsystems; iii) clinal salinity gradient present in
the isolated sub-system; iv) isolated sub-system of sufficient size to omit size-dependent bias;
v) recent disconnection of the two sub-systems.

Approximately 12.5 kya, the Victoria Nile, an endorheic lake until then, and the White Nile
system merged and became part of the main Nile system to form its contemporary extent [23].
Lake Turkana is the largest desert lake on Earth measuring ~240 by 13–50 km, with surface
area 6,750 km2, volume 203 km3 and average/max. depth 31/114 m. In the Late Pleistocene
35–15 kya, Lake Turkana almost completely dried out. During the Holocene, the peak of the
African humid period was 11.5–10.5 kya, followed by brief periods (9.0, 6.6 and 5.2 kya), when
the lake spilled over the Lotikipi Plain to the north-west, overflowed into White Nile [19] and
became a part of Nile-Chad-Niger limnic system (Fig 1). During the drier, lower level periods,
similar to the present, the Nile-Turkana link disappeared and the Turkana basin became
endorheic [24–26]. The near desiccation of Lake Turkana during the Late Pleistocene, followed
by temporary connection with the Nile is the reason for the recent origin of its limnic biota,
the faunistic similarity to the Nile and relatively low levels of endemism (~60 fish spp. includ-
ing 10 endemics, [27]). Currently, the arid area separating the Nile and Turkana basins lacks
permanent aquatic environments.

There is no outlet and with reduced inflows and high evaporation the chloro-carbonate
alkaline water is subject to significant water level fluctuations (1–3 m annually, > 20 m during
20th century). The lake is becoming increasingly saline along the Omo River delta (0.07) in the
north, to highly saline (brackish) towards the south (Kalokol 1.78, El-Molo 1.89) (original
unpublished data, values obtained after the peak of rainy season 2–26 September 2008). The
Omo delta harbours rich Nilotic biota, whereas the major saline part of Turkana possesses
depleted communities [27].

Model organisms

Model organisms were selected according to their wide distribution, high abundance and reli-
able availability in both basins and at all localities. Additional criteria for the parasite model
included narrow host specificity, complex life cycles (more likely to be influenced by salinity)
and well resolved taxonomy.

The endemic African catfish genus Synodontis Cuvier (Siluriformes: Mochokidae) com-
prises ~120 nominal species [30]. Most species are freshwater, benthopelagic, potamodromous
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and omnivorous, feeding on detritus, algae, plants, invertebrates, small fish and carrion.
The life history is not well known, albeit Synodontis spp. can mature sexually before one
year of age (M. Jirků & R. Blazek, pers. obs.). Synodontis schall, the only representative of
the genus in Lake Turkana, was pre-selected as a model host due to its high abundance in
both basins and association with several host-specific parasite taxa. Synodontis nigrita was
selected as an outgroup due to its clear distinctiveness from its congeners and its availability
in the study area.

The endemic African tapeworm genus Wenyonia Woodland, 1923 (Caryophyllidea: Caryo-
phyllaeidae) comprises six species exclusively parasitizing Synodontis hosts. Our model,
Wenyonia virilis Woodland, 1923, is the most widespread and abundant representative and
unlike its congeners, present in both basins [31]. The life cycle of Wenyonia is unknown but
probably similar to other fish caryophyllideans, i.e. larval development in freshwater oligo-
chaetes, no second intermediate host, maturation in the fish definitive host. In the related
genus Khawia, maturation in the fish takes 1.5–6 months [32,33]. Adult longevity is also
unknown but probably less than a year.

Fig 1. Maps of Lake Turkana (left) and the Nile basin (right) showing the locations of our sampling
localities and the outlines of the separate basins (based on [28,29] and original observations). The
asterisk indicates the current endorheic Lotikipi Plain, which is being temporarily flooded during exceptionally
rainy years. During the wet Pleistocene climatic phases and the African humid period of the Holocene, the
Lotikipi Plain repeatedly posed an aquatic link between the Nile and Turkana basins.

https://doi.org/10.1371/journal.pone.0175286.g001
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Specimen collection and DNA extraction

Parasites and fish hosts were collected from Lake Turkana and the Nile at eight localities
(Table 1). The Turkana localities were chosen to cover the salinity gradient from freshwater to
saline environments. Fish examined were obtained in fish markets and/or from fishermen
under supervision of Kenya Marine and Fisheries Research Institute authorities. Since fish
were destined for human consumption, no permission was needed to collect these fish. Fish
that were still alive when examined were killed by dorsal pithing (spinal cord and blood vessels
cut immediately behind the head), a method compliant with Kenyan, Czech and European leg-
islation. All fish were euthanized and processed for dissection shortly after purchase, no fur-
ther manipulation was involved.

A small piece of tissue from the worm and host liver was cut off, washed extensively in
physiological saline solution and stored in 96% ethanol. The remaining part of each cestode
was fixed with hot 4% buffered formalin and stained with Schuberg’s hydrochloric carmine
solution [34]. Vouchers were deposited in the helminthological collection of the Institute of
Parasitology BC-CAS, České Budějovice, Czech Republic (W. virilis, IPCAS C-503; W. minuta,
IPCAS C-571; W. youdeoweii, IPCAS C-573). Genomic DNA was extracted using a standard
phenol chloroform extraction method [35].

PCR

Specific primers, Wen-cox F3 (5’ AGAGAGCGGTTACTGCTAATAA 3’) and Wen-cox R3 (5’
ATAATGAAAGTGCGCTACTACAAATCA 3’), were designed using sequences of related taxa
from GenBank for amplifying and sequencing a partial region (~ 1100 bp) of cytochrome oxi-
dase I gene (cox I) in Wenyonia. A PPP Master Mix (Top Bio) was used to prepare PCR reac-
tions containing 12.5 μl of the PPP Master mix, 10 μl of ultra pure water, 5 pM of each PCR
primer and 1.5 μl of isolated DNA (50 to 150ng). Cycling conditions were as follows: denatur-
ation for 5min at 94˚C, followed by 30 cycles of 30s at 94˚C, 35s at 50˚C, 1min 45s at 72˚C, a
final extension at 72˚C for 10min. All products were verified on a 1% agarose gel and purified
using exonuclease I (Exo I) and shrimp alkaline phosphatase (SAP) [36]. Purified DNA was
sequenced by Macrogen Inc. (Amsterdam, Netherlands) on a 3730 DNA Analyzer.

In fish, the same mtDNA locus (cox I) was selected for a comparison of genetic diversity
with the parasites. Primers for amplification of partial cox I sequence (~800 bp), FishF2 and
VF2_t1, were adopted from [37]. The PCR mixture contained 12.5 μl of the PPP Master mix,
10.5 μl of ultra pure water, 5 pM of each PCR primer and 0.5 μl of isolated DNA (100 to

Table 1. Sampling localities, coordinates and sample sizes.

Locality Coordinates Wenyonia Synodontis

Lake Turkana

El-Molo Bay—saline 2.832222 N, 36.695833 E 110 30

Kalokol—medium salinity 3.558611 N, 35.915833 E 1 4

Kerio River delta—medium salinity 2.974813 N, 36.173469 E 0 6

Central Island—medium salinity 3.495833 N, 36.040278 E 0 1

Todonyang, Omo delta—feshwater 4.451667 N, 35.94388 E 170 50

Nile River

White Nile in Kostı́ 13.172222 N, 32.672222 E 75 26

Blue Nile in Sennar 13.543611 N, 33.636667 E 7 21

Atbarah River in Khashm el-Girba 14.919444 N, 35.901944 E 5 0

Totals (n) 368 138

https://doi.org/10.1371/journal.pone.0175286.t001
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170ng). Cycling conditions were as follows: denaturation for 2 min at 94˚C, followed by 35
cycles of 30s 94˚C, 30s at 54˚C, 1min at 72˚C, and completed by 10min at 72˚C (see 37). All
products were verified on an agarose gel, purified and sequenced using PCR primers as in
Wenyonia.

Amplified fragment length polymorphism

Restriction and ligation of genomic DNA was performed using AFLP Core Reagent Kit (Invi-
trogen) and following the manufacturer’s manual. To reduce the number of fragments in the
mixture, ligated DNA fragments were amplified by PCR (Pre-selective PCR) using primers
complementary to the adapter and restriction site sequence extended with an additional selec-
tive nucleotide at their 3’—ends (EcoRI-A and MseI-C) [38]. The PCR mixture consisted of
2 μl of restriction-ligation product, 2.5 μl 5x MangoTaq™ Coloured Reaction Buffer, 0.75 μl
MgCl2 (50mM), 0.625 μl of EcoRI-A and MseI-C primers (10pmol), 0.1 μl BSA (1mg/μl),
1.25 μl dNTPs (8mM), 4.6 μl ultra pure water and 0.05 μl MangoTaq™ DNA Polymerase (Bio-
line) (5U/μl). Cycling conditions for preselective-PCR were as follows: denaturation for 1min
at 95˚C, followed by 45 cycles of 15s at 95˚C, 15s at 55˚C, 30s at 72˚C; and completed by 7min
at 72˚C. Fragments were verified on a 1% High Resolution Agarose gel (Invitrogen). This step
was followed by selective amplification with primers containing 3 selective nucleotides at their
3’—end. Forward primers were labeled with different fluorescent colours on their 5’—end
(EcoRI-ANN⇤ and MseI-CNN) [38] to allow multiplexing in fragment analysis. Selective PCR
consisted of 2μl of Pre-selective PCR product diluted by ultra pure water 1:10, 2.5 μl of 5x
MangoTaq Buffer—coloured, 0.5 μl MgCl2 (50mM), 0.05 μl of EcoRI-ANN⇤ fluorescent
labeled primer (10pmol), 0.07 μl of MseI-CNN (10pmol), 0.1 μl of BSA (1mg/μl), 0.65 μl of
dNTPs (8mM), 6.52 μl of MQ water and 0.1 μl of MangoTaq DNA Polymerase (Bioline) (5U/
μl). Cycling conditions for selective PCR were as follows: denaturation for 2min 94˚C, followed
by 10 cycles of 20s at 94˚C, 30s at 66˚C (decreasing by 1˚C every cycle for 10 cycles), 2min at
72˚C; then 20 cycles of 20s 94˚C, 30s at 55˚C, 2min at 72˚C and completed by 15min at 60˚C.
Amplified fragments were checked on 1% High Resolution Agarose gel (Invitrogen) and ana-
lyzed on ABI3730XL sequencer by Macrogen Inc. (Seoul, South Korea). Primer combinations
(Table 2) were chosen according to available literature and published results for both Wenyo-
nia [39–42] and for Synodontis [12,43,44].

Phylogenetic analysis

Sequences were assembled, inspected for errors and aligned using GENEIOUS Pro software
package version 6.1, software MAFFT [45,46]. Due to low variability of fish sequences, genetic
distances in the host dataset varied between 0 and 1.5%. Hence, phylogenetic trees were recon-
structed only for the parasite dataset. Suitable models of molecular evolution were selected

Table 2. Primer combinations used for AFLP.

Synodontis spp. Wenyonia spp.

EcoRI-ACA* MseI-CTC EcoRI-ACA* MseI-CTC

EcoRI-ACT* MseI-CTA EcoRI-ACT* MseI-CTA

EcoRI-ACG* MseI-CAA EcoRI-ACG* MseI-CAA

- - - MseI-CAG

- - - MseI-CAC

Asterisk indicates fluorescent-labelled primers.

https://doi.org/10.1371/journal.pone.0175286.t002

Discordant population histories - Fish and tapeworms

PLOS ONE | https://doi.org/10.1371/journal.pone.0175286 April 10, 2017 6 / 25

31

https://doi.org/10.1371/journal.pone.0175286
https://doi.org/10.1371/journal.pone.0175286.t002


using jMODELTEST 0.1.1. [47]. The model with the best likelihood was chosen using AIC cri-
teria and phylogenetic trees were reconstructed using Bayesian inference (BI) in the program
MrBayes v. 3.2.2. [48,49]. MrBAYES analyses were run for 15 million MCMC generations,
with four chains and three independent runs and were performed under the HKY+G model of
molecular evolution. Convergence was checked in AWTY [50]. Maximum-likelihood (ML)
phylogeny was generated using the PhyML 3.0 software [51] under the HKY+G search param-
eters [52]. Initial trees were generated by an improved version of the neighbor-joining algo-
rithm (BIONJ) [53]. Reliability of branching patterns within trees was tested by the bootstrap
method with 1000 resamplings

As suggested for the coding genes (e.g. [54]), we assessed best-fit partitioning schemes for
cox I using PartitionFinder [55]. Optimal partitioning schemes were set for MrBayes to per-
form BI runs and for all available models to run ML topologies. The best models were selected
according to the AIC criteria as specified in Table 3.

BI analyses were performed by software MrBAYES, run for 20 million MCMC generations,
with four chains, three independent runs and were performed under the selected partition
models; the coherence of each run was checked using software TRACER v1.5 [56]. ML analy-
ses were carried out in the program GARLI 2.0 [57] under the selected substitution models
and with automatic termination conditions.

All phylogenetic topologies (BI and ML) of Wenyonia dataset were rooted using sequences
of W. minuta, representing the closest available sequence from Caryophyllidae.

Haplotype networks

To examine the evolutionary relationships among haplotypes in populations of each parasite
and host species statistical parsimony networks based on pairwise differences were constructed
using PopART v1.7 [58].

Population genetics statistics - mtDNA

To characterize the diversity of populations and their demographic history we performed sev-
eral population genetic statistics for parasite and host mitochondrial datasets. Statistics of
nucleotide genetic diversity (Pi), Haplotype diversity (Hd), Tajima’s test (D) and Fu & Li’s test
(D) were calculated using DNASP v5 [59]. The statistical significance of D values were tested
by 10,000 coalescent simulations [59].

