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1.1. SPECIATION 

How do species arise? – Explaining the mechanism by which new species arise has been a central 

question in biology since the formulation of the theory of evolution by Darwin and Wallace 

(Wallace, 1855; Darwin, 1859). New species can be the result of non-selective forces or of two 

distinct selective forces: natural selection and sexual selection, the struggle to survive and 

reproduce. In population biology, speciation is often defined as the evolution of significant 

reproductive isolation between two or more previously interbreeding populations. 

Mechanisms of speciation – Our understanding of what factors and events are playing a role in 

initiating, promoting, stabilizing and completing the emergence of new species is still 

incomplete. Speciation can act by three main alternative mechanisms: speciation not selection 

based (which is driven by chance events, e.g. polyploidization, genetic drift; Coyne & Orr, 2004), 

uniform-selection speciation (in which populations exposed to similar selection fix different 

genetically-based adaptations; Schluter, 2001; Nosil & Flaxman, 2010) and ecological speciation 

(which is the focus of this thesis). Ecological speciation occurs when populations experience 

ecologically based divergent selection (Rundle & Nosil, 2005; Seehausen et al., 2008; Schluter, 

2009; Nosil, 2012) and adapt to it by genetic divergence in morphology, physiology and/or 

behaviour, that reduce reproductive compatibility (Mayr, 1963; Schluter, 2000b; Rundle & Nosil, 

2005). Ecological divergent selection can affect reproductive isolation incidentally (natural 

selection for certain phenotype traits that affect the likelihood of mating) or directly (selection 

for mating signals or mating preferences). 

1.2. PARASITE-MEDIATED SPECIATION 

Parasite-mediated speciation – Ecological speciation can arise from adaptations and counter-

adaptations between two biotic actors (e.g. parasite-host) (Schluter, 2001; Decaestecker et al., 

2007). Parasites impose a fitness cost on hosts, that may adapt by evolving an immune response. 

An immune defence against parasites can be costly (Sheldon & Verhulst, 1996) and may be at 

the expenses of other physiological processes (e.g. carotenoids may be used in immune defence 

as well as in sexually selected colour signals; Folstad & Karter, 1992; Lozano, 1994; Hill, 1999; 

Baeta et al., 2008). Therefore, specialised resistance would only be favoured if its benefits 

outweigh the cost of reduced investment in those other processes (i.e. allocation trade-off). Host 

populations infected by different parasite numbers and/or species are assumed to be subjected 

to different selective pressures and to face different trade-offs, to which they are expected to 

adapt by evolving different immune strategies. Host individuals adapted to their specific parasite 

threat are favoured by natural selection and possibly more often chosen as mates by individuals 

facing similar parasite challenges, which may promote reproductive isolation between host 
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populations differing in infection. In the context of speciation, parasites are considered to be 

potential drivers of, or contributors to, ecological divergence (Buckling & Rainey, 2002; Summers 

et al., 2003; Karvonen & Seehausen, 2012); as investigated in the present thesis. 

Prerequisites for parasite-mediated speciation – Parasite-mediated speciation can operate in 

host populations if three main prerequisites are satisfied (Rundle & Nosil, 2005; Karvonen & 

Seehausen, 2012): i) parasite infections differ within or between host populations, ii) the 

direction of parasite-mediated selection is consistent through time; iii) parasite infections 

impose a fitness cost on the host. 

First, parasite infections should vary within or between host populations, in magnitude or in 

parasite community composition. Variation in infection depends on the host risk of infection 

(determined by host ecology, such as microhabitat and trophic specializations) and on the host 

immune response (resistance, tolerance). 

The second prerequisite for parasite-mediated speciation is that the direction of divergent 

parasite-mediated selection remains consistent over time. Stochastic or frequency-dependent 

temporal fluctuations in parasite abundances could cause variation in the strength and direction 

of parasite-mediated selection and the extent to which selection is divergent. Anyway, 

divergence between host populations would not be hampered if the direction of divergent 

selection is consistent over time in the face of fluctuations in selection strength (i.e. host 

population A consistently has a higher infection of a given parasite species than host population 

B). 

Third, parasitic infection should impose a cost on host fitness, thereby exerting selection for 

increased resistance or tolerance on the host. Parasites can negatively affect host fitness in 

several non-exclusive ways, such as decreasing food intake, growth, sexual attractiveness, 

competitive ability, immune response (Lehmann, 1993; Coop & Holmes, 1996; Sorensen & 

Minchella, 1998; Taskinen, 1998; Johnsen & Zuk, 1999; Barker et al., 2002; Bollache, 2015) and 

survival rates (Gulland et al., 1993). 

Mechanisms of parasite-mediated speciation – Parasite-mediated divergent selection can 

promote the evolution of reproductive isolation, through three non-exclusive mechanisms 

(MacColl, 2009a; Karvonen & Seehausen, 2012): i) reduction of hybrid/immigrant fitness, ii) 

direct effects of the genes of the immune system on mate choice and iii) parasite-mediated 

sexual selection. 

