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Abstract 

Stress responses are key for parasite survival and, thus, also the evolutionary 

success of these organisms. However, the evolution of the molecular pathways 

dealing with environmental stressors are poorly understood as most research 

focuses either on few selected human-relevant pathogens or major parasite 

clades. Here, we comparatively investigate, for the first time, antioxidant, heat 

shock, and behaviour-related genes in the two parasite lineages Cichlidogyrus and 

Kapentagyrus from the same family Dactylogyridae through whole-genome 

sequencing data of 11 species. The two lineages differ concerning their species 

and ecological diversity, which is expected to affect the diversity of their stress 

responses and, hence, their adaptive potential. Through an exon bait capture 

approach, we assembled the putative protein sequences of 43 stress-related 

genes. We discovered that Cichlidogyrus presented higher copy numbers of stress 

genes (70 kDA heat shock protein, glutathione S-transferase genes) than 

Kapentagyrus. This difference might explain the ability of species of Cichlidogyrus 

to colonise various cichlid and non-cichlid lineages. In comparison to most other 

organisms studied so far, we also observed a previously unreported absence of 

cytochrome P450 and sigma class glutathione S-transferase in monogenean 

flatworms. This pattern aligns with previously published genome annotations of 

monogeneans.  



6.1 Introduction 

Evolutionary theory predicts that a species’ ability to maintain homeostasis can 

fundamentally affect its adaptive potential in the face of environmental stressors 

(Bijlsma & Loeschcke, 2005). Metazoan parasites are one of the most overlooked 

groups of pathogens and cause a majority of neglected human diseases 

recognised by WHO (Hotez et al., 2020). Previous research on parasite stress 

responses remains largely limited to two main areas: first, few well-known 

human-infecting species, e.g., Schistosoma sp. (Huyse et al., 2018; Aguoru et al., 

2022) for the purpose of drug development and, second, differences in stress 

response pathways in major clades of metazoan parasites (Tsai et al., 2013; Hahn 

et al., 2014) to infer macroevolutionary adaptations to their parasitic lifestyle. This 

focus leaves an important knowledge gap: how do adaptive potentials in terms of 

stress response systems differ between parasites that are more closely related 

and functionally alike, i.e. what makes one parasite lineage more stress-tolerant 

than the other? 

Understanding the link between stress responses and adaptive potential of 

parasites is of major interest to society. Stress responses might affect and 

determine infectivity, virulence, and disease burden of parasites (Ismail et al., 

2018; Santi et al., 2022). Minor differences between parasite populations and 

species in dealing with host defences can determine their chances of survival. 

Stress responses are a major way of dealing with host defences, thus, effective 

stress responses matter not only for the fitness of individuals and populations 

(microevolution) but also enable parasite species to expand their geographical 

ranges or colonise new host species, eventually giving rise to new parasite species 

and parasitic diseases (macroevolution) (McCoy, 2003; Huyse et al., 2005). 

Moreover, anthropogenic impact on the environment may promote the rise of 

emerging infectious diseases (Brooks et al., 2019) as environmental disturbance 

can create ecological opportunity for parasite species with higher adaptive 

potential (D’Bastiani et al., 2020; Hector et al., 2023). Despite this importance, 

the link between stress responses and the adaptive potential of parasite lineages 

remains unresolved as differences in these pathways are rarely studied below the 

level of major clades, e.g. between species of the same flatworm class or insect 

order. 



One major question that arises when investigating stress responses is which 

stress response mechanisms are most likely to mediate the adaptive potential of 

parasites. Indicative of adaptive potential is the ability of some lineages to use a 

broad spectrum of resources, i.e. host species. In this context, several stress-

related proteins have been characterised as major factors in determining resource 

usage, e.g. in parasitic insects, nematodes, and fungi (Coleman et al., 2009; Calla 

et al., 2017; Gouin et al., 2017; Wang et al., 2018; Zhang et al., 2020). The first 

group of these proteins are antioxidant enzymes. Maintaining an equilibrium of 

oxidation and reduction processes (redox) is a crucial aspect of life (Sies et al., 

2017). Oxidative stress is caused by an imbalance in the production and 

accumulation of reactive oxygen species (ROS)—a product of redox reactions in 

cells, which damages the cell and its functions. Increased ROS production can 

result from a variety of environmental and physiological stressors such as oxygen 

tension, heat, toxic compounds, and radiation (Sies et al., 2017). Antioxidant 

enzymes, which deactivate ROS, are mostly studied in well-established model 

organisms, e.g. humans, mice, zebrafish, and fruit flies (Sies et al., 2017). 

Antioxidant enzymes are conserved across the animal kingdom with well-known 

enzymes such as catalase (CAT) (note on protein/gene nomenclature: protein 

names—uppercase, equivalent genes—lowercase and in italics), cytochrome P450 

(CYP), glutathione peroxidases (GPx), glutathione-S-transferases (GST), 

superoxide dismutases (SOD), peroxiredoxines (Prx), and thioredoxin (TRX). 

Accordingly, these enzymes have been reported from a range of metazoan 

parasite taxa including flatworms (Chiumiento & Bruschi, 2009; Martínez-

González et al., 2022), nematodes (Chiumiento & Bruschi, 2009), phytophagous 

(Mittapalli et al., 2007; Łukasik et al., 2011) and parasitoid (Sabadin et al., 2019) 

insects, and blood-feeding arthropods (Sabadin et al., 2019). However, both in 

parasitic flatworms (Martínez-González et al., 2022) and nematodes (Xu et al., 

2020a) CAT is absent. Differences in terms of copy numbers have also been 

reported for parasites as compared to free-living organisms. In parasitic 

flatworms, cyp and gpx are reduced to a single copy (Martínez-González et al., 

2022) and parasitic nematodes possess an additional extracellular SOD variant 

unlike their free-living relatives (Xu et al., 2020a). Furthermore, the expression of 

antioxidant enzymes is key for the colonisation of new host species, e.g. SOD and 

CAT in aphids (Durak et al., 2018; Łukasik et al., 2022). Accordingly, antioxidant 



enzymes are potentially important targets for understanding the molecular 

mechanisms determining the adaptive potential of parasites. 

Heat shock proteins (HSP) form another group of proteins produced under 

stressful conditions [summarised in Calderwood et al. (2019)], which function 

mostly as molecular chaperones assisting with protein folding and refolding. As 

their name suggests, HSPs are a key part of the organism’s heat shock response, 

but they are also involved in cold, radiation, and wound healing responses [see 

Calderwood et al. (2019) and references therein]. Therefore, HSPs are considered 

important determinants for the adaptive potential of parasite lineages alongside 

antioxidant enzymes. The functions of heat shock genes (hsp) and proteins (HSP) 

has been studied in several human parasites, albeit again mostly in the context of 

responses to antihelmintic drugs, e.g. in the human-infecting blood flukes (Abou-

El-Naga, 2020; Xu et al., 2020b). Unsurprisingly, the expression of many HSP 

families is also induced by thermal stress in several parasite lineages, e.g. in 

copepods (Borchel et al., 2018), nematodes (Chen et al., 2014), ticks (Busby et 

al., 2012), and phytophagous (Yuan et al., 2014), parasitoid (Pan et al., 2018), 

and blood-feeding (Pereira et al., 2017) insects. High degrees of thermal tolerance 

in some parasites might pose a human health risk. Global warming is expected to 

provide suitable habitats for some pathogens and disease vectors with increased 

thermal tolerance (Morley & Lewis, 2014; Carlson et al., 2017) and might lead to 

the rise of emerging and re-emerging infectious diseases (Marcogliese, 2008; 

Brooks et al., 2019). Several studies also highlight the importance of HSPs for 

parasite lineages to avoid host defences through the expansion of hsp gene 

families, e.g. work on tapeworms (Tsai et al., 2013), lung flukes (Rosa et al., 

2020), and liver flukes (Choi et al., 2020). Beyond copy number differences, HSP 

expression levels also likely determine the adaptive potential of parasites as 

parasite species infecting multiple host species need to deal with variations of host 

defence systems (see examples from phytophagous insects: Roy et al., 2018; Liu 

et al., 2019). Furthermore, HSPs enable parasites to cope with environmental 

stressors associated with different life stages, see studies on liver flukes (Yoo et 

al., 2011). Heat shock responses are key determinants of the adaptive potential 

of parasite species. 