Gene flow and migration

The direction of historical gene flow was explored using coalescent based software MIGRATE
v3.2.16 [60]. Different pathways of migration and colonization were tested to identify the
ancestral population and to assess the direction of gene flow. Twelve and ten alternative migra-
tion hypotheses were tested for the host and parasite dataset, respectively (Fig 2a and 2b).
Although representing similar scenarios, the hypotheses for hosts and parasites are not entirely
identical. Only two parasite individuals were obtained from the medium salinity area in Lake

Table 3. Substitution models for nucleotide data partitions of the Wenyonia spp. coxI dataset
selected using the AIC in PartitionFinder for BI and ML runs.

Codon position MrBAYES models All models

1st F81+I+G F81+I+G

2nd GTR+G TrN+G

3rd GTR+I+G TrN+I+G

https://doi.org/10.1371/journal.pone.0175286.t003
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Turkana (Kalokol) and thus this locality was excluded from the analysis of the parasite dataset.
In the host dataset, hypotheses 1–10 represent scenarios of gene flow between individual locali-
ties, whereas hypotheses 11 and 12 represent general patterns of gene flow between Lake Tur-
kana and the Nile. The same approach was adopted for the W. virilis dataset (see Fig 2b).
Mitochondrial datasets were analyzed under HKY+G Model in the Bayesian mode of the pro-
gram. Migrate runs were initiated using the following values of θ (theta) (minimum 0.0, maxi-
mum 1.0 and δ = 0.1) and M (migration) (minimum 0.0, maximum 1000.0 and δ = 100).
Heating was set for five Multiple Markov Chains (1.0, 1.5, 3.0, 10000.0, 100000.0) and a swap-
ping interval between chains of 1. The performance of the MCMC processes was checked for
coherence and sufficient effective sample sizes (ESS) in Tracer v1.5 [56]. According to the ESS

Fig 2. Migration hypotheses tested by software MIGRATE, datasets represented here are a) host; b)
parasite. Arrows depict direction of historical gene flow.

https://doi.org/10.1371/journal.pone.0175286.g002
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values obtained from preliminary runs, 90 million and 200 million generations were selected
for Wenyonia and Synodontis datasets final analyses. Marginal likelihoods of different migra-
tion hypotheses were compared, and the best performing hypothesis was selected using Bayes
Factors [61,62].

AFLP data analysis

Analysis of the AFLP fragment data was performed using the GeneMapper Software v3.7
(Applied Biosystems). The thresholds were set for each primer combination (S1 Table). Each
threshold was set as a 5% value of the highest peak fluorescence intensity. Selected peaks
were manually checked for presence of any ‘noise’. All peaks above the threshold limit were
exported, obtaining 6038 and 2169 loci for the parasite and host datasets, respectively. The
output was transformed to a binary format using MICROSOFT EXCEL 2011 and then con-
verted to GenePop file format using GenAlEx v6.5 [63]. Selectively neutral alleles suitable for
analysis of population structure were filtered from loci under putative selection using
MCHEZA [64]. The initial analysis was performed with 100 000 simulations and with default
settings for confidence intervals, Θ, β-a, β-b and critical frequency. Candidates included for
balancing and positive selection were removed from the dataset and the same simulation was
run again. This procedure resulted in 716 loci for the Wenyonia dataset and 532 loci for
Synodontis dataset. Principal Coordinate Analysis (PCoA), which was based on Nei’s genetic
distances of markers, was computed in GenAlEx to visualize any emerging patterns of
genetic structure in populations. To quantify the level of genetic variation between popula-
tions explained by geography were carried out in GenAlEx using AMOVA. Calculations
were performed for host and parasite data from the Turkana freshwater and saline localities.
The significance of the estimations was obtained with 999 permutations of the data. To esti-
mate the number of population clusters or groups (K) in the dataset a Bayesian analysis was
carried out using the software STRUCTURE v2.3.3 [65]. STRUCTURE was run using 15
independent calculations for each K, with values of K from one to ten for Wenyonia and
from one to nine for Synodontis. The number of MCMC generations and burn in for both
datasets was 3 million and 300,000, respectively. Runs were performed for both models of
population history (admixture and noadmixture). Mean value of posterior probabilities, L
(K), was determined for each K value. Since L(K) did not reveal a sharp peak, the rate of
change between posterior probabilities of successive runs (delta K statistics, [66]) was calcu-
lated to allow estimation of the optimal value of K. Multiple runs generated by STRUCTURE
were analyzed using the cluster matching and permutation program CLUMPP v1.1.2 [67]
and graphically displayed as bar plots in Distruct [68].

Results

A total of 347 sequences (990 bp) representing 209 haplotypes were obtained from Wenyonia
spp. as follows: W. virlis—148 samples from the Turkana-freshwater site, 102 from the Tur-
kana-saline site, 50 from the White Nile, 7 samples from the Blue Nile, 1 sample from the
Atbarah River; 4 samples of W. minuta; 13 samples of W. youdeoweii. For Synodontis spp.,120
sequences (604 bp) representing 20 haplotypes were obtained: 32 samples from the Turkana-
saline site (W. virilis prevalence 43.75%), 39 from the Turkana-freshwater site (prevalence
17.94%), 10 from the Turkana-medium site (prevalence 20%), 14 samples from the White Nile
(prevalence 61.11%), 21 samples from the Blue Nile (prevalence 17.24%); 6 samples of S. nigrita
(Wenyonia absent).
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Phylogenetic analysis

The results for analyses performed under the model of molecular substitution (MMS) and par-
tition schemes (PS) differed in the position of W. youdeoweii in obtained phylogenies (Fig 3).
In MMS, W. youdeoweii formed a clade separate from W. virils and W. minuta, whereas under
PS settings, W. youdeoweii clustered within W. virilis.

Regardless of the differences in position of W. youdeoweii, the information obtained for W.
virilis was similar in both analyses. Samples of W. virilis formed four groups. The resulting
groups almost exclusively contained samples from either the Nile or the Lake Turkana. Neither
of the basins formed mutually monophyletic clades, the Turkana groups were embedded in
the Nilotic clades. The most basal W. virilis clades comprised exclusively samples from the
Nile. The group derived from them was formed by individuals from the saline part of Lake
Turkana. A second Nile cluster was located in the centre of the tree crown. The phylogeneti-
cally most derived group consists of samples from the freshwater part of Lake Turkana. This
result supports the hypothesis that the Nile represents the ancestral population and the Tur-
kana basin was subjected either to repeated colonization, or to bottlenecks reducing ancestral
diversity of the lineages.

Fig 3. Phylogenetic tree of the cox I Wenyonia spp. computed by MrBayes for a) the model of molecular evolution; b)
the best-fit partitioning schemes. Branches are collapsed into groups, which correspond to sampling locations. Statistical
support for each group was obtained from the Bayesian posterior probability.

https://doi.org/10.1371/journal.pone.0175286.g003
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The unstable position of W. youdeoweii was also revealed by ML analyses (S1 Fig). In the
ML analysis run under MMS, W. youdeoweii clustered inside W. virilis clade, while under PS,
W. youdeoweii formed a separate clade sister to the W. virilis cluster. Regardless of the conflict-
ing results in both types of analyses, the informative value of the ML results was less reliable
due to very low bootstrap support.

Haplotype networks

Specimens of W. minuta and W. youdeoweii were clearly separated from those of W. virilis (Fig
4a). Apart from the remarkably high number of different haplotypes, i.e. the high ratio
between the number of haplotypes and the number of individuals (194:347), the haplotype net-
work revealed a considerable complexity of the haplotype grouping (Fig 4a). Individuals of W.
virilis fell into four main groups. Samples from the freshwater Turkana locality exhibited a
radial branching pattern with the main haplotype surrounded by satellite low frequency haplo-
types—a trait typical for young expanding populations. In contrast, the populations from the
Nile contained (with one exception) only haplotypes organized into networks separated by
multiple mutations without a star-like patterns—a pattern typical for older populations in
equilibrium (Fig 4a groups 2 and 3). Interestingly, groups 1 and 4 from Lake Turkana showed
strong affinity either to the freshwater, or the saline part of the lake. Moreover, one Lake Tur-
kana freshwater haplotype also occurred in the saline part of the lake, but not vice versa. Sam-
ples from the Nile fell into two groups (2 and 3), but four individuals were also placed in group
4 otherwise containing only samples from the saline part of Lake Turkana.

A total of 120 sequences representing 20 haplotypes of Synodontis spp. were used to create
the haplotype network (Fig 4b). Six individuals of S. nigrita produced a separate cluster with
four haplotypes, whilst the rest of the 114 sequences of S. schall from the Nile and Lake Tur-
kana clustered together. The two networks were separated by 55 mutations. In contrast to the
genetically diverse parasite, the host network was distinctly less variable. The central Synodon-
tis haplotype in which the majority of specimens clustered was represented at all localities in
both basins, only two haplotypes that were separate from the central haplotype by more than
two mutations were found (Fig 4b).

Population genetic analysis of mtDNA sequences

The differences between the host and parasite populations seen in their haplotype networks
were also reflected in their population genetic statistics (Table 4). Results of the DNA polymor-
phism statistics for W. virilis showed high values of haplotype and nucleotide diversity and
small differences between the Turkana and Nile basin. In Synodontis, values of all statistics
were considerably lower for Turkana populations and both Tajima’s and Fu and Li’s tests
showed significant negative values. The results indicate that the Turkana populations are
genetically smaller and expanding, which is typical for populations subjected to a recent
bottleneck.

Gene flow and migration

The likelihood scores and probabilities of the hypotheses tested using MIGRATE software are
shown in Table 5. Despite the fact that one of the analyses of the Synodontis dataset favoured
the hypotheses assuming a gene flow from Lake Turkana (hypothesis 11), an analysis of with
the dataset split into individual localities revealed that the Lake Turkana population originated
in the White Nile (hypothesis 3, Table 5). In contrast, for Wenyonia spp. the direction of gene
flow was the same for both analyses. The results supported the hypothesis of gene flow from
the Nile to Lake Turkana (hypothesis 10) and independent colonization of the Blue Nile as
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well as of the freshwater and saline areas of Lake Turkana from the White Nile (hypothesis 8).
Similarly, according to the gene flow and migration analyses of Synodontis, the ancestral popu-
lation was located in White Nile from where the colonization wave spread to the Blue Nile and
Lake Turkana (hypothesis 3). Within Lake Turkana, the freshwater area was colonized first,

Fig 4. Haplotype network for the cox I Wenyonia spp. dataset (a) and for the cox I Synodontis spp.
dataset (b) computed by PopART v1.7. Most groups were separated from each other by a maximum of six
mutations. The exception was group 4, which was separated by ten mutations from group2 and eleven
mutations from group3. Samples of S. nigrita clustered together and created a separate network. The sizes of
haplotypic nodes are relative to the sample size.

https://doi.org/10.1371/journal.pone.0175286.g004
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while saline and medium salinity areas were populated separately. However, this colonization
sequence is not completely testable for parasites due to their low prevalence in the medium
salinity part of Lake Turkana (host n = 23, only 2 infected).

Population genetic structure—AFLP

AFLP data were obtained for 368 parasites using 15 primer combinations and for 138 hosts
using 9 primer combinations (Table 2). The final dataset contained 716 and 532 fragments for
parasite and host, respectively. The analysis performed for parasites (Fig 5a and 5b) produced
a pattern indicating possible formation of multiple clusters. Surprisingly, all three tapeworm
species clustered together, with an apparent tendency towards segregation of most of the indi-
viduals from the saline part of Lake Turkana and also for separation of Lake Turkana from the
Nile. A separate, smaller cluster containing exclusively Turkana samples was clearly subdivided
into two groups, according to their origin either in the freshwater, or saline sites. Note that the
larger cluster comprises samples from all localities, but also contains W. youdeoweii and W.
minuta samples, which did not create separate units (compare with mtDNA analysis Figs 3
and 4). The smaller cluster contained exclusively samples from Lake Turkana (bottom left).
The cluster is clearly subdivided into two groups, according to their origin either from the

Table 4. Results of population genetic statistics of mtDNA for both parasites and hosts.

Wenyonia virilis Synodontis spp.

Nile Turkana Nile Turkana

Haplotype diversity Hd = 0.98 Hd = 0.986 Hd = 0.631 Hd = 0.389

Nucleotide diversity π = 0.016 π = 0.015 π = 0.004 π = 0.001

Tajima’s D D = -1.211* D = -1.271* D = -1.37 D = -2.40*
Fu and Li’s D D = -3.123 D = -4.56 D = -1.73 D = -4.00*

Asterisk indicates values significant at P<0.05.

https://doi.org/10.1371/journal.pone.0175286.t004

Table 5. Results of the Synodontis spp. and Wenyonia spp. migration hypotheses tested with the coalescent based software MIGRATE, showing
comparisons of marginal likelihoods and model probabilities for each dataset.

Synodontis spp. Wenyonia spp.

Marginal LH Model Probability Marginal LH Model Probability

H1 -2098.6 1.55 e-222 -26193.9 7.36 e-277

H2 -2551.8 0 -27100.8 0

H3 -1843.2 1 -32718.3 0

H4 -2455.6 0 -26171.8 1.26 e-257

H5 -1878.0 5.61 e-31 -27224.7 0

H6 -2178.9 2.71 e-292 -26527.2 0

H7 -1879.7 1.94 e-32 -26254.0 0

H8 -2003.1 1.30 e-139 -25876.0 1

H9 -2201.9 0 -28132.6 0

H10 -2180.9 4.33 e-294 -26607.9 1

H11 -1536.4 1 - -

H12 -1990.3 0 - -

The best-supported hypotheses are in bold; H1-Hn refer to corresponding hypothesis {Marginal Likelihoods were used to calculate the Bayes factors (model

probability) and for comparing alternative models of gene flow}.

https://doi.org/10.1371/journal.pone.0175286.t005
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freshwater, or saline part of the lake. When axis 1 and axis 3 were compared, the majority of
the samples from Lake Turkana formed a separated group (Fig 5b—bottom half).