Hybrids might be disadvantaged (i.e. higher infection levels compared to parentals) because of 

a possible heterozygote disadvantage in immunity. Hybrids may have reduced survival and/or 

low mating success, resulting in a fitness disadvantage, which could contribute to reproductive 
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isolation between their parental populations. Higher parasite infection was previously observed 

in hybrids of sympatric species of Daphnia in a Swiss lake (Wolinska et al., 2004) and in hybrids 

of lake and river populations of sticklebacks in Germany (Eizaguirre et al., 2012a). Alternatively, 

heterozygosity at MHC loci may allow an immune response to a broader array of parasite 

peptides than is possible in more homozygous genotypes, which could result in lower infection 

in hybrids than in parentals (Moulia et al., 1995). This would favour hybrids and hence hamper 

the evolution or maintenance of reproductive isolation between host populations. 

Immigrants may be disadvantaged if they do lack immunity against local parasites, but they may 

also be less receptive to specialized local parasites. Higher parasite infection in immigrants was 

observed in white-crowned sparrows immigrating from a nearby region differing in singing 

dialect (MacDougall-Shackleton et al., 2002) and in marine sticklebacks experimentally moved 

to lakes (MacColl & Chapman, 2010). 

Reproductive isolation between host populations can also arise through immune-mediated mate 

choice or parasite-mediated selection on sexual signals. In vertebrates, mate choice can involve 

the major histocompatibility complex (MHC) (Milinski, 2006; Eizaguirre & Lenz, 2010), a large 

and highly polymorphic family of genes also involved in adaptive immunity against parasites 

(Blais et al., 2007; Eizaguirre et al., 2009a; Lenz et al., 2013). MHC genes may be subjected to 

divergent selection: if some alleles are more efficient against a specific parasite, they will be 

selected in environments where such parasite is important (Eizaguirre et al., 2009a), potentially 

leading to mate choice that would provide offspring with higher resistance as a byproduct 

(Nuismer et al., 2008; Eizaguirre & Lenz, 2010; Eizaguirre et al., 2010). On the other hand, since 

intermediate MHC diversity is optimal (Germain, 1994; Woelfing et al., 2009), host individuals 

may prefer partners with dissimilar MHC types, as observed in Atlantic salmon (Landry et al., 

2001; Consuegra & Leaniz, 2008), stickleback (Milinski et al., 2005), Brown trout (Forsberg et al., 

2007), Sand lizard (Olsson et al., 2003) and humans (Milinski, 2006). Sticklebacks have been 

extensively studied in this context, providing support for a driving role of MHC in parasite-

mediated mate choice (Reusch et al., 2001; Aeschlimann et al., 2003). Females choose mates 

that optimize the number of MHC alleles in their offspring (Reusch et al., 2001; Aeschlimann et 

al., 2003; Milinski et al., 2005) and frequency of host MHC alleles shifts after only one generation 

under different parasite selection (Eizaguirre et al., 2012b). 

Issues of studying parasite-mediated speciation – Direct evidence for parasite-mediated 

speciation is very limited, because of two main issues. First, it is difficult to interpret which 

interaction partner (parasite or host) is driving diversification of the other because most studies 

are correlational. Some studies showed that parasite speciation is triggered by host diversity 

(Krasnov et al., 2004; Nishimura et al., 2011), some that host speciation is driven by parasites 

(Price et al., 1986; Fincher & Thornhill, 2008) and others that parasites and hosts have co-

speciated (Paterson & Poulin, 1999; Dabert et al., 2001). The second difficulty in investigating 
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parasite-mediated speciation is disentangling the diversifying effects of parasites from other 

(ecological) causes of host divergence, such as trophic or habitat differentiation (Knudsen et al., 

2010). Hosts of different species or of conspecific populations with different ecological 

specializations may harbour different parasite communities, but this does not imply parasite-

mediated speciation as differences in infection may simply accumulate as a consequence of the 

speciation process, rather than driving it. To address this, it is necessary to study host 

populations at early stages of speciation and/or host groups varying in the extent of genetic 

differentiation. 

Support for parasite-mediated speciation – Most evidence supporting parasite-mediated 

speciation comes in piecemeal, with different studies supporting some specific aspects but few 

if any demonstrating the complete chain of evidence. 

i) Parasite-induced fitness cost. Parasites need to impose a fitness cost in order to exert 

divergent selection on hosts. This has been reported in a wide range of taxa (e.g. mammals, 

Careau et al., 2010; fish, Milinski & Bakker, 1990; crustaceans, Stirnadel & Ebert, 1997; 

Tellenbach et al., 2007; angiosperms, Segar et al., 2018; birds, Hamilton & Zuk, 1982). The fitness 

cost imposed by the same parasite may also differ between host species/populations (as in two 

sympatric congeneric amphipods infected by a trematode, Thomas et al., 1995). 

ii) Differences in infection between host species/populations. In order to be subjected to 

parasite-mediated divergent selection, hosts need to differ in infection. Parasitic infections differ 

at several levels of host differentiation: between sympatric closely related host species (rodents 

in Senegal, Brouat et al., 2007; woodrats in California, Bechtel et al., 2015; bush babies in Gabon, 

Boundenga et al., 2018;), between allopatric conspecific host populations (high/low elevation 