In addition to physiological stress responses, animals may also address 

environmental stressors through behavioural changes. Animal behaviour is often 



thought to be influenced by numerous genes, making it inherently challenging to 

decipher the connection between genetic and behavioural traits (Anreiter & 

Sokolowski, 2019). The foraging (for) gene of Drosophila melanogaster Meigen, 

1830 is one of the best-known examples of a gene with major behavioural effects 

(Sokolowski, 1980). The gene codes for a cGMP-dependent protein kinase (PKG) 

and was found to group larval and adult flies into two distinct clusters according 

to feeding behaviour, i.e. rovers vs. sitters (Anreiter & Sokolowski, 2019). 

Following its discovery in D. melanogaster, the role of for in parasite behaviour 

has been studied mostly in phytophagous insects. For instance, aphids infecting 

multiple host species showed higher expression of for, which was linked to an 

increased learning capacity, i.e. ‘remembering’ their initial host preference even 

after a longer period of exposure to a different host species, unlike specialist 

congeners, which quickly lose attraction to their original host (Tapia et al., 2015). 

Even though the role of for in parasite evolution was mostly studied in insects 

including plant-parasitic insects (Lucas et al., 2010; Chardonnet et al., 2014; 

Gallot et al., 2022) and human disease vectors (Keating et al., 2013; Marliére et 

al., 2020), the gene is evolutionarily conserved influencing human social 

behaviour (Struk et al., 2019) as well as feeding behaviour and satiety quiescence 

in nematodes (Raizen et al., 2008; Kroetz et al., 2012). Therefore, orthologs are 

also likely found among other metazoan parasites such as in blood flukes, where 

a PKG has been linked to fecundity of the parasites (Huyse et al., 2018). 

In the present study, we explore the link between adaptive potential, copy 

numbers, and diversity of orthologs of antioxidant enzymes, heat shock proteins, 

and for in two closely related lineages of monogenean flatworms infecting teleost 

fish hosts. Cichlidogyrus Paperna, 1968 is the most species-rich genus of 

monogeneans on the African continent with currently 144 described species 

[including the nested genus Scutogyrus Pariselle & Euzet, 1995] (Cruz‐Laufer et 

al., 2022; Geraerts et al., 2022b; Moons et al., 2023). Cichlidogyrus provides a 

model system for evolution and ecology of host-parasite interactions (Pariselle et 

al., 2003; Vanhove et al., 2016; Cruz‐Laufer et al., 2022). Species of Cichlidogyrus 

infect the gills of cichlid fishes among those the hyperdiverse cichlid lineages in 

the East African lakes, one of the best-known model systems of adaptive radiation, 

behavioural, and genomic research (Jordan et al., 2021; Wagner, 2021). Cichlids 

cover various ecological niches including herbivory, invertivory, piscivory and 



omnivory (Burress, 2014), and inhabit lacustrine, riverine, and estuarine habitats 

across Africa (Chapman, 2021). This ecological diversity exposes cichlid 

ectoparasites to various environmental stressors. In contrast, Kapentagyrus 

Kmentová, Gelnar & Vanhove, 2018 currently only contains 13 species (Vanhove 

et al., 2021). These parasites infect African freshwater sardines (Pellonulini), 

which all inhabit the pelagic zones of African lakes and rivers (Wilson et al., 2008). 

Pellonuline clupeids like their parasites are much less species-rich than their cichlid 

counterparts. Cichlidogyrus and Kapentagyrus both belong to the same subfamily 

Dactylogyrinae sensu Kmentová et al. (2022) (Monogenea: Dactylogyridae), yet 

the niche conservatism of the hosts and the much lower species richness suggest 

that species of Kapentagyrus have a lower adaptive potential than species of 

Cichlidogyrus (Fig. 6.1). 

The contrast in habitat diversity of the two monogenean lineages provides a 

playing ground to test differences in stress response and adaptive potential in 

parasites (Fig. 6.1). We investigate differences (copy numbers and gene 

evolution) in the orthologs of 43 antioxidant enzymes, heat shock proteins, and 

for using whole-genome sequencing data of species of Cichlidogyrus from eight 

different lineages and two species of Kapentagyrus. As shown above, stressful 

environments can lead to changes in copy numbers of stress response genes in 

parasites. However, rapid evolution can also lead to discordance in the evolution 

of stress genes with the evolution of the lineage [see examples in plants (Pease 

et al., 2016; Wu et al., 2018)]. We hypothesise that: 

(i) Species of Cichlidogyrus have higher copy numbers of stress gene families 

than species of Kapentagyrus. 

(ii) The evolution of stress genes in species of Cichlidogyrus deviates from the 

genome level evolutionary history of the lineage. 

We assess potential gene family expansions/contractions through phylogenetic 

analyses of the putative protein sequences of respective gene families and 

subfamilies (i). We also explore the variation of the gene trees compared to 

species tree using multidimensional scaling (ii). Through these approaches, we 

aim to address how differences in copy numbers and stress gene evolution reflect 

the adaptive potential of parasite lineages. 



6.2 Material and methods 

6.2.1 Sample collection and DNA sequencing 

To analyse a representative selection of the species diversity of the 

monogenean genus Cichlidogyrus, we aimed to collect at least one species from 

each of the 11 main lineages that were recently reported in a phylogenetic study 

of nuclear ribosomal and mitochondrial genes (Cruz-Laufer et al., 2022). Using 

samples collected during recent expeditions (Geraerts et al., 2022a; Kmentová et 

al., 2023), we compiled material from species from eight lineages of Cichlidogyrus 

(Table 6.1). Hosts were collected with the help of local fisherfolk and the gills were 

extracted from the fishes and stored in absolute ethanol. Parasites were collected 

from the gills using entomological needles. Most parasite specimens were 

identified to species level according to Geraerts et al. (2022a) except for C. 

zambezensis and C. sp. ‘kapembwa’, which were identified/characterised in the 

present study based on their sclerotised attachment and reproductive organs (see 

 

Figure 6.1. Overview of species richness and ecological diversity of species of two 

dactylogyrid monogenean genera: Cichlidogyrus and Kapentagyrus. 



footnotes in Table 6.1). Genomic DNA extraction followed protocols published by 

Kmentová et al. (2021). For whole-genome amplification, we used the Illustra 

Ready-To-Go Genomiphi V3 DNA amplification kit (Cytiva, United Kingdom), which 

was applied to two samples (see Table 6.1). Library preparation (Illumina TruSeq 

Nano, 350 bp target insert size) and short-read sequencing (151 bp, paired end, 

HiSeq X) were outsourced to Macrogen Korea (Seoul, South Korea) or Macrogen 

Europe (Amsterdam, The Netherlands) (for estimated sequence coverages, see 

Table 6.1). Furthermore, we accessed genomic read pools of one species of 

Cichlidogyrus and two of Kapentagyrus from previous mitogenomic studies 

(Kmentová et al., 2021b, 2023) (Accession BioProjects: PRJNA749051, XXXXX, 

XXXXX). We also attempted to use genome short reads of different species of 

Cichlidogyrus/Scutogyrus published by Vanhove et al. (2018) and Caña-Bozada et 

al. (2021). However, the coverage of these reads proved to be too low for 

capturing the genes targeted in the present study. Raw sequence reads were 

trimmed through Trimmomatic v0.39 (Bolger et al., 2014) using a sliding window 

approach (settings: SLIDINGWINDOW:4:28 HEADCROP:5 MINLEN:100 

ILLUMINACLIP:TruSeq3-PE.fa:2:30:10:2:True). The quality of filtered reads was 

checked in FastQC v0.11.8 (Andrews, 2018). 



Table 6.1. Sampling data of collected specimens including reference for sampling campaigns and published whole-genome sequencing data. 

Species Host Country Locality LAT LON Date Pool 

size 

Estimated 

coverage1 

Sampling 

campaign 

Genome 

sequences 

Cichlidogyrus casuarinus 

Pariselle, Muterezi Bukinga 

& Vanhove, 2015 

Hemibates 

stenosoma 

(Boulenger, 1901) 

Zambia Lake Tanganyika, 

Mpulungu 

-08.7667 31.1167 09/2018 

09/2019 

80 825 Kmentová et 

al. (2021) 

Hahn et al. 