Results of the AFLPs PCoA analysis are different from the picture of the population struc-
ture obtained from mtDNA. PCoA clustering of individuals did not corroborate the separation
of W. virilis specimens into mtDNA haplogroups, but showed some differentiation between
the Turkana and Nile populations (Fig 5a and 5b). Moreover, AFLP markers did not separate
W. youdeoweii and W. minuta from W. virilis in any of the performed analyses (Figs 5 and 6a).
The AMOVA analyses based on FST calculation (Infinite Alleles Model) revealed that the
majority of variation occurred within the sample sites for all datasets (90% for parasite, 93%
for host in the whole dataset; 89% for the parasite, 98% for the host in Lake Turkana dataset).

Fig 5. Results of PCoA for (a, b) Wenyonia spp. and (c, d) Synodontis spp. based on the genetic distances generated by GenAlEx
software. Results are presented for the first three axes, because the second and the third axis explained similar levels of variability. In
PCoA, all individuals were labelled with different colours based on their geographical or species origin. Asterisks (a, b) indicate clearly
separated clusters comprising solely Wenyonia Turkana samples. Synodontis samples (c, d) from all localities clustered together without
forming distinguishable groups. S. nigrita individuals clustered together and even showed a tendency to create a separate group (d).
Turkana—medium 1–3 refers to three different localities: 1, Central Island; 2, Kerio River delta; 3, Kalokol.

https://doi.org/10.1371/journal.pone.0175286.g005
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Among sites the population structure (Turkana vs. Nile) explained only 10% of variance for
Wenyonia virilis and 7% of variation for Synodontis spp. Among sites the population structure
between the Turkana freshwater and saline part explained 11% variation for Wenyonia virilis
and 2% for Synodontis spp. (Table 6).

Fig 6. Individual-based cluster representation of all sampled Wenyonia spp. (a) and Synodontis spp. (b) as revealed by the
Bayesian inference of population structure. Each colour represents one assumed population cluster K. Multiple coloured bars display an
individual’s estimated membership proportion in more than one population (q), i.e. admixture. Turkana—medium 1–3 refers to three different
localities: 1, Central Island; 2, Kerio River delta; 3, Kalokol.

https://doi.org/10.1371/journal.pone.0175286.g006

Table 6. Results of the AMOVA based on FST for Wenyonia virilis and Synodontis spp. AFLP data from Lake Turkana and the Nile; Turkana freshwater
and saline part. Estimations are based on 999 permutations and the significant at P<0.001.

Source of varition df Sum of squares Mean squares Estimated variance Explained variance (%)

Turkana vs Nile

Wenyonia virilis

Among sample sites 1 1559.575 1559.575 12.753 10%

Within sample sites 349 40106.447 114.918 114.918 90%

Total 350 41666.023 127.672 100%

Synodontis spp.

Among sample sites 1 374.602 374.602 5.301 7%

Within sample sites 130 9738.262 74.910 74.910 93%

Total 131 10112.864 80.211 100%

Turkana freshwater part vs saline part

Wenyonia virilis

Among sample sites 1 1902.670 1902.670 13.434 11%

Within sample sites 278 30110.370 108.311 108.311 89%

Total 279 32013.039 121.744 100%

Synodontis spp.

Among sample sites 1 132.709 132.709 1.551 2%

Within sample sites 78 5813.353 74.530 74.530 98%

Total 79 5946.063 76.082 100%

https://doi.org/10.1371/journal.pone.0175286.t006
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The PCoA for the host dataset (Fig 5c and 5d) revealed a similar pattern to the haplotype
network of cox I sequences. The lack of population structure observed in AFLP corresponds
with mtDNA data.

Population structure was further analyzed using the STRUCTURE software. The optimal
number of genetic clusters (K) was estimated by using the delta K statistics (DK). The number
of clusters in the parasite dataset was K = 5 for the admixture model of population history (Fig
6a) and K = 4 for the non-admixture model of population history (see S2 and S3 Figs). As in
the PCoA analysis, W. youdeoweii and W. minuta were not separated from W. virilis and
shared clusters with samples from the Nile (Fig 6a). The Nile population was characterized by
the predominant occurrence of one cluster (lime green), supplemented with two other clusters
(light and dark blue). Samples from Lake Turkana shared clusters with the Nile (light blue,
dark blue, less frequently lime green), but a unique Turkana cluster was present with high fre-
quency (magenta). Samples from the freshwater part also frequently contained another dark
green cluster, which was almost absent in Nile samples. The population from the saline area
also contains a unique cluster (magenta). Clusters shared between the saline population and
the Nile are different from the freshwater part of Lake Turkana (light blue, lime green, dark
blue).

Clusters, which are less frequent in the Nile (light blue, dark green), showed an increased
proportional presence in Lake Turkana, concordant with the hypothesis of the Nilotic origin
of the Turkana populations. The presence of different Nile clusters in the freshwater and saline
parts of Lake Turkana might reflect multiple colonization events. Similar to the PCoA, AFLP
clusters obtained in STRUCTURE did not match with specific mtDNA haplogroups. Wenyo-
nia youdeoweii and W. minuta did not separate from W. virilis.

In the host dataset, results distinguishing the four clusters (admixture population model;
K = 5 for no-admixture historical model S3 Fig) received the highest peak in the DK statistics
(S2 Fig). All four clusters were present at all localities from the Nile and Lake Turkana albeit
with different frequencies (Fig 6b). The cluster with the highest frequency in Lake Turkana
(pink) has the lowest frequency in the Nile, whereas the main clusters in the Nile (green and
purple) were less frequently observed in Lake Turkana, a pattern similar to that revealed in the
parasite. Interestingly, the two Nile branches, Blue and White Nile, differed in the composition
of their clusters too. Contrary to the PCoA analysis, S. nigrita did not show a tendency to clus-
ter separately and shared clusters with Synodontis samples from the White Nile.

Discussion

Two different markers, AFLP and mtDNA, were used to assess the levels of genetic diversity,
population structure and shared evolutionary patterns in a host-parasite system in two recently
divided basins. Evidence of geographically determined events shared between the two organ-
isms was revealed in the form of a historical bottleneck and Nilotic origin of the Lake Turkana
populations. Additionally, an indirect impact of salinity gradient on the structure of Lake Tur-
kana parasite populations was indicated.

Fast evolving parasites vs. stationary hosts

The markedly faster rate of molecular evolution reflected by an increased sequence diversity of
W. virilis, when compared to its host possessing similar generation time (one year), is striking.
We were not able to provide an exact calculation of the difference in the mutation rates due to
the character of our data. Methods used for such estimations rely on clade to clade compari-
sons (e.g. ⇤BEAST [69]), whereas our fish samples lacked any such structure. Despite that, it is
clear that the mutation rates must differ dramatically (sequence variability for Wenyonia virilis
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dataset is between 100–95.5% vs. 100–97.3% for Synodontis). An increased mutation rate in
parasites is a common feature [70,71] and a shorter generation time of the parasite is the most
common explanation for the discrepancy [72]. However, in our case, organisms with similar
generation times were studied. Instead, several other evolutionary factors might be involved.
For example, it was suggested that higher migration rates of the host could increase mutation
rate in the maladapted populations of the parasite [73,74]. However, multiple factors, such as
differences in effective population sizes, species-specific historical events, or a higher life
expectancy of the host, may also play a role. Although frequently referred to in the literature
[75–77], the phenomenon of the slowly evolving hosts opposed by rapid evolution in their par-
asites remained surprisingly poorly documented until recently. To our knowledge, the Wenyo-
nia-Synodontis model represents the only example documented in metazoan endoparasites, as
most other examples include exclusively ectoparasites and Apicomplexa [70,72,78,79]. Hence,
when supplemented with more genes and species, our system might provide an alternative
model for the studies of host-parasite coevolution.

Opposing population histories of host and its parasite

Both mtDNA analyses showed that tapeworms from the Nile formed two separate groups
(Figs 3 and 4a). Each of them was phylogenetically more closely related to one of the two Lake
Turkana (sister) groups than to each other. Interestingly, each of the two Lake Turkana groups
was almost exclusively restricted either to the freshwater or the saline part of the lake (Fig 4a).
This pattern might indicate multiple colonization waves of Lake Turkana from the Nile and
the individual haplogroups might be considered to be result of different colonization events.
Moreover, the apparent absence of gene flow between the saline and freshwater Turkana hap-
logroups implies lineage fission. Alternatively, the haplogroups could be interpreted as rem-
nants of the initial ancestral polymorphism introduced during colonization, which was later
reduced through genetic drift or selection.

A similar pattern to AFLP data was seen in the PCoA results. Despite poor population
structure resolution the clear separation of a cluster comprising solely Lake Turkana samples
(Fig 5a and 5b asterisk) from a cluster containing samples from both basins provides further
support for multiple migration events. Thus, both types of data—mitochondrial and total
genomic—provide an indication of multiple migration events. This correlates with the well-
documented Holocene re-connections of the Nile and Turkana basins, and provides a plausi-
ble explanation for the occurrence of multiple, genetically differentiated haplogroups in each
basin (Fig 4a).

The AFLP data were structured into 5 clusters; only one of them (magenta) was unique and
occurred in both the saline and the freshwater part of Lake Turkana. The abundance of the
unique Turkana cluster (Fig 6a) was not as high in the saline part as it is in the freshwater area.
This could indicate that saline and freshwater environments might have different effects on
populations, e.g. by means of different osmotic conditions or differences in the spectrum of
available intermediate annelid hosts.

In contrast to the parasite, the multiple colonization events in Lake Turkana coupled with
the marked similarity of the Nile and Turkana Synodontis populations revealed by both
mtDNA and AFLP data might be well explained by genomic admixture among multiple
founding populations, i.e. lineage fusion. A phenomenon characteristic for some taxa in re-
colonized insular biogeographic systems, such as in giant tortoises Chelonoidis becki from
Galápagos Islands [80,81]. Thus, in our model, the lineage fusion pattern in the host is virtually
opposite to the lineage fission, i.e. ongoing subpopulation segregation in the parasite.
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Signs of parasite’s allopatric differentiation in a sympatric system?

Following the end of the Pleistocene megadrought hypersaline conditions, the Turkana basin
underwent severe environmental oscillations. During the Holocene freshwater periods,
Wenyonia virilis populations were most probably widespread, whereas under current condi-
tions they are restricted to areas where suitable, presumably freshwater, intermediate hosts are
available. This assumption is strongly supported by the near absence of Wenyonia spp. in the
medium salinity part of Lake Turkana that lacks permanent freshwater habitats. The presence
of freshwater springs in the saline part of Lake Turkana [18], together with the common occur-
rence of Wenyonia tapeworms, confirm that at least locally a suitable (presumably freshwater)
intermediate host is also present in the saline part of the lake. As there are no physical obstacles
to host migration in Lake Turkana, isolation by adaptation can better explain the extent of the
tapeworm diversification rather than isolation by distance [82–84]. The restricted distribution
and the lack of substantial gene flow between the ‘freshwater’ and ‘saline’ Wenyonia (haplo)
groups might be caused by their different environmental requirements, possibly including the
role of the intermediate host(s).

The revealed restriction of the ‘freshwater’ subpopulation to a freshwater refugium of the
Omo delta (and perhaps lower Omo) could be explained by highly saline conditions through-
out most of the open lake. However, restriction of the ‘saline’ Wenyonia population to a partic-
ular part of the lake, makes adaptation of the two W. virilis subpopulations to the saline or
freshwater conditions per se unlikely.

The documented, but quantitatively slight, geographical overlap between freshwater and
saline haplogroups, i.e. sporadic occurrence of tapeworms of the freshwater haplogroup in the
saline part of the lake, might be explained by migration of hosts within the lake [27]. This
interpretation is supported by two different phenomena observed in our model: i) the apparent
lack of actual gene flow between freshwater and saline haplogroups, and ii) the complete
absence of mixed infections based on a robust dataset comprising 347 tapeworms and 120
hosts analyzed where all individual hosts were infected by tapeworms belonging either to the
freshwater or saline haplogroup only. Importantly, common co-infections with up to three
Wenyonia spp. in an individual Synodontis hosts in both basins [31] make competitive exclu-
sion unlikely to be responsible for this pattern.

In fact, the pattern observed in the Lake Turkana parasite population might reflect an
uneven or non-overlapping distribution of different intermediate host species, to which indi-
vidual tapeworm subpopulations might have adapted.

Hence, our data suggest that the salinity causes, though possibly indirectly, the apparent
ecological and near-complete geographical segregation of parasite subpopulations. This might
indicate that within a single (isolated) limnic system, salinity might facilitate sympatric specia-
tion by means of ecological segregation of subpopulations triggered by the presence of physio-
chemically contrasting freshwater and saline environments. Analogical processes leading to
the emergence of a salinity gradient affected many African basins, and thus could have a fun-
damental, yet overlooked, influence on the evolution of limnic organisms throughout the Sub-
Saharan Africa and elsewhere.

The indication of multiple, at least two, colonization events has been shown herein by both
markers. Two migration events are reflected in our dataset by the occurrence of multiple mt
haplotypes in individual localities. Importantly, AFLP data are showing on-going segregation
in freshwater and saline parasite (sub)populations that were probably established prior to the
last colonization. However, this separation is still incomplete and population patterns shared
between the Nile and Lake Turkana indicate that the last ~11 ky were not long enough to
completely segregate the tapeworm populations.
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Our finding of almost exclusively ‘freshwater’ and ‘saline’ tapeworm subpopulations with
no apparent gene flow between them represents the first described case of allopatric differenti-
ation (lineage fission) in a clearly sympatric system in the case of endoparasites (documented
in ectoparasites only [85,86]).

mtDNA versus AFLP

Compared to previous studies, which successfully used AFLP for a variety of purposes includ-
ing evolutionary studies of populations, drug sensitivity or detection of inbred individuals
[39,87–90], AFLP did not provide an optimal level of resolution in our study. Using solely
AFLP data, we were not fully convinced that we could clearly distinguish whether the effect of
IBA is overpowering IBD (i.e. isolation by adaptation or isolation by distance) in differentiat-
ing Lake Turkana populations.