Mediterranean lizards, Carbayo et al., 2018; temperate/tropical fruitfly, Tinsley et al., 2006; Lake 

Tanganyika cichlids, Raeymaekers et al., 2013; Grégoir et al., 2015; Hablützel et al., 2016; perch 

in Finland, Karvonen et al., 2005), between sympatric host species (amphipods of French rivers, 

Galipaud et al., 2017; benthic/limnetic lake sticklebacks, MacColl, 2009a; Lake Tanganyika 

cichlids, Vanhove et al., 2015; Kmentová et al., 2016; Hablützel et al., 2017; Hayward et al., 2017), 

between sympatric morphs of the same species (in Arctic charr, Dorucu et al., 1995; Knudsen et 

al., 1997; Knudsen et al., 2003). 

iii) Temporal consistency of parasite-mediated selection. The direction of infection differences 

need to be consistent through time in order to maintain the direction of divergent selection. 

Temporally consistent infection differences have been observed in cichlids of Lake Tanganyika 

(Raeymaekers et al., 2013), in icefish from the Antarctic Sea (Mattiucci et al., 2015) and in lake 

sticklebacks from Scotland (De Roij & MacColl, 2012). 
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iv) Differences in infection coincide with differences in immunity. Variation in parasite-

mediated selection among host populations is expected to lead to different adaptations in 

immunity in those populations. Immune response is adapted to the local parasite challenge in 

stickleback lake-river ecotypes (Scharsack et al., 2007) and in fruit fly populations (Corby-Harris 

& Promislow, 2008). Other studies have found that the diversity of MHC alleles varies with the 

infection load (in water python, Madsen & Ujvari, 2006; in stickleback, Wegner et al., 2003) and 

with the parasite community composition (Lake Malawi cichlids, Blais et al., 2007). 

Immunogenetic differentiation increased with infection levels of intestinal parasites in cichlids 

of Lake Tanganyika (Meyer et al., 2019). 

v) Link between infection/immunity and mate choice. Host divergence in infection and/or in 

immunity may influence mate choice patterns, potentially contributing to reproductive isolation. 

In several taxa, females have been observed to prefer males harbouring fewer parasites, often 

associated with variation in sexual signals, in fish (stickleback, Milinski & Bakker, 1990; cichlids, 

Maan et al., 2008) and birds (pheasant, Hillgarth, 1990; red jungle fowl, Zuk et al., 1990; barn 

swallow, Moller, 1990). 

To summarize, parasites can impose a temporally consistent selection by reducing host fitness 

and can induce an immune response, which may diverge in host populations facing different 

parasite threats. Immune response based on MHC also affects mate choice, which may 

ultimately lead to reproductive isolation. However, there is no report of a case with a complete 

evidence chain. It is still unclear how common and how important parasite-mediated speciation 

is, under which circumstances it can happen and at what stage of the speciation process. 

Research questions – In this thesis I investigate whether parasites drive or contribute to host 

speciation. To this end, I asked the following questions. Do sympatric and closely related host 

species differ in infection patterns? Is the direction of parasite divergent selection consistent 

over time? Does differentiation in infection precede (neutral) genetic differentiation? To address 

these questions, I study the haplochromine cichlids of Lake Victoria and their macroparasites. I 

first explain why I choose this study system and then I will introduce it. 

1.3. STUDY SYSTEM 

Why study parasite-mediated selection in cichlid fish – A previous study in Lake Tanganyika 

found that Cichlidogyrus flatworms speciated synchronically with tropheine cichlids (Vanhove et 

al., 2015), providing some indication for the possibility of parasite-mediated speciation in 

cichlids. This was supported by a congruence between host and parasite phylogenetic trees, by 

molecular clock analysis, and by the rarity of host switching (despite ample opportunities for it). 

However, it is still unclear if parasites drove host speciation or vice-versa. 
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Several observations suggest that parasite-mediated speciation may occur in cichlids. First, 

cichlids are a species-rich lineage that are characterised by spatially fragmented populations as 

well as strong ecological niche differentiation. These features render them generally prone to 

diverge under local co-evolutionary dynamics (Thompson, 2005). In addition, their diversity in 

ecological niches suggests that different species may be exposed to different parasites (as 

previously reported in Lake Tanganyika, Hablützel et al., 2017; Hayward et al., 2017, and in Lake 

Victoria, Maan et al., 2008; Karvonen et al., 2018). Second, cichlid population densities can be 

high, favouring the spread of infectious diseases (Ribbink et al., 1983; Fenton et al., 2002). This 

is supported by the positive association between both host density and abundance and diversity 

of parasites (Hayward et al., 2017). Third, parasitism has been shown to affect the mating of 

cichlid species (Taylor et al., 1998; Maan et al., 2006b), which could provide a mechanism by 

which parasite-mediated selection contributes to reproductive isolation. Fourth, MHC genes are 

rapidly evolving in cichlids (Blais et al., 2007), suggesting rapid adaptation to different parasite 

pressures between lineages. Finally, the African Great Lakes are relatively stable environments, 

without seasonal breaks or diapause in parasite life cycles, indicating that the direction of 

parasite-mediated selection can be fairly consistent over time.  