(unpublished) 

Cichlidogyrus cirratus 

Paperna, 1964 

Oreochromis 

niloticus (L., 1758) 

Cameroo

n 

Yaoundé, Ponds at 

Ecoparque 

3.78582 11.4883 13/02/2022 50 643 Geraerts et 

al. (2022) 

This study 

Cichlidogyrus halli (Price & 

Kirk, 1967) 

Oreochromis 

niloticus (L., 1758) 

Cameroo

n 

Yaoundé, Fishing 

ponds of Obili, 
'Projet de Promotion 

de l'Entreprenariat 

Aquacole (P.P.E.A.) 

3.85672 11.4958 14/02/2020 50 1374 Geraerts et 

al. (2022) 

This study 

Cichlidogyrus sclerosus 
Paperna & Thurston, 1969 

Oreochromis 
niloticus (L., 1758) 

Zimbabw
e 

Kariba, Lake Kariba 
at discharge channel 

of crocodile farm 

-16.5495 28.8616 27/10/2019 50 365 Geraerts et 
al. (2022) 

This study 

Cichlidogyrus sp. 

‘kapembwa’2,3 

Callochromis 

macrops (Boulenger, 
1898) 

Zambia Lake Tanganyika, 

Kalambo Lodge 

-8.6539 31.1954 01/10/2019 52 1510 Kmentová et 

al. (2023)4 

This study 

Cichlidogyrus thurstonae 

Ergens, 1981 

Oreochromis 

niloticus (L., 1758) 

Cameroo

n 

Mbalmayo, River 

Fala (affluent of the 

river So'o) 

3,318972 11,48519 17/02/2020 50 556 Geraerts et 

al. (2022) 

This study 

Cichlidogyrus tilapiae 
Paperna, 1960 

Oreochromis 
niloticus (L., 1758) 

Cameroo
n 

Mbalmayo, Ponds 
Capfort 

3.532733 11.51642 17/02/2020 50 482 Geraerts et 
al. (2022) 

This study 

Cichlidogyrus zambezensis 

Douëllou, 19933,5 

Serranochromis cf. 

thumbergi 

Dem. 

Rep. 

Congo 

Province Haut-

Katanga, Kiniama, 

Kafubu River, near 
Catholic Mission 

-11.4777 28.3089 27/07/2019 1 768 Geraerts et 

al. (2022) 

This study 

Scutogyrus longicornis 

(Paperna & Thurston, 

1969) 

Oreochromis 

niloticus (L., 1758) 

Cameroo

n 

Édéa, small affluent 

stream (Mboue) of 

Sanaga River 
running through the 

village 

3.79215 10.13303 11–

12/02/2022 

50 638 Geraerts et 

al. (2022) 

This study 

Kapentagyrus limnotrissae 

(Paperna, 1973) 

Limnothrissa 

miodon (Boulenger, 

1906) 

Zambia Lake Tanganyika, 

Mpulungu 

-08.7667 31.1167 08/2018 50 5451 Kmentová et 

al. (2023) 

Kmentová et al. 

(2023) 

Kapentagyrus tanganicanus 

Kmentová, Gelnar & 

Vanhove, 2018 

Limnothrissa 

miodon (Boulenger, 

1906) 

Zambia Lake Tanganyika, 

Mpulungu 

-08.7667 31.1167 12/04/2018 85 8292 Kmentová et 

al. (2023) 

Kmentová et al. 

(2023) 

1 Based on genome size of genome assembly for C. casuarinus (66.086 MB) (Hahn et al., unpublished). 2 Species currently under description (part of EAR clade sensu Chapter 2. 3 Whole-

genome pre-amplification was applied. 4 Sample location not mentioned in cited publication. 5 Species identified in present studies based on description/re-description of C. zambezensis 

and C. pseuodzambezensis (Jorissen et al., 2018; Geraerts et al., 2020). 



6.2.2 Gene selection for gene tree estimation 

We focused on 12 gene families from three different functional groups: 

antioxidant enzymes (CYP, GPx, GSTM, GSTS, Prx, SOD, and TGR), HSPs (HSP10, 

HSP40, HSP60, HSP70, and HSP90), and for (see Table 6.2 for abbreviations). For 

the antioxidant enzymes, we included the main groups previously reported from 

parasitic flatworms (Martínez-González et al., 2022). For HSPs, we included the 

best-studied gene families in flatworms (Aguoru et al., 2022). An illustration of 

the ortholog selection process described below can be found in Figure 2. As 

performance of exon bait capture (see section below: protein sequence assembly) 

decreases with phylogenetic distance (Yuan et al., 2019), we aimed to use bait 

sequences from species that are as closely related as possible to the target taxa. 

However, neither nucleotide nor amino acid sequences of the functional genes 

targeted in the present study have ever been assembled and annotated for 

monogenean flatworms [except for the hsp70 subfamily in the distantly related 

Gyrodactylus salaris Malmberg, 1957 (Hahn et al., 2014)]. Therefore, we used 

protein sequences of other flatworm species (Fig. 6.2a) to detect putative protein 

orthologs in an annotation of an assembled genome of Cichlidogyrus casuarinus 

(Hahn et al. unpublished) using BLAST+ v2.13.0 (Camacho et al., 2009) (Fig. 

6.2b). For a list of accession numbers and the respective protein IDs in C. 

casuarinus, see Table 6.2. Not a single for ortholog has been reported in flatworms 

to date. Therefore, we used protein sequences of for isoforms of D. melanogaster 

for this purpose (Table 6.2, Fig. 6.2a). We included matches with query coverages 

above 90% to only include matches that were highly likely to present orthologs. 

 

6.2.3 Gene selection for species tree estimation 

To compare patterns of gene evolution against the evolutionary history of 

Cichlidogyrus, we inferred a species tree based on single-copy nuclear orthologs. 

To date, nuclear ribosomal genes (28S and 18S rDNA and the internal transcribed 

spacers) and mitochondrial genes have been used as phylogenetic markers across 

most animal taxa as their multi-copy nature increases the likelihood of successful 

amplification of the target loci (Eberle et al., 2020). However, both rDNA and 

mitochondrial DNA have high substitution rates in flatworms (Vanhove et al., 

2013) that may cause gene alignment errors, which in return create noise in 

phylogenetic analyses (e.g. long-branch attraction of rapidly evolving lineages) 



 

Figure 6.2. Steps of ortholog detection in monogenean whole-genome short-reads for 

stress response genes. First, antioxidant enzymes and the heat shock proteins sequences 

of other flatworms (Schistosoma spp. and Echinococcus multilocularis, depicted by their 

silhouette) and foraging gene sequences of D. melanogaster were selected (a). Second, 

orthologs of these sequences were detected in an annotated genome of Cichlidogyrus 

casuarinus (Hahn et al. unpublished) using BLAST+ (b). Third, the putative protein 

sequences of C. casuarinus were used as baits for exon bait capturing in the different whole-

genome sequencing reads of species of Cichlidogyrus (blue) and Kapentagyrus (pink) 

through HybPiper (Johnson et al., 2016) (c). Fourth, contaminant, variant, low–species 

coverage, and truncated sequences (red) were filtered from the alignments (black) (d). 

Fifth, the resulting sequences were annotated through PANNZER2 (Törönen & Holm, 2022) 

(e). 

 



(Philippe et al., 2005). Genome data provide a large number of alternative 

markers for phylogenetic inference, e.g. large datasets composed of single-copy 

orthologous genes have been used to resolve phylogenetic relationships of plant, 

fungal, and animal taxa (Philippe et al., 2005; Aguileta et al., 2008; Lu et al., 

2014). Recently, this approach has been adopted for the first time with a 

neodermatan phylogeny (Caña-Bozada et al., 2023) including several 

monogenean species—one of them belonging to Scutogyrus, a nested lineage of 

Cichlidogyrus. This phylogeny was based on 137 and 479 orthologous groups of 

proteins inferred from the BUSCO (Waterhouse et al., 2018) and OMA (Dylus et 

al., 2020) pipelines, respectively. As S. longicornis is a member of one of the 

target lineages of this study, we omitted the ortholog detection step in C. 

casuarinus implemented for the target gene groups (see Fig. 6.2b). Instead, we 

used these putative protein sequences of S. longicornis assembled by Caña-

Bozada et al. (2023) as bait sequences for the downstream putative protein 

sequence assembly (not shown in Fig. 6.2). While the assembly of the BUSCO and 

OMA genes through HybPiper provides no guarantee that these gene have indeed 

only a single-copy in genomes of species of Cichlidogyrus, duplications events in 

a substantial number of these conserved genes appear unlikely due to their single-

copy nature in S. longicornis and other flatworm lineages (Caña-Bozada et al., 

2023). 