Moreover, individual Wenyonia and Synodontis species were clearly differentiated by
mtDNA data. Contrary to our expectations, the AFLP data reflected the interspecific genetic dif-
ferentiation obtained from mtDNA only to a very limited degree, distinguishing S. nigrita in the
host dataset but failing to clearly separate any of the three Wenyonia species. Similar to outcomes
documented in insects [91] and attributed to deep genetic divisions, in which species/subspecies
separated on the basis of mtDNA data are not always reflected in the nuclear genome. To some
degree, the lack of differentiation in multilocus samples could be caused by undersampling (e.g.
W. minuta with only 2 specimens available). However, it is certainly not the case in W. youdeo-
weii for which a representative population sample was obtained. Thus, it remains unknown
whether the AFLP differences found in the Lake Turkana (sub)populations are directly associ-
ated with particular loci that are important for the development of differentiation/segregation
between ‘freshwater’ and ‘saline’ populations, or not. Therefore, although we cannot rule out
that the observed changes in genetic diversity have little or nothing to do with segregation, it is
possible that we in fact demonstrate early evolutionary changes associated with it.

Although the AFLP data showed similar patterns in both organisms, the picture of population
structure obtained from these data was much less clear. In particular, an increased frequency of
some clusters from the Nile was seen in Lake Turkana and vice versa and unlike mtDNA, mark-
ers did not reveal any corresponding geographical pattern among Wenyonia samples from Lake
Turkana. Moreover, the signal of the ancestral gene flow contained in the mtDNA data was simi-
lar for both organisms and provided valuable information about historical changes in species dis-
tributions. Therefore, the suitability of AFLP data to elucidate one of the main questions of this
study, i.e. significance of the salinity gradient itself, remains unanswered. Compared with other
studies this study is based on a sufficiently high number of isolated loci (e.g. 716 fragments for
parasite and 532 for host; vs. 229 and 987 AFLP loci for Nematodes [39,92]; 731 and 237 loci for
plants [93,94]; 672 loci for Plasmodium spp. [95]). Despite the large number of fragments ana-
lysed in both hosts and parasites, co-dominant markers like microsatellites or SNP could poten-
tially provide more informative data. The low informativeness might be caused by suboptimal
performance of the primers used for selective PCR in our assay. For example, PCR performance
of the selective primers with 3 additional bases could have been too strict and therefore many
fragments, which are shared within a population or a lineage, may have been missed. As a result,
datasets might proportionately contain a low number of shared and a high number of rare loci/
fragments, making detection of genetic patterns identifying different populations difficult.

Conclusions

Despite the common origin of the Lake Turkana populations in the Nile, the population
genetic pattern observed in hosts implies the fusion of multiple colonisation waves, contrasting
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with the lineage fission (segregation) in its parasite. This pattern might be explained by eco-
logical permeability of the specific environment in which the saline part of Turkana poses a
barrier for a parasite dependent on freshwater intermediate host(s), while allowing free dis-
persal of the definitive fish host. The parasite populations exhibited markedly higher molecular
evolutionary rates compared to the hosts, providing a rare example of the long-discussed the-
ory of rapid evolution in parasites compared to their hosts. Although AFLP and mtDNA
showed similar patterns in both host and its parasite, mtDNA provided a remarkably higher
resolution of population structure, historical gene flow, evolutionary patterns, and inter- and
intra-specific genetic differentiation.
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Supplementary data 
 
S1 Table. Thresholds were individually set for each AFLP primer combinations.	
 

 Wenyonia spp. Synodontis spp. 

 
MseI-
CTC 

MseI-
CTA 

MseI-
CAA 

MseI-
CAG 

MseI-
CAC 

MseI-
CTC 

MseI-
CTA 

MseI-
CAA 

EcoRI-
ACA* 150 150 150 100 150 150 200 200 

EcoRI-
ACT* 150 150 200 150 200 150 150 150 

EcoRI-
ACG* 150 150 150 100 200 200 200 150 

 
	
	
	
	
	

	
	
S1 Figure. Phylogenetic tree of cox I Wenyonia spp. for a) model of molecular evolution 
computed by PHYML; b) best-fit partitioning schemes carried out in Garli. Branches are 
collapsed into groups, which correspond to sampling locations. Statistical supports for each 
group were generated from Likelihood bootstrap proportion. 
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S2 Figure. ΔK results for historical models admixture of Wenyonia spp. (a) and Synodontis 
spp. (b) and noadmixture of parasite (c) and host (d). 
	
	
	
	

	
	
S3 Figure. Individual-based cluster representation of all sampled Wenyonia (a) and 
Synodontis (b) as revealed by Bayesian inference of population structure. Each colour 
represents one assumed population cluster K. Multiple coloured bars display an individual’s 
estimated membership proportion in more than one population (q), i.e. noadmixture. Turkana 
– medium 1-3 refers to three different localities: 1, Central Island; 2, Kerio River delta; 3, 
Kalokol. 
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Abstract 

Examination of 138 specimens of Synodontis schall (Mochokidae, Siluriformes) from the Nile 
River and Lake Turkana revealed presence of both S. schall-like and S. frontosus-like 
morphotypes, with clinal variation between them. Phylogenetic and haplotype analyses based 
on 131 coxI (565bp), 96 cytb (973bp) and 23 RAG2 (896bp) sequences from the Nile-
Turkana population, plus additional GenBank sequences of Synodontis spp., showed that 
both morphotypes and intermediate forms are conspecific. The results imply probable 
synonymy of S. frontosus with S. schall. Strong biogeographical signal has been revealed 
among supposedly widely distributed, homogenous and conspecific S. schall-like catfish of 
the Nilo-Sudanian ichthyological province using the mitochondrial dataset. Synodontis schall 
sensu stricto, as defined by type locality in the Nile, is apparently restricted to eastern part of 
the Nilo-Sudanian ichthyological province (e.g. Nile, Turkana, Chad), while S. schall sensu 
lato from western parts (e.g. Senegambia, Niger, Chad) most probably represents a cryptic 
taxon unrecognized thus far due to the absence of tenable morphological differences. 
Apparently there is an overlap of the eastern “sensu stricto” and western “sensu lato” S. 
schall in the Chad basin. 
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1. Introduction 

The Mochokidae (Actinopterygii, Siluriformes) is an endemic African family of freshwater 
catfish containing 211 species in nine genera (Eschmeyer et al. 2017). With 131 nominal 
species currently recognized, Synodontis Cuvier, 1817 is the most speciose mochokid genus 
and is widely distributed in all African ichthyological provinces except for Maghreb and South 
Africa (Poll 1971; Paugy and Roberts 2003; Froese and Pauly 2017). Available knowledge on 
most Synodontis spp. is limited to morphology and distribution (e.g. Poll 1971; Sands 1983; 
Musschoot & Lalèyè 2008), while the first molecular phylogenetic studies were published 
during the last decade (Day and Wilkinson 2006; Koblmüller et al. 2006; Day et al. 2013; 
Pinton et al. 2013).  

Within the scope of research on fish parasites in the Nile River and Lake Turkana, we 
examined a total of 138 Synodontis specimens. Two of three Synodontis spp. in our sample, 
Synodontis nigrita Valenciennes, 1840 and Synodontis serratus Rüppell, 1829 (both absent in 
Lake Turkana) could be readily morphologically determined. The third species Synodontis 
schall (Bloch et Schneider, 1801) showed deviation from both data in the literature, as well as 
from differential diagnosis and the neotype proposed recently by Musschoot & Lalèyè (2008). 
Among Synodontis spp. occurring in the Nile and Turkana basins, S. schall might be 
confused with the morphologically very similar Synodontis frontosus Vaillant, 1895. According 
to the literature, S. schall is common and abundant in both the Nile River and Lake Turkana 
(e.g. Poll 1971; Lévêque et al. 1991; Bailey 1994; Paugy & Roberts 2003). Although the two 
species might co-occur in both basins, S. frontosus is considered absent in Lake Turkana 
itself, reportedly being restricted to its main source, the Omo River (Hopson 1982). Diagnostic 
features of both species are similar and partly overlapping, therefore, distinguishing between 
the two in the field is a difficult task leaving room for errors. 

Due to the above mentioned uncertainties and because S. schall is our model in 
parasitological studies requiring proper host determination (Jirsová et al. 2017), we decided to 
base the taxonomical assignment of our Nile-Turkana S. schall specimens on a phylogenetic 
approach aided with an assessment of selected morphological traits. Herein, we assess the 
identity of S. schall from the Nile and Turkana basins by means of phylogenetic and 
haplotype analyses of a representative set of Synodontis spp. coxI, cytb and RAG2 
sequences, revealing yet unrecognized biogeographical pattern among the Nilo-Sudanian S. 
schall-like catfish. 

 

2. Material and Methods 

2.1 Sampling and fish determination 

Sampled fish were obtained from local fishermen in seven different localities in the Nile and 
Turkana basins (S. schall n=120, S. nigrita n=8, S. serratus n=10, Total: 138; see Table 1 for 
details). The two Nile localities cover both the White (Kostí) and Blue Nile (Sennar). The five 
Turkana localities cover the salinity gradient present in the lake, i.e. the freshwater Omo River 
delta (Todonyang) and the saline (brackish) main part of the lake (central Turkana saline: 
Kalokol, Central Island; central Turkana freshwater refugium: Kerio River delta; south 
Turkana: El-Molo Bay). A small piece of liver tissue from each individual was cut off and 
preserved in 96% ethanol for molecular analyses. Fish were routinely measured, photo-
documented and their mouthparts including tooth plates and barbels were cut off and 
preserved in 4% formaldehyde for further morphological examination. Fish were destined for 
human consumption, therefore, no permission was needed to collect these fish. Specimens 
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that were still alive when examined were killed by dorsal pithing (spinal cord and blood 
vessels cut immediately behind the head), a method congruent with Kenyan, Sudanian, 
Czech and European legislation.  

Upon field examination, all fish were determined based on following distinguishing 
combinations of features: S. nigrita: body, head and fins with black spots, inner mandibular 
barbles bearing thick and tuberculate ramifications, maxillary barbels with a well visible broad 
black membrane, short and small adipose fin; S. serratus: maxillary barbels with a very large 
light-colored membrane, humeral process pointed, non-keeled, distinctive serrations on both 
edges of pectoral spine, prolonged rostrum (Bailey 1994; Paugy and Roberts 2003); for S. 
schall, see Table 2 and Results and Discussion sections. 

 

2.2 DNA extraction, PCR & sequencing 

DNA was isolated using the phenol chloroform method described in Sambrook & Russell 
(2001). Two mitochondrial genes and one nuclear gene were used for phylogenetic analyses, 
cytochrome oxidase I (coxI), cytochrome b (cytb) and recombination activating gene 2 
(RAG2), respectively (see Table S1 in supplementary data for a complete list of sequences 
and other details). Amplification protocol and PCR primer FishF2 and VF2_t1 for partial 
sequence of coxI gene (~800 bp) were adopted from Ivanova et al. (2007). PCR reaction 
contained 12.5 µl of PPP Master mix, 10.5 µl of ultra pure water, 5 pM of each PCR primer 
and 0.5 µl of isolated DNA (100 to 170ng). Primer sequences (5’-GAC-
TTGAAGAACCACCGTTG-3’ forward and 5’-TTTAGAATTCTGG CTTTGGGAG-3’ reverse, ~ 
800bp) to amplify part of cytb and PCR conditions were adopted from Pinton et al. (2013). 
Primers for RAG2 amplification (forward 5'-TGY TAT CTC CCA CCT CTG CGY TAC C-3' and 
reverse 5'-TCA TCC TCC TCA TCK TCC TCW TTG TA-3', ~ 1100bp) and reaction conditions 
were adopted from Sullivan et al. (2006). Amplification reactions for cytb and RAG2 contained 
the same PCR reagents and amount of DNA as mentioned above. All products were verified 
on a 1% agarose gel and purified using enzymes exonuclease I (Exo I) and shrimp alkaline 
phosphatase (SAP) (Werle et al. 1994). Purified fragments were directly sequenced by 
Macrogen Inc. (Amsterdam, Netherlands). The same primers used for PCR amplification 
were used for sequencing. 

 

2.3 Phylogenetic and haplotype analyses 

Obtained sequences were assembled and inspected for errors using GENEIOUS Pro 
software package version 6.1 (Kearse et al. 2012). In addition to our original sequences (Tab. 
S1), we used GenBank sequences of Synodontis spp. to interpret our results in a broader 
phylogenetic context (see Table S2 in supplementary data for complete list of sequences and 
additional information). Alignments were constructed in the MAFFT v. 6 (Katoh et al. 2002) 
and corrected manually using GENEIOUS Pro software package version 6.1. Best-fit models 
of molecular evolution were selected using AIC criteria in jMODELTEST v2.1.4 (Posada 
2008). Phylogenetic analyses were performed using Bayesian inference (BI) in MrBayes 
v3.2.2. (Huelsenbeck et al. 2001; Ronquist and Huelsenbeck 2003) and maximum likelihood 
(ML) in PHYML v3.0 (Guindon and Gascuel 2003). BI analyses were performed under the 
same conditions for all datasets - using 5 million MCMC replications, with four chains and 
three independent runs. The following nucleotide substitutional models were used: GTR+I+G 
for coxI data, GTR+G for cytb and for HKY+I+G for RAG2 data. ML analyses were run using 
bootstrap analyses with 1000 replications and models mentioned above. All phylogenetic 
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trees were rooted using GenBank sequences of Microsynodontis sp. (HF565849 for coxI, 
DQ886604 for cytb, HF565741 for RAG2). 