1.3.1.  Hosts: African cichlid fish  

Cichlids – Cichlid fish (Telostei: Perciformes: Cichlidae) include more than 2’000 species 

distributed across Central and South America, Africa the Middle East, Madagascar, southern 

India and Sri Lanka (Kocher, 2004). Cichlids speciated in many African lakes, including the Great 

Lakes Tanganyika, Malawi and Victoria (Fryer & Iles, 1972; Kocher, 2004; Seehausen, 2006). 

There, they display exceptionally high species richness, large diversity in morphology, ecology 

and behaviour, and high levels of endemism (Fryer & Iles, 1972; Turner et al., 2001; Kocher, 2004; 

Wagner et al., 2012a; Salzburger et al., 2014; Wagner et al., 2014). The species flocks that rapidly 

evolved in the African Great Lakes represent some of the most extensively studied examples of 

adaptive radiation (Fryer & Iles, 1972; Greenwood, 1974; Kornfield & Smith, 2000; Kocher, 2004; 

Won et al., 2005; Seehausen, 2006; Wagner et al., 2013; McGee et al., 2020). 

Lake Victoria cichlids – The speciation rate of Lake Victoria cichlids is faster than that in any other 

known fish radiations, as shown by the phylogeny of >1’700 cichlid species (McGee et al., 2020). 

Two distantly related lineages hybridized in the Lake Victoria region about 100’000 years ago, 

providing the genetic variation for subsequent adaptive radiations of the Victoria region lakes 

(Seehausen et al., 2003; Meier et al., 2017a). Until 14’600 years ago Lake Victoria was completely 

dry (Johnson et al., 1996; Stager & Johnson, 2008). After its refilling, the lake was colonized by 

at least four cichlid lineages (Seehausen et al., 2003; Meier et al., 2017a). This hybrid swarm 

provided the genetic variation that, together with ample ecological opportunity, allowed rapid 

adaptive radiation (Seehausen, 2004; Salzburger, 2018). Thus, the Lake Victoria cichlid flock 

(approximately 500 known species) evolved in situ over that short period of time (Johnson et al., 
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2000; Stager & Johnson, 2008; Wagner et al., 2013; Meier et al., 2017a). Despite the recent origin 

of the lake, the Victorian cichlids are ecologically similarly diverse as the older Malawi and 

Tanganyika cichlid radiations (Young et al., 2009). Because of young age and wide range of 

ecological specializations, cichlids of Lake Victoria constitute an interesting system to study the 

early stages of adaptive radiation. 

Haplochromines – Most cichlids inhabiting Lake Victoria belong to the tribe of haplochromini. 

They display a wide range of shapes and colours, as well as ecological differentiation and trophic 

specializations (Fryer & Iles, 1972; Witte & van Oijen, 1990; Seehausen, 1996b; Bouton et al., 

1997). Species assemblages of haplochromines can be very rich, with up to 35 species occurring 

in sympatry on single rocky islands (Seehausen, 1996b). Sexual dimorphism is widespread: males 

often express conspicuous coloration, while females tend to have a cryptic greyish coloration 

(Seehausen & van Alphen, 1999; Maan et al., 2004; Kidd et al., 2006). Females often show 

behavioural mating preferences for males of their own species, using male coloration as choice 

criterion (Seehausen & van Alphen, 1998; Maan & Sefc, 2013; Selz et al., 2014). Since colourful 

males tend to be less infected (Maan et al., 2008) and mating with parasite-resistant males 

provides good genes to the offspring (Hamilton & Zuk, 1982), female choice may be under 

parasite-mediated selection. This in turn could possibly strengthen reproductive isolation in host 

populations differing in infection profiles. 

To radiate or not to radiate – Beside radiations, there are also hundreds of cases in which cichlids 

colonized lakes but did not speciate (Seehausen, 2006; Wagner et al., 2012a; Wagner et al., 

2013). In Lake Victoria, cichlid species that failed to speciate after colonizing the lake are: 

Astatoreochromis alluaudi (Pellegrin, 1904), Pseudocrenilabrus multicolor (Schöller, 1903), 

Oreochromis variabilis (Boulenger, 1906) and Oreochromis esculentus (Graham, 1928). These 

lineages are older than and distantly related to the ancestor of the Lake Victoria radiation, 

although some of them are very similar to the latter in most life history and reproductive traits. 

In this thesis, I will take advantage of the co-occurrence within Lake Victoria of haplochromine 

lineages that did not speciate and the members of the radiation in order to study the potential 

role of parasites in cichlid speciation. 