Table 6.2. Overview of sequences used for bait capturing of target gene groups and baited sequences (hits) with annotations. Protein 

sequences from Aguoru et al. (2022) can be accessed via the protein ID at UniProt (Bateman et al., 2023). Annotations were inferred from 

PANNZER2 (Törönen & Holm, 2022) (see Fig. 6.2). 

Bait 
sequence 

   Hits  Annotations   

Name Family Species GenBank 

Accession 

Protein ID 

(C. 

casuarinus)1 

HybPiper Description GO terms Transcriptome (S. 

longicornis) 

Cytochrome 

P450 (CYP) 

 Schistosoma 

mansoni 

Sambon, 1907 

 — — — — — 

Glutathione 

peroxidase 

(GPx) 

 S. mansoni Q00277.2 XXXXX Group 1: all but 

K. limnotrissae 

Glutathione 

peroxidase 

GO:0006979 

GO:0098869 

GO:0004602 

GO:0005829 

 

    XXXXX Group 2: all Glutathione 
peroxidase 

 

Glutathione S-

transferase 

(GST) 

Microsomal 

(MAPEG) 

Echinococcus 

multilocularis 

Leuckart, 1863 

CDS41239 XXXXX All Microsomal 

glutathione S-

transferase 3 

GO:0004364 

GO:0016740 

GO:0016020 

✓ 

 mu-class 

(GSTM) 

E. 

multilocularis 

CDS38059.1 

CDS38060.1 

CDS38083.1 

CAA59739.1 

CDS38090.2 

CDS38091.1 
CDS38092.1 

CDS38086.2 

CDS38094.2 

CDI96481.2 

XXXXX Group 1: all Glutathione S-

transferase class-

mu 26 kDa 

isozyme 

GO:0004364 

GO:0042802 
✓ 

   XXXXX 

XXXXX 
XXXXX 

Group 2a: 

Cichlidogyrus 
spp. without C. 

sclerosus  

Glutathione 

transferase 

GO:0042221 

GO:0004364 
GO:0042802 

GO:0005829 

✓ 

    Group 2b: all Glutathione 

transferase 
✓ 

 sigma-class 

(GSTS) 

E. 

multilocularis 

CDS39356.1 

CDS37347.1 

— — — — — 

Peroxiredoxin 

(Prx) 

1 S. mansoni AAD17299.1 XXXXX  Peroxiredoxin GO:0098869 

GO:0006979 

GO:0042744 
GO:0006801 

GO:1901701 

GO:0048144 

GO:0042267 

GO:0030101 

GO:0045454 

✓ 



GO:0051920 
GO:0042802 

GO:0045296 

GO:0003723 

GO:0005829 

GO:0000502 

GO:0005634 

GO:0070062 

GO:0042470 

 2 S. mansoni XP_018645129.1 — — — — — 

 3 S. mansoni AAG15506.1 XXXXX  Thioredoxin-
dependent 

peroxide 

reductase, 

mitochondrial 

GO:0098869 
GO:0034599 

GO:0051920 

✓ 

Superoxide 

dismutase 

(SOD) 

Cu-Zn S. mansoni Q01137.1 XXXXX  Superoxide 

dismutase [Cu-Zn] 

GO:0006801 

GO:0071451 

GO:0098869 

GO:0071450 

GO:0000303 
GO:0045541 

GO:0050665 

GO:0051881 

GO:0060087 

GO:0051597 

GO:0070050 

GO:0009410 

GO:0010038 

GO:0005507 
GO:0004784 

GO:0030346 

GO:0051087 

GO:0008270 

GO:0005615 

GO:0005829 

GO:0005634 

GO:0032839 

GO:0043025 

GO:0031410 
GO:0005777 

GO:0005739 

GO:0032991 

GO:0032991 

 



 Mn Schistosoma 
japonicum 

(Katsurada, 

1904) 

AAW26480.1 XXXXX  Superoxide 
dismutase 

GO:0019430 
GO:0051597 

GO:0001780 

GO:0046686 

GO:0045087 

GO:0004784 

GO:0046872 

GO:0005759 

GO:0016020 

✓ 

Thioredoxin 

glutathione 
reductase 

(TGR) 

 S. mansoni XP_018649018.1 XXXXX  thioredoxin-

disulfide reductase 
 

GO:0045454 

GO:0098869 
GO:0010035 

GO:0006979 

GO:0007283 

GO:0030154 

GO:0004791 

GO:0050660 

GO:0046872 

GO:0005654 

GO:0005829 
GO:0005739 

GO:0005783 

GO:0016020 

✓ 

Heat shock 

protein 10 kDa 

 S. mansoni XP_018653498.1 XXXXX  10 kDa heat shock 

protein, 

mitochondrial 

GO:0006457 

GO:0044183 

GO:0005524 

GO:0051087 

GO:0051082 

GO:0046872 
GO:0005759 

✓ 

Heat shock 

protein 40 kDa 

31 members S. mansoni see Aguoru et al. 

(2022) 

XXXXX Group 1 DnaJ homolog 

subfamily A 

member 1 

GO:0009408 

GO:0006457 

GO:0030544 

GO:0051082 

GO:0005524 

GO:0046872 

GO:0016874 

GO:0016020 

GO:0005829 

✓ 

    XXXXX Group 2 Tumorous imaginal 

discs, 

mitochondrial 

GO:0009408 

GO:0006457 

GO:0043066 

GO:0007005 

✓ 



GO:0006807 
GO:0031072 

GO:0051082 

GO:0005524 

GO:0046872 

GO:0008168 

GO:0005739 

GO:0016020 

    XXXXX Group 3 DnaJ heat shock 

protein family 

(Hsp40) member 
B4 

GO:0006457 

GO:0000122 

GO:0006986 
GO:0009408 

GO:0051082 

GO:0001671 

GO:0051087 

GO:0005654 

GO:0005829 

GO:0005886 

✓ 

    XXXXX Group 4 J domain-

containing protein 

— ✓ 

    XXXXX Group 5 DnaJ-like protein 

subfamily B 

member 8 

GO:0061077 

GO:0030544 

GO:0051082 

 

    XXXXX Group 6 DnaJ heat shock 

protein family 

(Hsp40) member 

B14 

GO:0051085 

GO:0065003 

GO:0071218 

GO:0030544 

GO:0005783 

GO:0016020 
GO:0031984 

GO:0005635 

GO:0042175 

GO:0031090 

✓ 

    XXXXX Group 7 DnaJ homolog 

shv/DnaJ homolog 

subfamily B 

member 11 

GO:0006457 

GO:0051604 

GO:0036098 

GO:0060250 

GO:0090129 

GO:2001046 
GO:0007155 

GO:0051082 

GO:0051787 

GO:0005178 

✓ 



GO:0005783 
GO:0016020 

GO:0031594 

GO:0005615 

GO:0005634 

GO:0071944 

    XXXXX Group 8 unknown GO:0006457 

GO:0051082 
✓ 

    XXXXX Group 9 DnaJ homolog 

subfamily C 

member 1 

GO:0016020 ✓ 

    XXXXX Group 10 DnaJ homolog 

subfamily C 

member 2 

GO:0051083 

GO:0006450 

GO:0030544 

GO:0043022 

GO:0005829 

✓ 

    XXXXX Group 11 DnaJ homolog 

subfamily C 

member 3/putative 

dsrna-activated 
protein kinase 

inhibitor p58 

GO:0016310 

GO:0034975 

GO:0006415 

GO:0016301 
GO:0051787 

GO:0051087 

GO:0003747 

GO:0005783 

GO:0016020 

GO:0061617 

✓ 

    XXXXX Group 12 DnaJ heat shock 

protein family 

(Hsp40) member 
C7 

GO:0016310 

GO:0016301 

GO:0016020 

 