To examine the population and dataset variability, statistical parsimony networks based on 
pairwise differences were constructed using PopART v1.7 (Leigh and Bryant 2015), using 
settings for TCS networks (Clement et al. 2000). Separate datasets containing only 
sequences of S. schall sensu stricto and S. schall sensu lato clades as revealed by 
phylogenetic analyses were analysed. 

 

3. Results 

3.1 Morphological determination 

Standard length of examined S. schall specimens ranged from 142 to 300 mm (mean ± SD; 
209.8 ± 33.2 mm). Weight ranged from 75 to 783 g (mean ± SD, 227.1  ± 118.9 g). 
Synodontis schall from the Nile and Turkana showed remarkable variation in body shape, 
proportions, coloration, as well as diagnostic features (see Fig. 1 and Table 2 for details). We 
observed a phenotypic gradient from typical S. schall morphotype (Fig. 1a,d,i,k), which 
dominated the sample, to typical S. frontosus morphotype (Fig. 1c,h,j,m), which was less 
frequent. These observations, together with the common occurrence of intermediate forms 
hampered reliable morphology-based determination of numerous specimens. In the majority 
of Nile-Turkana specimens, there was an obvious, blunt, low, relatively wide, longitudinally 
striated keel on the ventral side of the humeral process (Fig. 1d,e,h) fitting S. schall. Only in 
some specimens the keel was absent (Fig. 1f,g), resembling that of S. frontosus. The humeral 
process shape showed clinal variation from S. schall-like, i.e. margins straight and/or dorsally 
concave and/or ventrally convex (Fig. 1d,e) to S. frontosus-like, i.e. straight both dorsally and 
ventrally (Fig. 1h). Clinal variation was observed also in anterior pectoral spine serrations, 
from S. schall-like, i.e. fine, sharp, distinct (Fig. 1i) to S. frontosus-like, i.e. barely discernible 
(sometimes due to pigmentation in dark-colored specimens) (Fig. 1j). Remarkable clinal 
variation was present also in maxillary barbels from S. schall-like, i.e. devoid of a basal 
membrane or with a hardly visible slat-like rudiment (Fig. 1k,l) to S. frontosus-like, i.e. distinct, 
well developed dark basal membrane (Fig. 1m). Mandibular teeth numbered from 26 to 46 in 
total covering the range for both S. schall (18-39) and S. frontosus (33-48) (Table 2). When 
only a single main row of mandibular teeth was considered the count was 21 to 40. 
Mandibular teeth seem to grow up from the outer margin of tooth plate towards the mouth 
interior, where the old ones lose their sharp tips and eventually disappear, while new ones 
start to grow from the outer side (Fig. 2). The number of new mandibular teeth emerging 
before the main teeth row varied from 1 to 12. 

In three main Turkana sampling localities, the ratio of S. schall/S. frontosus/intermediate 
morphotypes was as follows: El-Molo Bay 35/16/7, Kalokol 19/11/0, Todonyang 32/31/14, 
implying somewhat higher relative incidence of S. frontosus-like morphotype in the freshwater 
part of Turkana (Chi-square test = 10.3; df =4; P < 0.05) (Tab. S3). 

In addition, several other features corresponding either to S. schall or S. frontosus have been 
observed, but not systematically recorded. For example, pointed snout combined with 
narrower interorbital region and eyes well within lateral margin of the head in dorsal view (as 
in S. schall) vs. snout more broadly rounded with wider interorbital region and orbits impinging 
on the lateral outline of the head in dorsal view (as in S. frontosus) (sensu Hopson 1982). The 
two states are well demonstrated by the two specimens showing S. schall and S. frontosus 
morphotype in Fig. 1a and Fig. 1c, respectively. 
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3.2 Phylogenetic analyses 

In total, 131 sequences of coxI (565bp), 96 cytb (973bp) and 23 RAG2 (896bp) were obtained 
from the Nile River and Lake Turkana and used for phylogenetic analyses together with 
Synodontis spp. sequences retrieved from GenBank. The sequence data were deposited in 
GenBank under accession numbers coxI: KY483652-KY483782, cytb: KY483783-KY483878, 
RAG2: MF136700-MF136718, MF150161- MF150164. As BI and ML phylogenetic analyses 
provided similar outcome, only BI final trees are presented with posterior probabilities as 
branch supports. 

In coxI analysis, sequences of 81 Synodontis spp. were analyzed (Fig. 3). As expected, our 
samples of S. nigrita and S. serratus from the Nile clustered with conspecific sequences from 
GenBank (see Fig. S1 for composition of the collapsed clades). All Nile-Turkana S. schall 
samples clustered together and created a well-supported group. According to the 
predominant morphological patterns observed in the Nile-Turkana sample and location of the 
type locality of S. schall in the Nile, we named this clade “S. schall sensu stricto”. Importantly, 
all GenBank sequences labelled S. frontosus (HF565883–89) and one sequence of S. 
caudovittatus (HF565865), all from the Nile, also clustered in this clade in all analyses. On the 
contrary, GenBank sequences labelled S. schall (HF565950, HF565953-56), Synodontis 
ouemeensis HF565953, all from western part of Nilo-Sudanian and Eburneo-Ghanian 
provinces, together with sequences labelled Synodontis aff. bastiani, Synodontis aff. haugi 
HF565950, HF565954-56 (pet trade), created a separate group with high nodal support. Due 
to the clear separation from the “S. schall sensu stricto” and taxonomic assignment of most its 
sequences, we named the clade “S. schall sensu lato”. 

Dataset for cytb included sequences representing 52 Synodontis spp. (Fig. 4). Our 
sequences clustered with all GenBank S. frontosus sequences (FM878850–54, HF566018–
23), as well as S. schall sequences (EU781905–07, EU781915) and EU781915 from the Nile 
and/or Chad basin. This clade clearly corresponds with the S. schall sensu stricto clade, 
hence its name in the tree. The rest of S. schall sequences (EU781902–04, EU781908–14, 
EU781916) from Senegambia, Niger and Chad	basin	created a group corresponding to the S. 
schall sensu lato clade, closely related to, but clearly distinct from the S. schall sensu stricto 
clade. In conclusion, analyses of both mitochondrial markers revealed very similar patterns 
with strong biogeographic signals, indicating phylogenetic distinctiveness and geographic 
affinity of two clades, i.e. eastern S. schall sensu stricto and western S. schall sensu lato 
(Figs. 3, 4, 5).  

Analysis of the nuclear gene was less informative. A total of 19 RAG2 sequences of 
Synodontis spp. was analysed (Fig. 6) together with 102 sequences from Genbank. Our S. 
schall sensu stricto samples from the Nile and Turkana comprised an internally unresolved 
cluster together with the samples of S. frontosa (HF565870-74), S. caudovittatus (HF565755), 
S. violacea (HF565838) and S. aff. bastiani (HF565751) from Eastern Nilo-Sudan province, 
as well as S. schall (HF565817-19) from Western Nilo-Sudan province. Although sequences 
of S. serratus from our sample and from GenBank clustered together with high support, the S. 
serratus branch was placed within the S. schall clade, probably as a result of low sequence 
variability in the whole dataset (100-94.5%). 

3.3 Haplotype networks 
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Haplotype networks were constructed for the mitochondrial genes, but not for the nuclear 
gene (RAG2), because sufficient numbers of sequences from Western Nilo-Sudan were only 
available for mitochondrial genes. 

Samples created two well-separated clusters corresponding to the S. schall sensu stricto and 
S. schall sensu lato clades previously revealed in phylogenetic analyses and showing virtually 
identical patterns (Fig. 7, 8). Both mitochondrial genes proved good determining markers with 
high accuracy for the sensu stricto and sensu lato clades, although somewhat higher levels of 
variability in the dataset/population and more haplotypes were observed in cytb.  

While data for coxI created one big central haplotype with minimal presence of other more 
derived haplotypes, cytb showed a more complicated network structure with some haplotypes 
divided by more than ten mutations. Although the two networks might appear very different, 
similar phenomena can be seen in both datasets, most remarkably sharing of the same 
haplotypes between the Nile and Turkana basins. 

 

4. Discussion 

4.1 Identity of Nile-Turkana S. schall-like catfish 

In the Nile and Turkana basins, both typical S. schall morphotype and typical S. frontosus 
morphotype, as well as a phenotypic gradient between the two, have been identified. 
Regardless of morphological patterns, phylogenetic and haplotype analyses based on robust 
datasets rendered all the Nile-Turkana samples clearly conspecific, i.e. both S. schall-like and 
S. frontosus-like. It is to be noted, that the taxonomical incongruence between taxonomic 
assignment of GenBank sequences and our phylogenetic analyses clearly indicated both S. 
schall and S. frontosus morpho-species among samples revealed herein as conspecific as 
identified by other authors (see original sequence assignments retained in Fig. 4 and Table 
S2). This result renders features presumably differentiating S. schall and S. frontosus 
untenable. Especially the relatively frequent presence of distinct dark membranes on 
maxillary barbels is worth attention, because its “absence, or a presence of only hardly visible 
rudiment” (sensu Paugy & Roberts 2003 and Musschoot & Lalèyè 2008) was considered a 
basic feature distinguishing S. schall from S. frontosus. Given the genetic uniformity of the 
Nile-Turkana sample on one hand, and its remarkable morphological variability, together with 
obvious overlap of presumably differential features on the other, we assume that diagnostic 
features of S. frontosus merely describe part of the intraspecific variability of S. schall. In 
other words, explicit evidence of remarkable intraspecific variability provided herein renders 
the two nominal species S. schall and S. frontosus probably synonymous, hence requiring 
taxonomical reassessment. 

Based on following criteria, we assign the Nile-Turkana population as represented in our 
sample to S. schall sensu stricto: i) the most prevalent morphotype matching S. schall, ii) 
phylogenetic affinity (see below), iii) geographic origin matching with the type locality in the 
Nile and iv) with respect to possible synonymy, the priority of the specific name S. schall over 
S. frontosus. The interpretation is indirectly further supported by the supposed absence of S. 
frontosus in Lake Turkana itself, being presumably limited to Omo River (as highlighted by 
Hopson 1982 and other authors). Although in our Turkana sample S. frontosus morphotype 
was not restricted to freshwater Omo delta, it was clearly most prevalent here.  

Concurrent morphological and molecular sampling throughout the Nile basin, including terra 
typica of both S. schall and S. frontosus, i.e. Nile River in Assouan and in Khartoum, 
respectively, is necessary for sound taxonomical measures (we presume synonymy of S. 
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frontosus and S. schall). Unfortunately, studies of other authors do not aid further resolution, 
because even recent taxonomic studies on Nilo-Sudanian Synodontis spp. lack molecular 
phylogenetic analysis, and vice versa, all available phylogenetic studies lack clues for 
determination of sampled specimens, and/or even the exact origin of the samples (e.g. 
Musschoot & Lalèyè 2008; Day et al. 2013). 

4.2 Hidden diversity of S. schall-like catfish of the Nilo-Sudanian ichtyological province 

Unlike the morphological determination, the results of phylogenetic and haplotype analyses 
were strikingly straightforward. Phylogenetic analyses of both mitochondrial markers 
equivocally revealed S. schall sensu stricto and S. schall sensu lato clades, each comprising 
a mixture of samples assigned by different authors to S. schall, S. frontosus or other taxa. 
Regardless of GenBank taxonomic assignment, the two well supported clades, S. schall 
sensu stricto and sensu lato, exclusively comprise either samples from eastern part of the 
Nilo-Sudanian ichthyological province (Nile, Turkana, Chad), or those from its western part 
(e.g. Senegambia, Niger, Chad), respectively. The taxonomically incongruent, but 
geographically non-random phylogenetic pattern reveals a strong biogeographical signal 
among the supposedly homogenous, conspecific and widely distributed S. schall-like catfish. 
By chance, the combined Nile-Turkana and GenBank dataset comprises all major limnic 
systems of the Nilo-Sudanian province, i.e. rivers Gambia, Senegal, Volta, Niger, Nile 
(including Lake Albert), endorheic basins of Chad and Turkana, as well as Eburneo-Ghanian 
(sub) province. As such, the dataset is robust enough to allow reliable conclusions. 

In contrast, phylogenetic analyses of the nuclear gene (RAG2) did not corroborate the results 
obtained from mitochondrial genes. Unfortunately, the lack of representative data from the 
Western Nilo-Sudanian province, together with the generally low variability of the gene did not 
allow clear distinction of mitochondrial groups. As a result S. schall clustered with several 
Synodontis spp. (e.g. S. caudovittatus, S. serratus, S. violacea) into a single unresolved 
(polytomic) clade. However, although not being informative, the nuclear pattern is not in 
conflict with mitochondrial data either. The analysis did not exhibit interspecific mitochondrial 
introgression, which would provide an alternative explanation to the apparent conspecificity of 
S. schall and S. frontosa. Complete fixation of mitochondrial DNA introgressed from one 
species to another is rare, but is sometimes found, for example recently in chipmunks (Good 
et al. 2015). Analyses of more variable nuclear loci would be required to completely exclude 
such a possibility in S. schall and S. frontosa. However, given the extent of the sampled 
populations in Nile and Turkana, the high sequence variability found in cytb and the 
uncertainty of morphological traits distinguishing the two species, we do not consider the 
“introgression alternative” probable.  