Replicates of species pairs of Pundamilia – Part of my thesis focuses on replicate sympatric pairs 

of blue and red forms of Pundamilia (Fig. 1.3) that vary in their time since speciation and the 

associated extent of genetic differentiation. This allows me to assess at what stage of speciation 

infection differences arise. The blue Pundamilia pundamilia (Seehausen et al., 1998) and the red 

Pundamilia nyererei (Witte-Maas & Witte, 1985) inhabit the clear waters of the southeastern 

part of Lake Victoria and may be nearly as old as modern Lake Victoria, i.e. approximately 15’000 

years and 7’500 generations. About 1’200 generations ago, P. pundamilia colonized the Mwanza 

Gulf (e.g. Kissenda, Python and Luanso Islands), followed more recently by P. nyererei. Admixture 

between these two species generated a hybrid population (Meier et al., 2017b; Meier et al., 
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2018). In parts of its range (including Python and Kissenda Islands), this hybrid population later 

speciated into sympatric species pairs of blue and red Pundamilia that resemble the original 

species (referred to as P. sp. ‘pundamilia-like’ and P. sp. ‘nyererei-like’, respectively). At Luanso 

Island, with very murky waters, the population (P. sp. ‘Luanso’) is panmictic, but it varies in male 

colouration with blue, red and intermediate colour morphs. Except at Luanso, the blue and red 

forms differ in diet and have parapatric depth ranges: blues are benthic insectivores inhabiting 

crevices in shallow waters (mainly 0-4 m), while reds are insectivores/zooplanktivores and occur 

in deeper waters (mainly 4-10 m) (Maan et al., 2006a; Seehausen et al., 2008; Castillo Cajas et 

al., 2012). Divergence in depth occupation coincides with exposure to different visual 

environments (blues: full-spectrum light environment, reds: red-shifted light spectrum) and with 

differences in visual pigment allele frequencies and opsin gene expression (Carleton et al., 2005; 

Seehausen et al., 2008; Wright et al., 2019). Visual cues (i.e. colouration) are used by females of 

both forms to choose their males (Seehausen & van Alphen, 1998; Haesler & Seehausen, 2005; 

Stelkens et al., 2008; Selz et al., 2014). At clear water locations (e.g. Makobe), assortative mating 

is strong and there are no indications of recent geneflow. At more southern locations, with lesser 

water transparency, ecological differentiation and assortative mating are weaker and there is 

evidence for low levels of hybridization and gene flow (e.g. Kissenda, Python) (Seehausen et al., 

2008; Meier et al., 2017b). 

1.3.2.  Parasites: macroparasites infecting cichlids 

What is a parasite? – With more than half of all species of animals being parasites, parasitism is 

the commonest lifestyle on Earth (Poulin, 1996; Windsor, 1998). Parasites live at the expense of 

other organisms, called hosts, living on the outside (ectoparasites) or the inside (endoparasites) 

of the host body. The parasite life cycle can be direct (only one host species needed to complete 

the parasite development) or indirect (one or more intermediate host species are needed in 

different life stages of the parasite). The intermediate host is the one where immature parasites 

undergo ontogenetic developmental and morphological changes, and often acts as a vector for 

the parasite to reach its final host. The final host is the one where parasites reach the adult or 

sexually mature stage.  

Parasites infecting fish – Fishes are intermediate or final hosts for a wide range of micro- and 

macroparasite taxa: protists, monogeneans, nematodes, trematodes, bivalve molluscs, 

crustacean copepods, acanthocephalans and leeches (Roberts, 2012). Fish are even parasitized 

by other fish and by cyclostomes. All monogeneans, most arthropods and some nematodes have 

a direct life cycle, in which fish may act as final and only hosts. Many nematodes and trematodes 

have a complex life cycle, in which fish are intermediate hosts and piscivorous birds are often 

the final hosts. Many fish parasites have a free-living stage, as larvae or eggs, that is released 

into the environment before actively or passively infecting a host. 
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Monogeneans – Flatworms (Plathyhelminthes: Monogenea) are mainly ectoparasites of fishes 

(but also of amphibians). They have a specialized attachment organ (haptor) that displays large 

morphological variation, which is used by taxonomists to distinguish species (Paperna, 1979; 

Pariselle & Euzet, 1994; Whittington & Chisholm, 2008). They can move along fish gills (Kearn, 

1987), possibly driven by the need to find a mate (they are unable to self-fertilize despite being 

hermaphrodites) and/or to avoid competition. Eggs are released into the water column and 

ciliated larvae hatch after a few days (Bychowsky et al., 1957; Paperna, 1996). Larvae have a 

short free-swimming life span and must find and infect a suitable host within 4-6 hours (Prost, 

1963; Pariselle et al., 2003) and at the first attempt, because they are unable to switch host after 

attachment (Paperna, 1996). West African cichlids are parasitized by five monogenean genera: 

the ectoparasites Cichlidogyrus (Paperna, 1996), Gyrodactylus (von Nordmann, 1832), 

Scutogyrus (Pariselle & Euzet, 1995b), Onchobdella (Paperna, 1968) and the endoparasites 

Enterogyrus (Paperna, 1963) and Urogyrus (Bilong-Bilong et al., 1994).  