    XXXXX Group 13 DnaJ homolog 

subfamily C 

member 8 

—  

    XXXXX Group 14 DnaJ homolog 

subfamily C 

member 9 

GO:0016705 

GO:0004497 

GO:0005506 

GO:0020037 

✓ 

    XXXXX Group 15 Mitochondrial 

import inner 
membrane 

translocase subunit 

TIM14 

GO:0030150 

GO:0001671 
GO:0001405 

 

    XXXXX Group 16 unknown — ✓ 



    XXXXX Group 17 DnaJ subfamily C 
member 17 

GO:0003676  

    XXXXX Group 18 DnaJ sub C 

member 27, 

variant 2 

GO:0003924 

GO:0005525 

 

Heat shock 

protein 60 kDa 

HSP60 S. mansoni XP_018645622.1 XXXXX  Heat shock protein 

60 

GO:0042026 

GO:0034514 

GO:0008637 

GO:0045041 

GO:0140662 

GO:0005524 
GO:0051087 

GO:0005759 

GO:0005743 

✓ 

Heat shock 

protein 70 kDa 

HSPA9 protein-

like 

S. mansoni see Aguoru et al. 

(2022) 

XXXXX Group 1: 

All except C. 

halli and C. sp. 

‘kapembwa’ 

Heat shock protein 

cognate 5 

GO:0006457 

GO:0006950 

GO:0140662 

GO:0051082 

GO:0005524 

GO:0031072 
GO:0032440 

GO:0016887 

GO:0005739 

 

    XXXXX Group 1bis: 

All except C. 

halli and C. sp. 

‘kapembwa’ 

Heat shock protein 

70 

GO:0006457 

GO:0140662 

GO:0005524 

 

 Hypoxia up-

regulated 
protein 1 

precursor-like 

S. mansoni see Aguoru et al. 

(2022) 

XXXXX Group HYOU1: 

All 

Molecular 

chaperone 
grp170/sil1 hsp70 

superfamily protein 

+ Hypoxia up-

regulated protein 1 

GO:0006457 

GO:1903297 
GO:1900038 

GO:0031204 

GO:0071456 

GO:2001243 

GO:0140662 

GO:0005524 

GO:0034663 

GO:0016020 

 

 Endoplasmic 

reticulum 
chaperone BiP 

precursor-like 

S. mansoni XP_018649109.1 XXXXX Group BiP1: 

Cichlidogyrus 
spp. except C. 

halli 

Heat shock 70 kDa 

protein cognate 3 

GO:0006457 

GO:0036335 
GO:0034976 

GO:0035194 

GO:0006782 

GO:0034620 

✓ 



GO:0010243 
GO:0043161 

GO:0035332 

GO:0046621 

GO:0007165 

GO:0140662 

GO:0005524 

GO:0004655 

GO:0031072 

GO:0016887 

GO:0046872 
GO:0015450 

GO:0005788 

GO:0034663 

GO:0005615 

GO:0005634 

GO:0016020 

    XXXXX Group BiP2: 

C. casuarinus 

C. halli 
S. longicornis 

Heat shock 70 kDa 

protein cognate 3 

GO:0006457 

GO:0140662 

GO:0005524 
GO:0005788 

✓ 

 Others (4 

members) 

S. mansoni see Aguoru et al. 

(2022) 

XXXXX 

XXXXX 

XXXXX 

XXXXX 

Group 2: 

C. casuarinus 

C. halli 

S. longicornis 

Kapentagyrus 

spp. 

Heat shock protein 

70 

GO:0006457 

GO:0140662 

GO:0005524 

GO:0031072 

GO:0016887 

GO:0005783 

GO:0005634 

GO:0005829 
GO:0070013 

GO:0032991 

GO:0005886 

 

     Group 3: 

C. casuarinus 

C. cirratus 

C. sclerosus 

C. thurstonae 

C. tilapiae 

C. zambezensis 
S. longicornis 

Heat shock protein 

70 

GO:0006457 

GO:0006950 

GO:0140662 

GO:0005524 

GO:0031072 

GO:0019899 

GO:0051082 
GO:0016887 

GO:0008180 

GO:0005814 

GO:0005829 

✓ 



GO:0005634 
     Group 4a: 

All 

Heat shock protein 

70 

GO:0006457 

GO:0006950 

GO:0009266 

GO:0140662 

GO:0005524 

GO:0031072 

GO:0016887 

GO:0005829 

GO:0005634 

GO:0005634 

 

     Group 4b: 

Cichlidogyrus 

spp. 

Heat shock protein 

70 

GO:0006457 

GO:0006950 

GO:0140662 

GO:0005524 

GO:0031072 

GO:0016887 

GO:0005829 

GO:0005634 

GO:0005886 

 

Heat shock 

protein 90 kDa 

HSP 90-alpha 

isoform 2-like 

S. mansoni see Aguoru et al. 

(2022) 

XXXXX Group 1: all Heat shock protein 

83 

GO:0006457 

GO:0050821 

GO:0034605 

GO:0140662 

GO:0051082 

GO:0016887 

GO:0005524 

GO:0097718 

GO:0048471 
GO:0005829 

GO:0032991 

GO:0005886 

✓ 

    XXXXX Group 2: all Endoplasmin GO:0006457 

GO:0030433 

GO:0031247 

GO:0071318 

GO:1903513 

GO:0032527 

GO:0001666 
GO:0043666 

GO:0043066 

GO:0035889 

GO:0006880 

✓ 



GO:0140662 
GO:0051082 

GO:0016887 

GO:0005524 

GO:0050750 

GO:0019903 

GO:0003723 

GO:0005509 

GO:0042470 

GO:0005788 

GO:0048471 
GO:0030496 

GO:0016529 

GO:0005789 

GO:0005829 

GO:0097524 

GO:0034663 

 TRAP1-like S. mansoni XP_018652104.1 — — — — — 

 Endoplasmin 

precursor-like 

S. mansoni see Aguoru et al. 

(2022) 

— — — — — 

foraging (for)  Drosophila 

melanogaster 

NP_001356955.1 

NP_001356896.1 

NP_001356892.1 

NP_001334731.1 

NP_001162858.1 

NP_001014464.1 

NP_995629.1 

NP_995628.1 

NP_995626.1 
NP_599146.1 

NP_477490.1 

NP_477489.1 

NP_477487.1 

XXXXX Group 1: 

all 

cGMP-dependent 

protein kinase 

GO:0006468 

GO:0007165 

GO:2001226 

GO:0045794 

GO:0071476 

GO:0032332 

GO:0032922 

GO:0072659 

GO:0018209 
GO:1903829 

GO:0004692 

GO:0030553 

GO:0051019 

GO:0106310 

GO:0005524 

GO:0042802 

GO:0031965 

GO:0016324 

GO:0005737 

✓ 

   XXXXX Group 2: 

all except K. 

tanganicanus 

cGMP-dependent 

protein kinase 

GO:0006468 

GO:1904753 

GO:0090331 

GO:1904706 

 



 

GO:0060087 
GO:0048668 

GO:0019934 

GO:0043087 

GO:0016358 

GO:0001764 

GO:0004692 

GO:0030553 

GO:0106310 

GO:0005524 

GO:0005246 
GO:0005737 

GO:0012505 

GO:0005886 

GO:0043231 



6.2.4 Protein sequence assembly and paralog filtering 

We assembled the exon sequences of the three target gene groups (43 genes) 

and the single-copy genes coding for the 137 and 479 orthologous groups of 

proteins. We applied an exon bait capturing approach as implemented in the 

pipeline HybPiper v2.0 (Johnson et al., 2016) that has previously been successfully 

applied to whole-genome and transcriptome sequencing short reads (Yuan et al., 

2019; Layton et al., 2020). 