Although long considered morphologically uniform and widely distributed throughout the Nilo-
Sudanian ichtyological province from the Atlantic to Indian Ocean (e.g. Paugy & Roberts 
2003; Musschoot & Lalèyè 2008), our results imply that S. schall sensu stricto, as defined by 
location of type locality in the Nile, is restricted to the province’s eastern part, i.e. Nile, 
Turkana and Chad basins, and possibly elsewhere in the north-east Africa (Fig. 6). On the 
other hand, morphologically identical S. schall sensu lato from the western part of the Nilo-
Sudanian province probably represents cryptic species apparently more closely related to 
congeners from the same region than to its eastern sibling. Interestingly, there seems to be 
an overlap of distribution ranges of the eastern “sensu stricto” and the western “sensu lato” 
forms in the Chad basin, probably as a result of independent and temporally distinct 
colonization events. 
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4.3 Conclusions 

In conclusion, while S. frontosus might be merely a junior synonym of S. schall, populations of 
S. schall from the western part of Nilo-Sudanian province probably represent distinct species, 
which remained unrecognized due to a lack of morphological signal. A candidate name 
Synodontis gambiensis Günther, 1864 (Terra typica: Gambia), currently considered a junior 
synonym of S. schall, is available for eventual taxonomical amendment of the western “sensu 
lato” clade.  

An interesting, rather unusual taxonomical case has emerged from this study, since 
concurrent taxonomical deflation (nominal species synonymization) and taxonomical split 
(cryptic species formal recognition) might be inevitable in the future for the long recognized 
congeners under scrutiny. First, the two nominal species S. schall and S. frontosus 
apparently represent a single polymorphic species (the species epithet schall having 
taxonomical priority over frontosus). Second, not only is S. frontosus conspecific with S. 
schall sensu stricto (as defined by the type locality), but also S. schall, as it is currently 
defined, apparently includes two non-sister phylogenetic units, i.e. cryptic species, hidden 
under this name. 
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Tables and figures 
 
Table 1. Sampling localities and Synodontis spp. sample sizes. 
 

Locality Coordinates n   

Nile River  S. schall S. nigrita S. serratus 

White Nile in Kostí 13.172222 N, 
32.672222 E 17 6 7 

Blue Nile in Sennar 13.543611 N, 
33.636667 E  21 2 3 

Lake Turkana     

El-Molo Bay - saline 2.832222 N, 
36.695833 E  45 absent absent 

Kalokol - medium salinity 3.558611 N, 
35.915833 E  2 absent absent 

Kerio River delta – freshwater 2.974813 N, 
36.173469 E 8 absent absent 

Central Island - medium salinity 3.495833 N, 
36.040278 E 2 absent absent 

Todonyang, Omo delta - freshwater 4.451667 N, 
35.94388 E 25 absent absent 

Totals (n)  120 8 10 

 
 
Table 2. Distinguishing features of Synodontis schall and Synodontis frontosus; data obtained 
within the scope of this study compared with the following literature: 1Hopson (1982), 2Bailey 
(1994), 3Paugy & Roberts. (2003), 4Musschoot & Lalèyè (2008). Note the intermediate states 
in the present Nile-Turkana sample and its overlap with literature data for both S. schall and 
S. frontosus. 
 

Assessed 
diagnostic features 

This study - Nile-Turkana 
(figure references given) 

Literature 

 S. schall  S. schall S. frontosus 
Humeral process 
ventral keel 

usually present, more or 
less pronounced (1d-f,h), 
sometimes absent (1f,g) 

non-keeled1 vs. slightly-
keeled3 vs. usually non-
keeled4 

non-keeled1,3 

Humeral process 
surface sculpturing 

granulose with striated 
ventral keel 

striated1 vs. granulose3 granulose1,3 

Humeral process 
shape 

upper margin straight (1d), 
concave (1e) or wavy (1g), 
lower margin straight 
(1d,g,h) or convex (1e,f), 
posterior tip sometimes 
curved (1f) 

pointed3, upper margin 
straight or a little concave, 
lower margin straight or a 
little convexe4 

deep, pointed3 

Mandibular teeth 26-46 (21-40 in single row) 23-331, 24-322, 24-393, 
18-324 

36-481,3, 33-482 

Pectoral spine 
anterior serrations 

distinct, fine, sharp (1i), or 
barely discernible (1j) 

Fine, sharp, obvious1,3 barely discernible1,3 

Maxillary barbel 
membrane 

none, rudimentary, or 
distinct dark-colored (1k-m) 

none1,3 vs. none or hardly 
visible2,4 

distinct dark-
colored1,2,3 
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Figure 1. Live specimens of Synodontis schall from Lake Turkana, Kenya. Corresponding 
humeral processes, pectoral spines and mouthparts are shown for two specimens 
representing typical S. schall morphotype (Fig. 1a,d,i,k) and typical S. frontosus morphotype 
(1c,h,j,m); remaining pictures originating from different individuals show additional variation. 
a. Todonyang (Omo River delta); b. El-Molo Bay (southern Lake Turkana); c. Todonyang; d-
h. humeral process variants (see Tab. 2 for details); i. pectoral spine with well visible fine 
sharp anterior serrations (starting from small arrow towards left side of picture); j. pectoral 
spine with anterior serrations barely discernible (partly due to pigmentation); k. maxillary 
barbel without membrane; l. rudimentary slat-like form (arrowheads); m. distinct dark 
membrane (arrows). Note: Depicted specimens show numerous dark specks in various body 
parts, but specimens almost lacking specks might occur too. 
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Figure 2. Synodontis schall mandibular dentition, Lake Turkana, Kenya. a. high magnification 
image showing new teeth emerging at the outer margin of the tooth line (arrowhead, only one 
marked), main row of fully grown teeth with sharp tips (unmarked), and old teeth that already 
lost their sharp tips positioned at the inner margin of the tooth row (arrow, only one marked); 
b. composite image showing variability of teeth arrangement and number: 28 (upper left), 37 
(upper right), 39 (bottom).  
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Figure 3. Bayesian phylogeny for coxI. Posterior probabilities are shown as branch supports Tree is rooted with Microsynodontis sp. sequence. Samples of 
S. schall sensu stricto are collapsed; detailed view of sensu stricto clade structure is presented with sampling localities. Valid names of Synodontis spp. 
following (Froese & Pauly, 2017)are used for convenience. Original assignments retrieved from GenBank, together with sequence accession numbers are 
provided in Figure S2 and Tables S1-S2. 
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Figure 4. Bayesian phylogeny for cytb. Posterior probabilities are shown as branch supports Tree is rooted to Microsynodontis sp. sequence. Samples of S. 
schall sensu stricto are collapsed; detailed view of sensu stricto clade structure is presented with sampling localities. Valid names of Synodontis spp. following 
Froese & Pauly (2017) are used for convenience. Original assignments retrieved from GenBank, together with sequence accession numbers are provided in 
Figure S2 and Tables S1-S2.  
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Figure 5. Map of the Nilo-Sudanian ichthyological province (solid grey line) showing 
geographical origin of Synodontis schall sensu stricto and sensu lato samples as revealed by 
phylogenetic analyses. Dashed line indicates western and eastern limits of Chad basin; 
asterisk indicates Eburneo-Ghanian province; only major lakes are shown outside the area of 
interest. 
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Figure 6. Bayesian phylogeny for RAG2. Posterior probabilities are shown as branch 
supports Tree is rooted with Microsynodontis sp. Synodontis schall sensu stricto clade is 
displayed in and branches for other Synodontis species are collapsed for better visualisation. 
Valid names of Synodontis spp. following Froese & Pauly (2017) are used for convenience. 
Original assignments retrieved from GenBank, together with sequence accession numbers 
are provided in Figure S3 and Tables S1-S2. 
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Figure 7. Haplotype networks for coxI constructed in software PopART v1.7. Networks were 
constructed only for samples clustering in S. schall sensu stricto and sensu lato clades. Sizes 
of haplo-nodes are relative to the sample size. The two networks were separated by 28 steps. 



 71 

 
 
 

 
Figure 8. Haplotype networks for cytb constructed in software PopART v1.7. Networks were 
constructed only for samples clustering in S. schall sensu stricto and sensu lato clades. Sizes 
of haplo-nodes are relative to the sample size. The two networks were separated by 51 steps. 
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Supplementary data 
 
Table S1. Sequences of Synodontis spp. from the Nile and Turkana deposited in GenBank, 
including detailed information on localities. Data provided in separate file. 
 
Table S2. List of GenBank coxI, cytb and RAG2 Synodontis spp. sequences used in 
phylogenetic and haplotype analyses Data provided in separate file. 
 
Table S3. Results of chi-square test for spatial distribution of S. schall, S. frontosus and 
intermediate morphotypes. 
 
 

obs. El Molo Kalokol Todonyang totals(marginals) 

1 35 19 32 86 

2 16 11 31 58 

3 7 0 14 21 

 
58 30 77 165 

     
obs. frekv. El Molo Kalokol Todonyang null (expected) 

1 0,603 0,63 0,415 0,52 

2 0,276 0,36 0,402 0,35 

3 0,121 0 0,181 0,13 

     
expected counts El Molo Kalokol Todonyang 

 
1 30,23 15,63 40,13 

 
2 20,38 10,54 27,06 

 
3 7,38 3,81 9,8 

 

     

 
El Molo Kalokol Todonyang 

 
χ2 0,753 0,723 1,648 

 

 
0,944 0,019 0,571 

 

 
0,019 3,818 1,8 

 

 
1,716 4,561 4,019 10,297 

P(=0,05; df=4) 9,488 
    

 
 
Figure S1. Phylogenetic trees for coxI a), cytb b) and RAG2 c) as revealed by BI analyses, 
showing detailed branching with posterior probabilities as branch supports. Final trees were 
created by software MrBayes. All trees are rooted to Microsynodontis sp. sequence. 
Sequence data of S. schall sensu stricto obtained within the scope of this study are presented 
with GenBank numbers. Data provided in separate file. 
 
 
Figure S2. Phylogenetic trees for coxI a), cytb b) and RAG2 c) as revealed by ML analyses, 
showing detailed branching with bootstraps as branch supports. Final trees were created by 
software MrBayes. All trees are rooted with Microsynodontis sp. sequence. Sequence data of 
S. schall sensu stricto obtained within the scope of this study are presented with GenBank 
numbers. Data provided in separate file. 
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Abstract 
Recent research revealed markedly complex population structure in Wenyonia virilis 
(Cestoda, Caryophyllidae) parasitizing Synodontis schall (Siluriformes, Mochokidae) in Lake 
Turkana. To assess eventual matches between its phenotypic and population genetic 
variability, a total of 298 individuals was assigned to one of five predefined morphotypes; 167 
coxI sequences (~988bp) and AFLP data from 233 individuals (716 fragments) were analyzed 
phylogeographically and by Principle Coordinate Analysis, respectively; results from both 
markers were cross-verified by AMOVA. Two undersampled morphotypes were excluded 
from analyses, while datasets of two other morphotypes showed no statistical differences, 
their datasets were pooled and treated as identical. The two remaining morphotypes mapped 
over population genetic data for both molecular markers showed strong correlation between 
morphotype distribution and population genetic structure. The analysis revealed clear affinity 
of both morphotypes to particular tapeworm subpopulations restricted either to the freshwater 
or saline habitats in Turkana. The effect of different hosts and geographic origin could be 
dismissed, therefore, the match between phenotype and population structure might indicate 
allopatric differentiation in a sympatric system in Lake Turkana. 
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Introduction 

Morphological features defining individual species show some degree of variability, often 
reflecting certain life conditions. In parasites, the same genotype may produce different 
phenotypes under differing conditions, such as different host, host immune system, 
geographic origin, infection intensity (crowding effect), which might be reflected by phenotypic 
plasticity and/or fecundity (Stunkard 1957, Poulin 2007). 

High level of phenotypic plasticity and/or intraspecific variability was repeatedly reported in 
numerous groups of parasites, including caryophyllidean cestodes (Hanzelová et al. 2015). 
These presumably the earliest evolved ‘true’ tapeworms (Eucestoda) are parasites of 
freshwater fish worldwide (except Neotropics) and are unique among eucestodes by the 
monozoic body plan (Mackiewicz 1994). In these studies, the morphological variability was 
usually found to be associated either with different geographical origin or specific host affinity 
(Barčák et al. 2014, Bazsalovicsová et al. 2014). In contrast, taxonomic significance of 
phenotypic variability was overestimated by multiple authors as reflected by extensive 
synonymy of some caryophyllidean taxa, especially in the Indomalayan Region (Ash et al. 
2011, 2012).  

The endemic African caryophyllidean genus Wenyonia Woodland, 1923 comprises six 
currently recognized species occurring exclusively in catfishes of the genus Synodontis 
Cuvier (Siluriformes: Mochokidae) throughout almost all Africa.  

The type species of the genus, Wenyonia virilis Woodland, 1923, is the most widespread, 
being reportedly distributed across numerous basins from Gambia in West Africa, to the Nile 
and Turkana basin in east Africa and up to lower Nile in Egypt, north-east Africa (Schaeffner 
et al. 2011). In the eastern part of the Nilo-Sudanian ichthyological province, the dominant 
(and type) host species of W. virilis is Synodontis schall (Bloch et Schneider, 1801). Apart 
from the wide geographic range, other typical life-history traits of W. virilis include relatively 
high prevalence in most localities, and sometimes high abundances, i.e. tens of specimens 
per individual host (Schaeffner et al. 2011; unpublished data).  

Unlike other congeners, W. virilis shows remarkable morphological variability both within and 
between different localities/populations. In W. virilis sample from the Nile and Turkana basins, 
Schäffner (2009) recognized five morphotypes (gradually differentiated rather than clearly 
distinct morpho-units well distinguished from each other). Although Schäffner (2009) 
considered the morphotypes conspecific and taxonomically non-significant, he documented 
the enormous variability per se. Subsequently, based on another extensive W. virilis sample 
from the same localities, Jirsová et al. (2017) revealed remarkably structured genetic 
composition of W. virilis populations by identifying distinct subpopulations with no gene flow 
between them, which were restricted either to the freshwater or saline parts of Lake Turkana. 
This observation arose the question whether or not the marked phenotypic and genotypic 
patterns correlate.     