Cichlidogyrus (Fig. 1.1a-f) is the most diverse genus of monogeneans. It is a gill parasite that 

primarily infects cichlids (but it was also found in two other fish families; Pariselle & Euzet, 2009; 

Messu Mandeng et al., 2015), displaying high species-specificity (i.e. individual species infecting 

only one or few related cichlid species; Pariselle et al., 2015. Adults have a flattened elliptical 

body (0.3-0.4 mm) with a posterior haptor used to attach to gill secondary lamellae. Attachment 

may cause secretion of mucus, hyperplasia and neutrophils infiltration (Igeh & Avenant-

Oldewage, 2020). They are hermaphrodites that cross-fertilize on the host. Larvae are free-living, 

Figure 1.1  
Species of monogeneans infecting the gills of sampled cichlids of southern Lake Victoria (Tanzania). 
(a) Cichlidogyrus nyanza n. sp., (b) Cichlidogyrus furu n. sp., (c) Cichlidogyrus pseudodossoui n. sp., 
(d) Cichlidogyrus longipenis, (e) Cichlidogyrus vetusmolendarius n. sp., (f) Cichlidogyrus bifurcatus,
(g) Gyrodactylus sturmbaueri. Scale bar: 100 µm.
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whereas adults are parasitic. Cichlidogyrus has been intensively studied in Tropheini of Lake 

Tanganyika, where it represents the most abundant and prevalent monogenean parasite 

(Raeymaekers et al., 2013; Grégoir et al., 2015; Vanhove et al., 2015) and probably co-diversified 

with their cichlid hosts (Vanhove et al., 2015). Because of their host specificity, large species 

number and high morphological diversity, monogeneans are good candidates for driving host 

diversification (Pariselle et al., 2003; Vanhove & Huyse, 2015). In this thesis, I observed six 

species of Cichlidogyrus (four of which are new species, described in chapter 6) and one species 

of Gyrodactylus.  

Copepods – Copepods (Crustacea: Copepoda) are a common group of fish ectoparasites 

(Boxshall & Halsey, 2004; Luque & Tavares, 2007). Copepods display substantial morphological 

diversity among species. Their life cycle involves several larval stages (multiple nauplii and 

copepodids), which may be free-swimming or parasitic depending on the copepod species. 

When the last copepodid stage matures, the female copepod attaches to the final host. Adult 

males of most species are not parasitic but live as free swimming zooplankton. 

Lamproglena monodi (Capart, 1944) is a copepod parasite apparently restricted to African 

cichlids, but infecting a broad range of cichlid species (Scholz et al., 2018). Recently it was 

accidentally introduced in Brazil together with two African cichlid species (Oreochromis niloticus 

and Tilapia rendalli, Azevedo et al., 2012). Females have a segmented and elongated body  

(3-4 mm) and, after fertilization in the water, they carry two long uniseriate egg clutches (Fig. 

1.2a). They attach to the hosts gill filament with their maxillae, inducing local epithelium 

hyperplasia (Paperna, 1996). Copepodids and adult females are parasitic, whereas Nauplii and 

adult males are free-living.  

Ergasilus lamellifer (Fryer, 1961) is a copepod parasite mainly restricted to cichlids, but again 

infecting a broad range of species (Fryer, 1968; Scholz et al., 2018). Females have a segmented 

and short body (0.8-1 mm) and, after fertilization in the water, they bear two bunch-shaped egg 

clutches (Fig. 1.2c). They attach to the host’s gill filament with a sharp blade-like lamella on the 

second pair of antennae (a distinctive trait of the species). Attachment may cause erosion and 

hyperplasia of the epithelium (Paperna, 1996). Only adult females are parasitic, whereas nauplii, 

copepodids and adult males are all free-living. 

Bivalves – Several species of mollusc (Bivalvia: Unioniformes) infect the gills of fish, displaying 

different degrees of host specificity (Wächtler et al., 2001; Haag & Warren, 2003). Bivalves 

parasitizing cichlids belong to the families Anodontidae and Iridinidae (the latter exclusively 

infects cichlids) and to the subfamilies Ambleminae, Rectidentinae (Modesto et al., 2018). Adults 

are free-living. Larvae (glochidia, 0.5-2 mm) of some species have little hook(s) on their shell 

inner edge to attach to fish gills. Glochidia are released into the water column and need to find 

a suitable host within hours or days (Zimmerman & Neves, 2002). Some species search passively 
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Figure 1.2  
Macroparasites infecting the sampled cichlids of southern Lake Victoria, other than those belonging to 
Cichlidogyrus. Gill parasites (a) Lamproglena monodi, (b) Lamproglena spp. (c) Ergasilus lamellifer 
(lateral view); endoparasites (d) nematode, (e) trematode. Scale bar: 500 µm. 

for a host, while others have active strategies (e.g. contractions, mucus strands, Barnhart et al., 

2008). After attachment, they encyst and live on the host’s body fluids (Nedeau et al., 2000) for 

hours or weeks depending on several factors (e.g. mussel species, host species, attachment 

position, water temperature; Modesto et al., 2018). They develop into juveniles that are 

subsequently released into the water column and will settle to become a sessile adult. 

Nematodes – Most nematodes (Ecdysozoa: Nematoda) are either endoparasites of vertebrates 

or pathogens of plants, while some few are free-living. Freshwater fish are often infected by 

Camallanoidea and Ascaroidea, both having a broad host range. Most parasitic forms require 

one or more intermediate hosts (possibly a fish), in which larvae encyst into viscera and 

musculature and they moult. Infective juveniles are ingested by the final host (possibly a 

piscivorous bird). Adults are elongated and unsegmented roundworms (in fish: 3-80 mm;  

Fig. 1.2d). In this thesis, I do not distinguish between the genera or species because long-time 

dead hosts are unsuitable for reliable morphological identification of endoparasitic helminths 

(Scholz et al., 2018). In addition, nematodes parasitizing fish are generally generalist, hence it is 

less relevant for the scope of the thesis to identify them. 