For the target gene groups, the bait protein sequences of C. casuarinus were 

combined into a bait file for HybPiper to map the trimmed paired-end and unpaired 

reads of all analysed species against the bait sequences (Fig 2c). We also included 

the protein sequence of cyp of S. mansoni (Table 6.2) in the bait files as we found 

no match in the annotated putative protein database of C. casuarinus. The target 

files for the species tree were compiled as mentioned above. For the target files 

of both the target genes and the species tree, we used the protein sequences 

rather than the nucleotides sequences as the developers of HybPiper reported that 

gene assemblies improved when using the former (Johnson et al., 2016). In 

HybPiper, we used DIAMOND v2.0.15 for the rapid alignments of sequencing reads 

(Buchfink et al., 2021). The remaining pipeline was left at default parameters 

including the assembly through SPAdes v3.15.5 (Prjibelski et al., 2020), a contig 

alignment and stitching process through Exonerate v2.4.0 (Slater & Birney, 2005), 

and the flagging of potential paralogs and chimeric sequences during the 

Exonerate searches (Johnson et al., 2016). 

The pooling approach during the library preparation means that paralogs 

flagged by HybPiper may be both orthologs in the sampled population or ‘real’ 

paralogs. To exclude the former and to remove contaminant sequences, we 

performed four filtering steps: 

(i) We applied a BLAST+ search on all protein sequences that we assembled to 

exclude contaminants. Sequences with closest hits above 90% identity with 

non-flatworm sequences were excluded (Fig. 6.2d). 

(ii) We performed phylogenetic analyses with all potential paralogous sequences 

in the HybPiper output (see details below) and identified groups of sequences 

with a lowest common ancestor (LCA) (i.e. the common ancestor furthest 

away from the root) (Swenson & El-Mabrouk, 2012) as orthologous groups. 

Groups that covered all species used in the present analysis were immediately 



assembled into gene alignments for downstream analyses, using the main 

sequence assembled by HybPiper. Groups, for which only some species were 

captured as main orthologs by HybPiper, were included in a second run in 

HybPiper to detect the orthologs of these genes. A second phylogenetic 

analysis was applied to the resulting protein alignments combined with the 

sequences assembled in the first HybPiper run from the same gene family. 

The sequences from the second run sequences were again filtered through the 

LCA approach. 

(iii) We only excluded orthologous groups of putative protein sequences if these 

covered less than three species to further minimise the effects of variation in 

the sampled populations in each DNA read pool. 

(iv) We checked whether alignments of gene models not targeted with the bait 

sequences (paralogs suggested by HybPiper) represented fragments of other 

assembled gene models. These sequence fragments (truncated sequences) 

were excluded from downstream analyses. 

Following the filtering steps, we inferred functional descriptions and gene 

ontology (GO) classes for the remaining sequences using PANNZER2 (Törönen & 

Holm, 2022) for each orthologous group (Fig. 6.2e). These GO terms were only 

included in Table 6.2 if the annotations were assigned to orthologs in three or 

more species to avoid less reliable terms. We also verified the presence of the 

putative protein sequences through a BLAST+ search (tblastn) in a recently 

published transcriptome annotation of S. longicornis (Caña-Bozada et al., 2022). 

We interpreted sequence identities and query coverage > 95% as confirmation of 

presence in the transcriptome (Fig. 6.2e). 

In case of the single-copy orthologs, we excluded any putative protein 

alignments, for which paralogs were flagged in HybPiper. We took this approach 

to minimise the risks of accidentally including any contaminant sequences. We 

also excluded genes, for which sequences were not recovered from all 11 species 

included in the present analysis to minimise the impact of missing data on the 

species tree. 

 

6.2.5 Phylogenetic analyses 

We performed phylogenetic analyses for three different sets of trees: gene 

family trees for sequence filtering and paralog identification (e.g. GSTM and 



HSP70), gene trees (for each of the 43 group of orthologs for the targeted gene 

groups), and species trees (based on OMA and BUSCO orthologs, 277 and 86 loci 

respectively). Phylogenetic analyses were performed under the maximum 

likelihood (ML) criterion using the protein sequences rather than nucleotide 

sequences as we were interested in functional differences between the species 

(and not silent nucleotide substitutions). Furthermore, the higher stability of 

protein sequences means these genes are more suitable to infer phylogenetic 

relationships between proteins of the same gene family (e.g. Aguoru et al., 2022). 

The protein sequences of the genes were aligned through L-INS-i in MAFFT v7.427 

(Katoh & Standley, 2013) and trimmed in Gblocks v0.91b under less stringent 

parameters (option: -b2=6 -b3=10 -b4=5 -b5=h) (Talavera & Castresana, 2007). 

For the gene family trees, we did not trim the alignments as many informative 

sites would be removed by Gblocks due to relatively high divergence between 

genes of the same gene family. Substitution models for amino acids were selected 

by gene through ModelFinder in IQ-Tree (Kalyaanamoorthy et al., 2017). We 

estimated tree topologies through IQ-Tree v2.2.0 (Nguyen et al., 2015; Minh et 

al., 2020), and branch support through ultrafast bootstrap estimation (Hoang et 

al., 2018) and Shimodaira-Hasegawa–like approximate likelihood ratio tests (SH-

aLRT) (Guindon et al., 2010) with 1000 replicates. We considered nodes with an 

ultrafast bootstrap value (UFBoot) ≥ 95 and a SH-aLRT statistic ≥ 80 as well-

supported. Phylogenetic trees were visualised through the packages ggplot2 

v3.4.1 (Wickham, 2016) and ggtree v3.6.2 (Yu et al., 2017, 2018) in R v4.2.2 (R 

Core Team, 2022). 

 

6.2.6 Comparison of gene vs. species tree topologies 

We employed two approaches to assess topological differences of the gene 

trees (oxidative stress, heat shock, and foraging genes) and the species tree: 

visual inspection and multidimensional scaling. First, we assessed the phylogenies 

of the gene families qualitatively through visual inspection to detect potential 

deletions and/or duplications of genes among the monogeneans investigated here. 

We followed an approach based on the LCA (see above), where nodes are either 

considered speciation or duplication nodes (Swenson & El-Mabrouk, 2012) 

according to parsimony criteria (reconciliation). Groups of single sequences from 

different species that formed monophyletic clades were considered orthologous. 



In the second step, we tested whether the tree topologies of each orthologous 

group of oxidative stress, heat shock, and for genes deviate from the species trees 

of Cichlidogyrus using multi-dimensional scaling (MDS) based on unweighted 

Robinson-Foulds distances of the trees (Hillis et al., 2005). This analysis was 

performed to infer whether the evolution of the target genes showed concordance 

with the evolution of the lineage. As the focus was not the comparison between 

the two monogenean genera, sequences of Kapentagyrus were dropped from the 

gene trees for this purpose using the function drop.tip in the R package ape v5.7-

1 (Paradis & Schliep, 2019). Finally, we performed a multidimensional scaling 

(MDS) approach implemented in the R package treespace v1.1.4.2 (Jombart et 

al., 2017). The results were visualised in ggplot2. 

 

6.3 Results 

6.3.1 Species trees 

After the exclusion of all potential multi-copy protein sequences and those with 

missing data for one or more species, we assembled two datasets of 277 (OMA) 

and 86 (BUSCO) single-copy orthologous sequence alignments, respectively. The 

subsequent phylogenomic analyses of the two datasets produced rather similar 

tree topologies (Fig. 6.3). As expected, species of Cichlidogyrus and Kapentagyrus 

form well-supported (OMA–BUSCO: 100/100–100/100) monophyletic groups. 

Furthermore, both trees support two major lineages within Cichlidogyrus: C. 

casuarinus, C. sclerosus, C. sp. ‘kapembwa’ (Clade A), and C. cirratus, C. tilapiae, 

C. thurstonae, S. longicornis, and C. zambezensis (Clade B). The phylogenetic 

position of C. halli remains unresolved although the OMA phylogeny (Fig. 6.3b) 

suggests that C. halli forms part of an early diverging lineage, with Clade A and B 

clustering monophyletically with moderate support (*/99). In Clade A, C. sclerosus 

forms the sister taxon to C. casuarinus and C. sp. ‘kapembwa’ (100/100–

100/100). In Clade B, we detected three well supported clades: C. cirratus and C. 

tilapiae (98/100–*/100), C. thurstonae and S. longicornis (*/99–100/100), and 

C. zambezensis. The relationship between these clades remains unresolved with 



only moderate support for C. zambezensis as sister group to the other two clades 

(82/93–88/100). Nonetheless, the species tree resolved almost all relationships 

of the main lineages of Cichlidogyrus that nuclear ribosomal and mitochondrial 

DNA markers were unable to resolve (Chapter 2; Rahmouni et al., 2022). 