Herein, we present an analysis of intraspecific variability in W. virilis by contrasting 
morphology of extensive tapeworm sample with genetic information from two molecular 
markers, mitochondrial gene for cytochrome oxidase I (coxI) and whole genome information 
using amplified fragment length polymorphism (AFLP). Another congeneric and sympatrically 
occurring species, Wenyonia minuta Woodland, 1923 and Wenyonia youdeoweii Ukoli, 1965 
were included in the phylogenetic analysis to confirm their distinctiveness. By comparison of 
molecular and morphological data we assess matches between morphological and 
population genetic variability in an attempt to better understand the population-level patterns 
in a recently isolated tapeworm population. 
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Material and methods 

Sampling and morphotype assignment 

All tapeworm samples in this study originate from a single host species Synodontis schall 
(Bloch et Schneider, 1801) (Siluriformes: Mochokidae), from Lake Turkana in Kenya and the 
Nile River in the Sudan; individual hosts were identified molecularly and morphologically (see 
Jirsová et al., Paper 2). Upon dissection, a small piece of tissue from the tapeworm caudal 
(postovarian) region was cut off and stored in 96% ethanol for DNA isolation (see Table 1 for 
sampling details). The remaining part of each specimen was fixed with hot 4% buffered 
formalin; subsequently, all specimens were stained with Mayer’s hydrochloric carmine 
solution and mounted as permanent slides for morphological identification (Scholz & 
Hanzelová 1998). All individual W. virilis specimens were assigned to five morphotypes 
defined originally by Schäffner (2009). The morphological traits used for morphotype 
assignments included body shape, scolex morphology and arrangement of testes (see Table 
2 for details). Several traits used by Schäffner (2009) for morphotype characterization were 
not considered due to their tendency to reflect either conditions of fixation procedure (widest 
body part), or degree of ontogenetic development (character of testicular and uterine regions, 
nature of ovarian arms); distribution of postovarian vitelline follicles was not considered 
because parts of the postovarian regions of all analyzed specimens were collected for DNA 
extraction. Voucher specimens were deposited in the Helminthological Collection, Institute of 
Parasitology, Biology Centre of the CAS, České Budějovice, Czech Republic, Cat. Nos.: W. 
minuta IPCAS C-571, W. virilis IPCAS C-503, W. youdeoweii IPCAS C-573. 

Model limnic system, Lake Turkana in arid northern Kenya, is an endorheic lake in eastern 
arm of the East African rift system. The limnic system of Turkana is composed of two 
contrasting environments: a freshwater part along the Omo River delta in the very north of the 
lake, and the saline (brackish, alkaline) central and southern parts of the lake (see Paper 1 
for details). 

 

Molecular markers 

Genomic DNA was extracted using a standard phenol chloroform extraction method 
(Sambrook & Russell 2001). Sequences of coxI and AFLP data for this study were adopted 
from previously published dataset by Jirsová et al. (2017). As we were unable to obtain 
corresponding DNA and morphological data for all specimens, only those samples from the 
original dataset assigned to morphogtypes with at least one molecular marker (coxI and/or 
AFLP) were included in final analyses (see Table 1 for sample sizes). All sequences used in 
this study were deposited in GenBank (accession numbers: MF563685 –	 MF563852 W. 
virilis, MF563853 – MF563868 W. youdeoweii, MF563869 – MF563872 W. minuta). 

 

Morphotype distribution analysis 

Genetic differentiation between and among morphotypes was assessed by analysis of 
molecular variance analysis (AMOVA) using the software package Arlequin v3.5 for coxI data 
(Excoffier et al. 2005) and AMOVA (Infinite Alleles Model) in software GenAlex v6.5 for AFLP 
data (Peakall & Smouse 2012). Calculations were performed only for samples with 
determined morphotypes; therefore, juvenile samples were omitted (Table 1). Both datasets 
were split into five groups according to their morphotype determination and FST pairwise 
analyses were conducted, with 10,000 permutations and significant value P= 0.05 for coxI 
data and estimations for AFLP data were based on 999 permutations and significant at P < 
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0.001. If the groups showed zero or negligible differences between sequence data, groups 
were combined into one bigger unit and additional analyses were performed. AMOVA was 
conducted only for Turkana samples, whereas samples from the Nile were not included due 
to small sample size. 

 

Phylogenetic analysis 

Sequential data were assembled and inspected for errors using GENEIOUS Pro software 
package version 6.1 (Kearse et al. 2012). Alignment was created using software MAFFT 
(Katoh et al. 2005). The best model of molecular evolution was selected using AIC criteria in 
software jMODELTEST 0.1.1. (Posada 2008). Phylogenetic trees were constructed using 
Bayesian inference (BI) in the program MrBayes v. 3.2.2. (Huelsenbeck et al. 2001; Ronquist 
& Huelsenbeck 2003). In MrBayes four independent runs were performed under the GTR + I 
+ G model of molecular evolution, with following settings: 5 million MCMC generations and 4 
chains. First 500 thousands replications were discarded as a burnin. Convergence of runs 
was checked in TRACER (Rambaut & Drummond 2009). Final tree was visualised and 
graphically processed in FigTree v1.4.2 (Rambaut 2009). The presented tree was 
constructed in software MrBayes. Sequences of the cyclophyllidean cestodes Taenia 
hydatigena (FJ518620), Bertiella sp. (JQ771105) and Rodentocestus sp. (KJ778921), and 
the dactylogyrid monogenean Euryhaliotrematoides grandis (EU008788) were used as an 
outgroup to root the tree; available data on W. virilis from GenBank (JQ034111-4; Brabec et 
al. 2012) were used in this study as an comparison to our data. 

 

AFLP data analysis 

Analysis of the AFLP fragment data was performed using the GeneMapper Software v3.7 
(Applied Biosystems). Thresholds were set individually for each primer combination and all 
peaks were exported, obtaining 6,038 loci for the W. virilis dataset. Output was transformed 
to a binary format using Microsoft Excel 2011 and then converted to GenePop file format 
using GenAlEx v6.5 (Peakall & Smouse 2012). Selectively neutral alleles suitable for analysis 
of population structure were filtered from loci under putative selection using MCHEZA (Antao 
& Beaumont 2011). The initial analysis was performed with 100,000 simulations and with 
default settings for confidence intervals, Θ, β-a, β-b and critical frequency. Candidates 
included for balancing and positive selection were removed from the dataset and the same 
simulation was run again. This procedure resulted in 716 loci. Principal Coordinate Analysis 
(PCoA), which was based on Nei’s genetic distances, was computed in GenAlEx to visualize 
any emerging patterns of genetic structure in populations. 

 

Results 

Morphotype distribution analysis 

Results of coxI AMOVA analyses showed that there is no statistically significant difference 
between sequence data from tapeworms of morphotypes D, G and H and between E and F 
morphotypes (Table 3). Based on this result, the sufficiently sampled morphotypes D and G 
were considered intra-morphotype variability, their datasets were pooled and involved in 
following analyses. In contrary, undersampled morphotypes F (n=4) and H (n=6) were 
eliminated from the general dataset to avoid errors associated with small sample sizes. 
Resulting analyses of the sequence data on D+G and E morphotypes showed significant 
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difference between the two datasets (Table 3a). Resulting distribution of the morphotypes D + 
G and E mostly correlated with the population structure obtained by phylogenetic analyses, 
implicating their non-random geographic affinity either to the saline or freshwater part of Lake 
Turkana. 

The AMOVA analyses for AFLP data based on FST calculation (Infinite Alleles Model) 
revealed that the majority of variation occurred within the sample sites for all datasets (94.3% 
Tab. 3c). This result provides further evidence of non-random, geographically and population-
genetically correlated distribution of major morphotypes in Turkana.  

 

Phylogenetic analysis 

We used 167 W. virilis sequences, four sequences of W. minuta and 16 sequences of W. 
youdeoweii. Samples of W. youdeoweii clustered together in a branch with low support within 
W. virilis crown. This pattern could be attributed to the nature of mtDNA, which is more prone 
to introgression and lineage sorting than nuclear data. Importantly, the position of W. 
youdeoweii did not affect information on relationships between W. virilis samples. 
Mitochondrial data confirmed the presence of three different Wenyonia spp. in our dataset 
(Fig. 1), namely W. virilis, W. youdeoweii (as a long branch within W. virilis) and W.minuta. 
Samples of W. virilis created four clusters corresponding with the sampling localities. 
Sequences of W. virilis from GenBank originating from the Nile clustered with our Nile 
samples. The morphotype D + G was most prevalent in Turkana freshwater locality, the 
prevailing morphotype for Turkana saline locality was morphotype E (Fig. 1; see Fig. S1 for 
tree with the five original morphotypes mapped).  

 

AFLP analysis 

Morphological and AFLP data are presented for 233 W. virilis individuals. Sampling localities 
and morphotypes were mapped on PCoA results (Fig. 2a, b; see Fig. S2 for the five original 
morphotypes mapped). Highly prevalent morphotypes at Turkana saline locality was 
morphotype D+G, whereas E was the most abundant morphotype in Turkana freshwater 
locality.  

Both types of molecular markers (coxI and AFLP data) corroborate high prevalence of main 
morphotypes D + G and E in the freshwater and saline parts of Turkana, respectively. No 
clear conclusion about morphotypes from the Nile could be made due to the relatively lower 
number of obtained W. virilis samples. Moreover, the final coxI results are comparatively less 
convincing than AFLP data due to the lower number of sequences available. 

 

Discussion 

Apart from one morphotype which was not identified in the Nile sample (F), all morphotypes 
recognized previously by Schäffner (2009) were recorded in both the Nile and Turkana 
basins. In addition, all morphotypes were identified in every single sampling locality in 
Turkana, implying that geographic origin or environmental factors are not a priori decisive with 
respect to the presence/absence of individual morphotypes in particular basin and/or in 
different parts of Lake Turkana. Performed analyses revealed significant correlation between 
the population genetic structure in Turkana and distribution of two major morphotypes (D+G 
and E). Although not exclusively, the morphotype D+G characterized by a very elongate and 
narrow body, with a gradual scolex-body interface (scolex edge), was mostly restricted to the 
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freshwater part of Lake Turkana. In contrast, the morphotype E with a wide robust body and 
abruptly delimited scolex-body interface was mostly restricted to the saline (brackish) part of 
the lake. 

Although the scolex edge, i.e. scolex-body interface, might not seem particularly relevant and 
‘measurable’ feature, its two alternative states present in W. virilis, i.e. gradual vs. abrupt, are 
clearly discernible by both light (Fig. 1) and scanning electron microscopy (see Fig. 4a, d in 
Schaeffner et al. 2011, for gradual scolex edge, and their Fig. 4b,c,e for abrupt scolex edge). 
Scolex is one of the most prominent and functionally significant features of tapeworm external 
anatomy, facilitating essential attachment to host intestinal mucosa. Scoleces are variable, 
providing taxonomically important features used commonly for characterization of cestode 
taxa. As such, scoleces are likely to be prone to environmentally driven functional and 
perhaps morphological changes. Therefore, it is possible that the scolex variations observed 
in Turkana W. virilis morphotypes might be of evolutionary significance. 

In the past, two to three Synodontis spp. were morphologically identified in Turkana (e.g. 
Hopson 1982 and references therein; unpublished data). Just recently, the presence of only a 
single species of Synodontis in Lake Turkana has been confirmed (Paper 2). As a result, 
multiple host misidentifications confusing literature information on host spectra of multiple 
Turkana fish parasites should be taken into account (de Chambrier et al. 2011; Schaeffner et 
al. 2011; Kuchta et al. 2012; Mašová 2012; Moravec & Scholz 2017). This observation 
highlights the importance of proper host determination by combination of morphological and 
molecular tools whenever uncertainties emerge. Synodontis schall is the only member of the 
genus present in Lake Turkana and thus the only host available for W. virilis in that lake 
(Paper 2). This evidence rules out the influence of different host species on the documented 
population-genetic and/or phenotypic patterns in the Turkana W. virilis population.  

Being ubiquitous and abundant in all parts of the lake, as well as in terms of biomass and 
ecological significance, S. schall is one of dominant components of Turkana’s fish community, 
making the lake’s ichthyofauna unique among those of other great African lakes (Hopson 
1982; Muška et al. 2012). There are no barriers restricting S. schall and its migrations 
between saline and freshwater habitats of Lake Turkana have been reported (Hopson 1982). 
This is apparently well reflected by Turkana’s genetically non-structured S. schall population 
sharply contrasting with remarkably structured population of its W. virilis parasite (Paper 1, 
Paper 2). Therefore, influence of limited host dispersal on population-genetic pattern of its 
parasite can be ruled out. 