Trematodes – Known as flukes, trematodes (Plathyhelminthes: Neodermata) are obligate 

parasites, mostly endoparasites, of many vertebrates, displaying different degrees of host 

specificity. Their life cycle requires 1-3 intermediate hosts (the first one of which is a mollusc) 

and includes free-living larval stages. Adults have a flattened cylindrical body (in fish: 1-25 mm; 

Fig. 1.2e) with two muscular suckers. All species infecting African fish are hermaphrodites. In this 

thesis, I do not distinguish between the genera or species because long-time dead hosts are 

unsuitable for reliable morphological identification of endoparasitic helminths (Scholz et al., 

2018). 
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1.4. THESIS OVERVIEW 

In this thesis I investigate whether parasites initiate host speciation or contribute to host species 

divergence after speciation or neither, by analysing the macroparasite infection of cichlids from 

Lake Victoria. In chapter 2 and 5, I studied a large sympatric cichlid fish community that included 

17 species of the Lake Victoria radiation and two species only distantly related to the radiation 

that represent two distinct haplochromine lineages that never speciated in this area despite a 

long evolutionary history in the lake region (Astatoreochromis alluaudi, Pseudocrenilabrus 

multicolor victoriae). In chapter 3 and 4, I focused on species pairs of Pundamilia that vary in 

their age since speciation and the extent of genetic differentiation. I included sympatric forms 

with blue or red male nuptial coloration from four locations: an old species pair at Makobe Island 

that is genetically strongly differentiated and shows no evidence of recent genetic exchange; a 

young species pair at Python and Kissenda Islands, that are genetically differentiated and mate 

assortatively but have some low level of gene flow; a single panmictic population with blue, red 

and intermediate male colour morphs at Luanso Island (Fig. 1.3). 

Fish were found to be infected by five ectoparasite genera on the gills (Cichlidogyrus spp., 

Gyrodactylus sturmbaueri, Lamproglena monodi, Ergasilus lamellifer, glochidia larvae of 

bivalves) and two types of endoparasites in the abdominal cavity (nematodes, trematodes)  

(Fig. 1.1 and 1.2). The flatworm genus of Cichlidogyrus is particularly promising to study the link 

between parasites and host diversification, because it is a species-rich genus with high 

morphological diversity, display high host specificity and it co-evolved with cichlids in at least 

one other African lake (Pariselle et al., 2003; Vanhove et al., 2016). Therefore, I also identified 

Cichlidogyrus to species level based on the morphology of male copulatory organ and 

attachment organ. I found C. longipenis Paperna & Thurston 1969 and C. bifurcatus Paperna 

1960 (redescribed in chapter 6) and four new species: Cichlidogyrus furu, C. nyanza,  

C. vetusmolendarius, C. pseudodossoui (described in chapter 6). Species of Cichlidogyrus were 

provisionally named with roman numbers in papers published before the formal taxonomic 

description (Gobbin et al., 2020b; Gobbin et al., 2021). For the sake of consistency and clarity, I 

use the new species names throughout the thesis (Table 1.1). 

Results differed according to the infection level considered: i) between parasites of higher 

taxonomic levels (hereafter referred to as parasite higher taxon level) and ii) between species of 

Cichlidogyrus (hereafter referred to as Cichlidogyrus species level). 

In chapters 2 and 3, I compared parasite infection among host species in two sampling years. I 

found that two prerequisites of parasite-mediated speciation are met (Karvonen & Seehausen, 

2012): older and long reproductively isolated host species differ in parasite infection and the 
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direction of parasite-mediated selection is consistent over time. I also found that most variation 

between species is explained by habitat and trophic ecology, whereas the remaining variation 

might be explained by intrinsic differences between species (i.e. immunity). 

In chapter 3, I also investigated whether divergence in infection between male colour morphs is 

already present before measurable genetic differentiation at neutral markers, which would be 

consistent with a role for parasites in the initiation of a speciation process (rather than following 

it). At parasite higher taxon level, the extent of parasite community dissimilarity increased with 

increasing genetic distance among sympatric host species; whereas the dissimilarity in the 

Cichlidogyrus species assemblage did not correlate with host genetic distance. This suggests that 

differences in infection with different parasite genera (but not with different species of 

Cichlidogyrus) may contribute to divergent selection between already differentiated host 

species, but there is no evidence that differences in infection precede species differentiation as 

would be expected if they were initiating speciation it. 

In chapter 4, I assessed the contribution of extrinsic (exposure) and intrinsic factors (genetically 

based resistance) to host species differences in infection. I compared the infection patterns 

between two closely related sympatric blue and red species of Pundamilia, using wild-caught 

and first-generation lab-reared fish, as well as lab-reared interspecific hybrids. Species 

differences in infection as observed in the wild were not maintained under laboratory conditions 

with standardized exposure, suggesting that differences in immune traits had not yet evolved in 

a young sympatric species pair. This does not support the idea that parasites mediate divergence 

during speciation in Pundamilia. 