 

6.3.2 Gene copy numbers 

The putative protein sequences of all 43 target genes included functional 

groups of their respective gene family and subfamilies both inferred from 

PANNZER2. For a full overview of the annotations, see Table 6.2. A majority (67%) 

of the putative protein sequences matched with the transcriptome data from S. 

longicornis (> 95% identity and query coverage) (Table 6.2). However, only three 

out of nine of the putative HSP70 variants and none of the GPx sequences were 

detected. In general, we found no species-specific differences in stress gene copy 

numbers detectable through the visual inspections of the gene family trees. 

 

Figure 6.3. Species trees of Cichlidogyrus inferred from sequences of orthologs of single-

copy genes selected by Caña-Bozada et al. (2023) through (a) the OMA (277 genes) and 

(b) the BUSCO (86 genes) pipelines. Abbreviations: Ccas–Cichlidogyrus casuarinus, Ccir–

C. cirratus, Chal–C. halli, Ckap–C. sp. ‘kapembwa’, Cscl–C. sclerosus, Cthu–C. thurstonae, 

Ctil–C. tilapiae, Czam–C. zambezensis, Klim–Kapentagyrus limnotrissae, Ktan–K. 

tanganicanus, A–Clade A, B–Clade B. 



In the annotations of the genome of C. casuarinus, we detected deviations in 

terms of copy numbers from the search sequences of the other non-monogenean 

flatworms. Specifically, we found two copies of GPx (+1 as compared to S. 

mansoni), four copies of GSTM (-6 as compared to E. multilocularis), and two 

copies of Prx (-1 as compared to S. mansoni). No hits were found for CYP and 

GSTS (Table 6.2). For most bait sequences, we found only a single hit in the 

genome read pools. However, gpx, gstm, prx, and all the heat shock protein 

families except for hsp10 were flagged by HybPiper for potential paralogs (results 

not shown). Phylogenetic analyses of these genes revealed that, for hsp40 and 

hsp60, these paralogous sequences clustered with protein sequences from the 

same species and, therefore, could be excluded from downstream phylogenetic 

analyses. We detected one cluster of gpx and hsp90 each. An alignment of these 

sequences with the main target sequences revealed that the former were 

fragments (truncated versions) of the latter. These truncated sequences were also 

excluded from downstream analyses. 

For the hsp70 subfamily, two of the bait sequences resulted in single hits. For 

the remaining bait sequences, a multitude of paralogs were flagged by HybPiper. 

A phylogenetic analysis revealed a complex array of well-supported clusters of 

hsp70 genes. After the removal of contaminant sequences and sequences with 

orthologs in less than three species, we detected overall eight well-supported 

clades of sequences of putative HSP70 (Fig. 6.4). HybPiper failed to assemble 

orthologs for species of Kapentagyrus in three of the clades. Three groups were 

assigned highly specific functions: hypoxia up-regulated 1 (HYOU1) and 

endoplasmatic reticulum chaperone binding protein 1 (BiP1) and 2 (BiP2). Notably, 

group 4 consisted of two subgroups for species of Cichlidogyrus, but only a single 

subgroup for species of Kapentagyrus. However, the relationship between these 

subgroups was not resolved (Fig. 6.4). 

For gstm, we detected three major sequence clusters, which did, however, 

group differently than the four sequences of C. casuarinus. The assembly of 

orthologs and paralogs in different species based on the same bait sequence 

suggests a high similarity of these genes. The resulting sequences were assigned 

to groups according to the three clades inferred from the phylogenetic tree of 



gstm (Fig. 6.5). Notably, Group 2 includes two copies for most species of 

 

Figure 6.4. Maximum likelihood phylogram of gene models of the 70 kDa heat shock 

protein family (HSP70) of species of Cichlidogyrus and Kapentagyrus. For abbreviation of 

species names, see Fig. 6.3. Group HYOU1 (hypoxia up-regulated 1) and BiP1 

(endoplasmatic reticulum chaperone binding protein 1) and BiP2 refer to annotations 

assigned through PANNZER2 (see Table 6.2). The remaining groups are numbered 

consecutively. Group 4 shows a potential duplication event (or gene loss) with two copies 

of the gene for species of Cichlidogyrus but only a single one for species of Kapentagyrus. 



Cichlidogyrus with identical gene ontology (GO) terms (Table 6.2) but only one for 

Kapentagyrus (Fig. 6.5). We consider the absence of one copy in Kapentagyrus as 

informative as the high sequence similarities of Group 2a and b suggests that the 

ortholog of Group 2a should have been detected through DIAMOND if present. 

 

6.3.3 Gene tree topologies 

The species trees had a high level of similarity with each other, effectively 

overlapping in the MDS plot (Fig. 6.6). The gene trees (Appendix S6.2) of the 

three studied gene groups (oxidative stress, heat shock, foraging) deviated from 

 

Figure 6.5. Maximum likelihood phylogram of gene models of the glutathione S-transferase 

mu-class (GSTM) of species of Cichlidogyrus and Kapentagyrus. For abbreviation of species 

names, see Fig. 6.3. Group 2 shows a potential duplication event (or gene loss) with two 

copies of the gene for species of Cichlidogyrus but only a single one for species of 

Kapentagyrus. 



this topology. Although the gene trees showed some variation, their topologies 

formed no apparent clusters (Fig. 6). 

 

 

6.4 Discussion 

We compared the putative adaptive potential of two metazoan parasite 

lineages—a species-rich one (Cichlidogyrus) and a species-poor one 

(Kapentagyrus)—based on three groups of stress response genes. For this 

purpose, we performed a comparative genomic analysis of 43 antioxidant 

enzymes, heat shock proteins, and foraging gene ortholog sequences. The 

expression of 67% of these genes was confirmed through a previously published 

 

Figure 6.6. First two axes of multidimensional scaling analysis of gene trees of antioxidant 

enzymes, for orthologs, and heat shock proteins (see Appendix S1). The genes tree 

topologies deviate from the two species trees (highlighted in red), but show no apparent 

pattern or clustering. 



transcriptome annotation (Caña-Bozada et al., 2022) and 41 genes included 

functional groups of their expected gene family (Table 6.2). This study is an 

innovative approach to test whether stress responses are related to adaptive 

potentials of parasite lineages as it uses a multi-species study system [i.e. more 

than three species, e.g. Aguoru et al. (2022)]. With nine species of Cichlidogyrus, 

the study provides the most species-rich set of whole-genome sequencing data 

from a single genus of flatworms to date, followed only by the blood fluke genus 

Schistosoma with eight species (Ebbs et al., 2022). Furthermore, with 68/277 

single-copy ortholog and 43 stress genes, this study is by far the most extensive 

genomic analysis of monogenean flatworms. Therefore, our study and dataset 

present important contributions for comparative genomics on parasitic flatworms 

as well as metazoan parasites in general. 

 

6.4.1 Potential gene expansions, contractions, and losses in monogeneans 

The apparent absence of the cytochrome P450 gene family (cyp) in 

monogenean genomes is remarkable. Copies were found neither in the annotated 

genome of C. casuarinus (Hahn, unpublished), the transcriptome of S. longicornis 

(Caña-Bozada et al., 2022) nor in the genome reads of 11 species in the present 

study. Furthermore, no cyp orthologs have been reported for the genomes of other 

monogenean species published to date including those of Benedenia humboldti 

Baeza, Sepúlveda & González, 2019 (Baeza & González, 2021), Eudiplozoon 

nipponicum (Goto, 1891) (Vorel et al., 2023), Gyrodactylus bullatarudis Turnbull, 

1956 (Konczal et al., 2020), and G. salaris Malmberg, 1957 (Hahn et al., 2014). 