Interestingly, all individual S. schall examined in Turkana harboured only W. virilis belonging 
either to the freshwater or saline tapeworm subpopulation (Paper 1), implying that whenever 
S. schall gets infected in the lake, only one reproducing subpopulation of W. virilis (freshwater 
or saline) is present in a given area. In contrast, sporadic occurrences of freshwater W. virilis 
in the saline part of the lake, and vice versa, indicate bidirectional host mediated dispersal of 
tapeworms from both subpopulations between the freshwater and saline parts of the lake. 
Therefore, there is obvious spatial overlap in the occurrence of individuals from freshwater 
and saline W. virilis subpopulations within the lake. Despite this, there is no apparent gene 
flow between the subpolulations, which are genetically and, as shown here, also 
morphologically divergent (Paper 1; this study). By ruling out the influence of both different 
host (only one present) and spatial isolation (of the freshwater and saline tapeworm 
subpopulations), we speculate that the salinity gradient dividing Turkana’s limnic system into 
two ecologically contrasting environments is the single main factor responsible for the pattern.  
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Our results imply that morphological variability in caryophyllidean tapeworms, which appears 
taxonomically non-significant, i.e. representing intraspecific variability, might actually reflect 
population-genetic structure and/or phenotype plasticity. Among caryophyllidean tapeworms, 
considerable intraspecific morphological variability mirroring phylogenetic pattern has been 
described in the genus Caryophyllaeus Gmelin, 1790 from Palaearctic cyprinids (e.g. Barčák 
et al. 2014; Bazsalovicsová et al. 2014; Hanzelová et al. 2015). However, unlike in W. virilis, 
variability of species of Caryophyllaeus corresponded to different hosts, a pattern markedly 
different from W. virilis populations studied, which are restricted to a single host in a single 
lake. 

In addition to the lack of gene flow between the Turkana freshwater and saline tapeworm 
subpopulations presented elsewhere (Paper 1), the results of this study reveal their 
morphological divergence. The coincidence further supports the hypothesis proposed recently 
by Jirsová et al. (Paper 1) that the population genetic, and as shown herein, also phenotypic, 
patterns in the Turkana W. virilis population reflect evolutionary processes involving allopatric 
differentiation (freshwater vs. saline environments) in a sympatric system (same host species 
with unlimited dispersal, same limnic system). 

The documented level of divergence within the Turkana population of W. virilis is striking. 
Taking into account the Late Pleistocene (near) desiccation followed by re-establishment of 
the lake during the Early-Mid Holocene between 11.5-5.2 thousand years ago (Bloszies et al. 
2015), the remarkable W. virilis Turkana population patterns are result of only slightly over 
five millennia of isolation. 

 

Conclusions 

Morphotypes described previously in the fish tapeworm Wenyonia virilis were found at all 
sampled Turkana localities, implying that the geographic origin or environmental factors are 
not a priori decisive with respect to their presence/absence in a particular part of the lake. 
Distribution of major morphotypes showed a strong affinity to genetically distinct tapeworm 
subpopulations restricted either to the freshwater or saline parts of Turkana. The influence of 
different host species as well as restricted tapeworm dispersal can be reliably ruled out, 
implying a possible major role for salinity in the structuring of population genetic and 
phenotypic patterns documented in the Lake Turkana tapeworm population. 
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Tables and figures 

Table 1. Sampling and relative occurrence of Wenyonia virilis morphotypes at individual 
localities. 
 

  Nile Lake Turkana 

 Totals Atbarah 

River 

14.9194 N, 

35.9019 E 

Blue Nile 

13.5436 N, 

33.6367 E 

White Nile 

13.1722 N, 

32.6722 E 

Turkana 

freshwater 

part 

4.4517 N, 

35.9439 E 

Turkana 

saline part 

2.8322 N, 

36.6958 E 

No. of samples 

(coxI/AFLP) 

298 

(167/233) 

% 2 % 5 % 33 % 123 % 136 % 

Morphotype D 56 

(30/44) 

19 - - - - 10 30 43 35 3 2 

Morphotype E 85 

(45/58) 

29 - - 2 40 3 9 10 8 70 52 

Morphotype F 62 

(4/40) 

21 - - 2 40 4 12 14 11 42 31 

Morphotype G 55 

(50/64) 

19 - - - - 10 30 30 24 15 11 

Morphotype H 12 

(6/11) 

4 2 100 1 20 3 9 1 1 5 4 

Juvenile 15 

(13/15) 

5,0 - - - - 3 9 11 9 1 1 

 

Table 2. Key traits used for assignment of Wenyonia virilis specimens to morphotypes sensu 
Schäffner (2009). 
 

Morphotype body 
shape 

Scolex 
length/width 

Scolex 
edge 

Testes Presence 

D very elongate/ 
very narrow 

≥ 1 gradual separated Nile, Turkana 

E elongate/ 
very wide 

˂ 1 
 

abrupt merged 
two layers 

Nile, Turkana 

F elongate/ 
narrow 

≤ 1 
 

abrupt merged Turkana 

G very elongate/ 
very narrow 

> 1 gradual separated Nile, Turkana 

H very short/ 
very wide 

˂ 1 
 

abrupt compact 
multiple layers 

Nile, Turkana 
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Table 3. Results of AMOVA based on FST for Wenyonia virilis coxI data a) and b) and for 
AFLP data c). Morphotypes F and H were excluded pro the following analysis b) due to the 
low number of samples and morphotypes D and G were combined owing to insignificant 
difference between the data. AMOVA for AFLP data c) showed significant difference within 
morphotypes. 
 
a 

  Morphotype D Morphotype E Morphotype F Morphotype G Morphotype H 

Morphotype D –     
Morphotype E 0.339 –    
Morphotype F 0.335 -0.021 –   
Morphotype G 0.018 0.24 0.142 –  
Morphotype H -0.032 0.211 0.158 -0.034 – 

 

b 
  Morphotype D+G Morphotype E 

Morphotype D+G –  

Morphotype E 0.29882   – 

 

c 

Source of varition df Sum of squares Mean squares Estimated 
variance 

Explained 
variance (%) 

All morphotypes 

Among sample sites 4 1334.812 333.703 6.367 5.627% 

Within sample sites 183 19542.464 106.789 106.789 94.373% 

Total 187 20877.276  113.156 100% 
 



 84 

 
Figure 1. Phylogenetic analysis based on coxI gene. Final tree was created by MrBayes; 
nodal support was estimated as posterior probabilities. Samples of W. virilis were 
morphologically classified into five morphotypes, three of which are included in this figure; 
different colours correspond to different morphotypes or their groupings (morphotypes D + G 
and E). Note the markedly divergent body shapes (narrow-elongate vs. robust), and scolex 
shape (long-narrow vs. short-wide) showed by the typical representatives of particular 
morphotypes; highlighted is one of traits of apparent significance for morphotype distinction, 
i.e. gradual (arrows) vs. abrupt (arrowhead) scolex edge. 
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Figure 2. Results of PCoA of Wenyonia virilis population based on genetic distances and 
comparison of two different axes generated by GenAlEx software. Sampling localities (a) and 
morphotypes (D+G and E+F) (b) were mapped on PCoA results to assess possible 
correlation between morphology and/or geographical origin of the sampled individuals. 
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Supplementary material 

 

 
 
Figure S1. Phylogenetic analysis based on coxI gene. Final tree was created by software 
MrBayes, nodal support was estimated as posterior probabilities. Samples of W. virilis were 
morphologically classified into five morphotypes; different colours correspond to different 
morphotypes. 
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Figure S2. Results of PCoA W. virilis based on genetic distances and comparison of two 
different axes generated by GenAlEx software. Sampling localities (a) and all detected 
morphotypes (b) were mapped on PCoA results to assess eventual correlation between 
morphology and/or geographical origin of the sampled individuals. 
 
 
Table S1. Detailed information about NCBI samples. Data provided in separate file. 
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Appendix I - Amplified Fragment Length Polymorphism (AFLP) 
The molecular markers were used throughout the present study: coxI and AFLP. AFLP is not 
frequently used in parasitological studies; hence the brief summary of AFLP utility and 
technique principles is provided below.  

I.I. AFLP utilization 

The AFLP technique is a fingerprinting technique which allows the scanning of multiple loci 
across the whole genome for the presence of polymorphism(s) produced by point mutations, 
insertions, deletions, and/or other genetic rearrangements (Vos et al. 1995). AFLP has good 
reliability and reproducibility between laboratories (Gorni et al. 2004) and has a wide range of 
polymorphism detection (Paun & Schönswetter 2012). AFLP was first described by Vos et al. 
(1995) and since then has been used extensively to study plant genomes. However, since 
then, AFLP has been also used in genetic studies of several parasitic nematodes (De Gruijter 
et al. 2005; Nejsum et al. 2005; Höglund et al. 2012; Tydén et al. 2013). AFLP has mainly 
been used by the plant science community, particularly for the generation of polymorphic 
markers for genetic linkage mapping in a variety of plants (e.g. Blignaut et al. 2013; Andersen 
et al. 2016; Tausch et al. 2017). However, it has also been used for typing bacteria (e.g. 
Goudet & Keller 2002; Kütahya et al. 2011; van de Vossenberg et al. 2013). These markers 
detect DNA polymorphisms as specific restriction enzymes sites and enable these 
polymorphisms to be detected at multiple independent restriction sites simultaneously. The 
genetic similarity of individuals and populations can be inferred from the numbers of AFLP 
bands that they have in common. Additional information can be obtained by modifying the 
standard AFLP method to study gene expression and the map of genes. By ligating linkers to 
digests of cDNA, it is possible to compare the banding patterns of genes that have been 
expressed, as opposed to the entire genome (Freeland 2005). 

Empirical studies in ecology and evolution often depend on accurate assessment of genetic 
diversity to address questions regarding genetic relatedness among individuals, population 
structure, phylogenetic relationships and mapping of quantitative trait loci (QTL). Series of 
techniques and genetic markers have been developed to estimate genetic diversity, but no 
single technique is universally ideal; each available technique exhibits both strengths and 
weaknesses. The main disadvantage of AFLP–PCR is the difficulty in identifying homologous 
markers (alleles), rendering this method less useful for studies that require precise 
assignment of allelic states, such as heterozygosity analyses. However, because of the 
rapidity and ease with which reliable, high-resolution markers can be generated, AFLPs are 
emerging as a powerful addition to the molecular toolkit of ecologists and evolutionary 
biologists (Mueller and Wolfenbarger 1999). The key feature of AFLP-PCR is its capacity for 
the simultaneous screening of many different DNA regions distributed randomly throughout 
the genome. AFLP methods allow the detection of polymorphisms of genomic restriction 
fragments by PCR amplification (Vos et al. 1995). 

AFLP markers have been used to uncover cryptic genetic variation of strains, or closely 
related species, that had been impossible to resolve with morphological or other molecular 
systematic characters (Dasmahapatra et al. 2010; Valdez & Douhan 2012; Withrow & Winker 
2014; Tausch et al. 2017). AFLP markers have found the widest application in analyses of 
genetic variation below the species level, particularly in investigations of population structure 
and differentiation and genetic variation within populations (Tandon et al. 2005; Troell et al. 
2006; Dasmahapatra et al. 2008; Masumu et al. 2009) Apart from problems of population 
structure and variation, AFLP markers have been applied to evaluate gene flow and 
dispersal, outcrossing, introgression and cases of hybridization. The high resolution of AFLP 
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markers also enables testing for clonal identity between individuals (i.e. absence of 
recombination), and thus permits inferences about sexual versus asexual modes of 
reproduction (Mueller & Wolfenbarger 1999; Kollmann et al. 2000; Freeland 2005). The 
capacity of AFLP markers to resolve extremely small genetic differences has been 
demonstrated in several studies. Because AFLP method can generate many genomewide 
polymorphic markers without prior sequence knowledge, AFLP is a powerful tool for 
generating linkage maps. Although AFLP–PCR is not a panacea for all molecular problems in 
ecology and evolution, it still offers many advantages.  

I.II. Principles of AFLP 

AFLP is the selective amplification of restriction fragments from a digest of total genomic DNA 
using the polymerase chain reaction (PCR). The technique was developed by Zabeau & Vos 
(1993). With AFLP, molecular genetic polymorphisms are identified by the presence or 
absence of DNA fragments following restriction and amplification of genomic DNA. AFLP 
technique consists of five steps: DNA digestion, ligation, amplification, selective amplification 
and fragment analysis (Fig. I). Genomic DNA is first digested by two restriction enzymes. 
Double-stranded oligonucleotide adapters, homologous to one 5´- or 3´-end of overhangs 
generated during restriction digestion, are ligated to the DNA fragments. The ligated DNA 
fragments are amplified by PCR using primers complementary to the adapter and restriction 
site sequence with additional selective nucleotides at their 3' – end. The use of selective 
nucleotides reduces the complexity of the mixture to ~ 1/16. Only those fragments with 
complementary nucleotides extending beyond the restriction site will be amplified by the 
selective primers under stringent annealing conditions. This step is followed by selective 
amplification with primers containing 3 selective nucleotides at their 3’—end, as mentioned 
above primers are complementary to the adapter and restriction site. Forward primers are 
labeled with different fluorescent colours on their 5’—end to allow poolplexing in the final step, 
fragment analysis. Alternative subsets of loci can be amplified by using different primer 
combination with different selective bases. All amplified fragments are analyzed using 
capillary fragment analysis. The capillary instrument detects presents of fragments in the 
spectrum of each fluorophore aka fluorescent label, producing an electronic profile of relative 
fluorescence units versus fragment size, usual fragment size is from 50 bp to 500 bp. 
Polymorphisms, which are observed as presents or absents of peaks in compared samples, 
are caused by the gain or loss of a restriction site, a change (e.g. Single Nucleotide 
Polymorphism) in the selective primer binding site, or a length polymorphism (e.g. indel or 
variable microsatellite) between the restriction sites. Profiles from multiple individuals are 
aligned and scored based on the presence (1) or absence (0) of a peak, producing a binary 
data matrix (Vos et al. 1995; Bonin et al. 2005; Meudt & Clarke 2007). 
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Figure I. Schematic representation of the AFLP technique. Four basic steps of AFLP are 
described in following order: digestion, ligation, amplification and selective amplification. 
Genomic DNA is digested by restriction enzymes and adapters are ligated to the restriction 
fragments. The selected subset of ligated fragments is amplified by PCR, using primers with 
one selective nucleotide at the 3´—end. This step is followed by selective amplification with 
primers containing 3 selective nucleotides at their 3’—end and forward primer is labeled with 
different fluorescent colours on their 5’—end. Adopted from Meudt & Clarke 2007. 
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