In chapter 5, I investigated additional axes of infection variation among cichlid species. I 

observed differences between host species in the non-random microhabitat distribution of 

parasites on the gills, indicating species-specificity in niche selection, consistently with parasite-

mediated diversification. Parasite-parasite relationships (positive at parasite higher taxon level 

and negative at Cichlidogyrus species level) and copepod reproductive activity did not differ 

between host species, indicating no specificity of the host-parasite relationships.  
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Table 1.1 
Provisional and formal species names of Cichlidogyrus. Species of 
Cichlidogyrus are (re)described in chapter 6. Before the formal 
taxonomical description, these species were provisionally named 
with roman numbers 
 

Provisional name New name 

Cichlidogyrus sp. I Cichlidogyrus nyanza n. sp. 

Cichlidogyrus sp. II Cichlidogyrus furu n. sp. 

Cichlidogyrus sp. III Cichlidogyrus pseudodossoui n. sp. 

Cichlidogyrus sp. IV Cichlidogyrus longipenis 

Cichlidogyrus sp. V Cichlidogyrus vetusmolendarius n. sp. 

Cichlidogyrus sp. VI Cichlidogyrus bifurcatus 
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BOX I – GLOSSARY 

Bray-Curtis distance: a quantitative measure of dissimilarity, here used to quantify the 

differences in parasite abundance between host species.  

Divergent selection: selection acting in contrasting directions within each of several populations 

(e.g. large size favoured in one population, small size in another). It is considered ecological when 

the agents of selection are environment-dependent (e.g. large size favoured in meadow, small 

size in wood).  

Ecological speciation: mechanism of speciation in which reproductive isolation between 

populations is caused by ecologically based divergent selection (e.g. divergent parasite 

infections). 

Exposure: the extent to which the host encounters the parasite, determined by host ecology (i.e. 

diet, habitat), parasite ecology and parasite absolute numbers.  

Gill filament: one of the numerous filamentous processes forming the comb-like structure of a 

gill arch. Each gill arch is composed by two parallel sets of filaments. Each gill filament is folded 

into numerous secondary lamellae, to increase the gill surface for gas exchanges. Also referred 

to as primary lamellae. 

Gill microhabitat: artificial categories in which the gills are subdivided. In this thesis, to explore 

potential spatial niche segregation, I considered the following gill subdivisions: 36 microhabitat 

sites, four gill arches, three longitudinal segments (dorsal, median, ventral), three vertical areas 

(proximal, central, distal) (Fig. 5.1a). 

Haptor: the attachment organ of the monogeneans. Here, refers to the posterior haptor 

(opisthaptor) consists of sclerotized hooklets and uncinuli that allow firm attachment on the gill 

filament. The morphology of opisthaptor and of male copulatory organ are used by taxonomists 

to discriminate species.  

Host specificity: the extent to which a parasite taxon is restricted in the number of host species 

used at a given stage in the life cycle (Poulin, 2007). Host specificity decreases as the number of 

host species increases. 

Infection levels: a quantitative measure of infection, that refers to parasite prevalence, 

abundance or intensity. 

Intensity of infection: number of individuals of a given parasite taxon in/on a given host 

individual.  
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Jaccard similarity index: a qualitative measure of dissimilarity, here used to quantify the 

differences in parasite diversity (presence/absence of parasite species) between host species. 

Mean intensity of infection: is the average number of individuals of a given parasite taxon over 

all infected hosts in the sample in a given host species or population. In contrast to parasite 

abundance, intensity includes only infected host individuals. 

Parasite abundance: the average number of individuals of a given parasite taxon per host 

individual in a given host species or population. It includes both infected and uninfected host 

individuals. 

Parasite community composition: a measure of community structure that takes into account 

presence/absence of parasite species and the numbers of individuals belonging to each parasite 

species infecting a given host species or population. Also referred to as infection profile. 

Parasite-mediated speciation: the process in which divergent adaptation to parasites leads to 

speciation of the host. 

Parasite prevalence: the proportion (usually expressed as percentage) of hosts of a given species 

or population that are infected by a given parasite taxon. 

Reproductive isolation: decreased probability of successful breeding between members of two 

species or populations. It can arise from prezygotic and/or postzygotic mechanisms. 

Resistance: ability of a host to limit the parasite intensity. This can be achieved through immune 

defences (which we mostly refer to in this thesis) or by parasite avoidance. It has a negative 

effect on parasite survival and reduces parasite intensity and prevalence in a host population 

(which may result in a negative feedback loop: a decrease in parasite prevalence will reduce the 

fitness advantage of having the resistance; Roy & Kirchner, 2000). 

Speciation: process in which inbreeding populations evolve reproductive isolation, thereby 

diverging into two or more species. 

Susceptibility: a predisposition to become infected, given exposure. It arises from the interaction 

of host genetic and environmental factors (e.g. nutritional status, concomitant diseases).  

Tolerance: ability of a host to limit the fitness costs induced by a given parasite intensity. It does 

not have direct negative effects on the parasite survival and can have neutral or positive effect 

on parasite prevalence. 
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