The absence of cyp in all species analysed so far cannot be interpreted as an 

artefact of low sequencing coverage due to the success in capturing 363 likely 

single-copy orthologs (see also estimated coverages in Table 6.1). We suggest 

that either the DNA/amino acid sequences are highly divergent from cyp/CYP 

sequences of other metazoan parasites, such as was reported for a proposed 

peroxin gene in Trypanosoma brucei (Saveria et al., 2007), or cyp is indeed absent 

in monogeneans. Both cases represent absolute novelties as cyp is conserved 

across almost the entire tree of life (Nelson, 2018). The loss of cyp was previously 

only reported from protozoan parasites, such as Plasmodium falciparum (Welch, 

1897) (Wisedpanichkij et al., 2011), Giardia intestinalis (Lambl, 1859) (Pazdzior 

et al., 2015), and Encephalitozoon cuniculi Levaditi, Nicolau & Schoen, 1923 



(Shaheen et al., 2020). In other flatworms, e.g. flukes (Pakharukova et al., 2015; 

Ziniel et al., 2015) and cestodes (Tsai et al., 2013), only a single variant of cyp 

was reported, unlike the multiple copies that are usually present in most 

organisms (Nelson, 2018), but functional analyses highlighted that cyp still fulfils 

vital functions in flukes and cestodes, e.g. the detoxification of xenobiotics 

(Pakharukova et al., 2015; Ziniel et al., 2015). The gene family has also been 

reduced in parasitic crustaceans, e.g. the salmon louse has the lowest known 

number of cyp copies of any arthropod (Skern-Mauritzen et al., 2021), suggesting 

a trend of contracting the cyp gene superfamily in metazoan parasites. 

Evolutionary loss of genes and gene functions is a phenomenon that has also been 

observed elsewhere in parasites, e.g. peroxisomal functions in parasitic 

protozoans, flatworms, roundworms (Žárský & Tachezy, 2015), and crustaceans 

(Skern-Mauritzen et al., 2021). Therefore, we suggest that cyp gene family 

contraction and loss should be further investigated to understand the magnitude 

of this trend in parasites. 

We reported multiple gene orthologs in flatworms and monogeneans for the 

first time. We detected two gene copies of glutathione peroxidase (GPx), two of 

peroxiredoxin (Prx), and three of cytosolic glutathione S-transferase (cGST) from 

the mu-class (Table 6.1). All of the copy numbers differ from previously studied 

flatworms with cestodes and trematodes presenting a single gpx, three prx, and 

around 12 cytosolic gst copies (Martínez-González et al., 2022). As the functions 

of these antioxidant enzymes are the reduction of hydrogen peroxide to water 

(GPx, Prx) and alkyl hydroperoxides to alcohol (Prx) as well as detoxification 

(cGST), these gene family contractions/expansions could provide valuable insight 

into the functional evolution of parasitic flatworms. For instance, increased gpx 

copy numbers were linked to lineages exposed to higher levels of oxidative stress 

in mammals (Tian et al., 2021). Furthermore, we detected three cgst copies of 

the mu-class (see detailed discussion below) but none of the sigma-class. The 

absence of omega class gst in cestodes was speculated to result from a functional 

replacement by another gst class, but due to lack of phylogenetic evidence, the 

authors remained cautious about interpreting these results (Iriarte et al., 2012). 

The discussed examples for copy number variation in cyp, gpx, prx, and gst in 

other organisms highlight the potential importance of stress response pathways 

for parasite evolutionary biology. 



We also provide the first report of orthologs of the foraging gene in flatworms, 

a gene linked to behavioural traits in arthropods, mammals, amphibians, and 

nematodes. Although fecundity and infection intensity (Huyse et al., 2018) and 

drug resistance (Pirozhkova & Katokhin, 2020) in flatworms have been associated 

with the cGMP-dependent protein kinase (PKG) family, to which the for-encoded 

protein belongs, the function of for in these organisms remains untested. We 

suggest that the importance of for and PKGs in other organisms and its potential 

role in driving infection intensities in parasitic flatworms (Huyse et al., 2018) 

warrant further studies into this gene family in these organisms to better 

understand their behavioural genetics. 

 

6.4.2 How they differ: do species of Cichlidogyrus have a higher adaptive potential 

than species of Kapentagyrus? 

Differences between species of Cichlidogyrus and Kapentagyrus in copy 

numbers of stress response genes might provide insight into their diverging 

ecology and evolutionary history, specifically their adaptive potential. Based on a 

visual inspection of the phylogenies of the gene families, we identified two 

potential instances of either gene duplication or loss. Species of Kapentagyrus 

present at least one less gene copy of the glutathione S-transferase mu-class 

(gstm) and the 70-kDA heat shock protein family (hsp70), which indicates either 

gene duplication in species of Cichlidogyrus or gene loss in species of 

Kapentagyrus. Higher copy numbers in species of Cichlidogyrus might suggest a 

higher potential to adapt to adverse conditions. Expansions of the gst gene family 

in closely related organisms were previously also observed in free-living 

nematodes (Markov et al., 2015). In fungi, gene expansion, e.g. of cyp, was linked 

to habitat/host diversity (Coleman et al., 2009; Wang et al., 2018) and, in 

invertebrates, the proportion of gene duplication in genomes was linked to the 

invasive potential (Liu et al., 2018; Makino & Kawata, 2019), i.e. their ability to 

adapt to new environments. In metazoan parasites, prior studies detected gene 

family expansions in tapeworms (Tsai et al., 2013) and aphids (Lin et al., 2022), 

but only rarely are these expansions linked to concrete environmental stressors 

because such knowledge requires a detailed understanding of gene functions. 

Notable exceptions include the plant-pathogenic moths of the Spodoptera 

frugiperda (Smith, 1797) species complex, where polyphagous representatives 



possess an expanded set of detoxification genes compared to their specialist 

relatives (Gouin et al., 2017), and the plant-parasitic nematode Bursaphelenchus 

xylophilus (Steiner & Buhrer, 1934), which upregulates members of an expanded 

groups of gst to detoxify xenobiotics in pinewood (Zhang et al., 2020). Expansions 

of hsp70 among closely related lineages were previously interpreted as 

adaptations to environmental stressors, e.g. in invasive and extremophile bivalves 

(Guerin et al., 2019) and invasive fishes (Stanley et al., 2022). In parasites, hsp70 

expansions within parasite lineages have been reported for tapeworms (Tsai et 

al., 2013) and trypanosomatid protozoans (Drini et al., 2016). Tsai et al. (2013) 

theorised that the expanded gene copies of the tapeworms are expressed only 

‘under certain conditions’ based on their low expression levels in their 

transcriptomes, but did not elaborate further. Furthermore, Drini et al. (2016) 

linked copy number variations in strains of Leishmania Ross, 1903 to geographical 

and environmental gradients. Yet similar to gst, hsp70 copy numbers alone 

provide no definitive evidence of environmental adaptation without more detailed 

knowledge about gene functions. For instance, some cold-adapted Antarctic 

organisms have lost their inducible heat shock responses despite the presence of 

hsp70 (Clark et al., 2008; Bilyk et al., 2018). Nevertheless, Cichlidogyrus and 

Kapentagyrus provide the first evidence of divergent stress response pathways in 

flatworm lineages of the same family. 

Although the function of the expanded gene families remains unknown, the 

ecology and evolutionary history of species of Cichlidogyrus and Kapentagyrus 

provide ample arguments why the observed copy number differences might be 

related to their adaptive potential. Cichlidogyrus is a highly diverse monogenean 

lineage that infects African cichlid fishes, which cover a range of ecological niches 

including herbivores, invertivores, piscivores, and omnivores (Burress, 2014) and 

inhabit lacustrine, riverine, and estuarine habitats across Africa (Chapman, 2021). 

This ecological diversity exposes cichlid ectoparasites to a series of environmental 

stressors. In contrast, the hosts of species of Kapentagyrus are freshwater 

clupeids. These host fishes only occupy the pelagic zone of African rivers and lakes 

(Wilson et al., 2008) and are, therefore, much more ecologically conserved. This 

niche conservatism likely creates a relatively stable environment for their 

parasites, which is why recent studies found only a weak population structure in 

both hosts and parasites (De Keyzer et al. 2019; Kmentová et al. 2020). It should 



be noted that these studies and the present study only included species of 

Kapentagyrus from Lake Tanganyika, thus, omitting all riverine species (Vanhove 

et al., 2021). These other species should be sequenced to infer whether the 

detected copy number differences are a general patterns between Cichlidogyrus 

and Kapentagyrus or specific to species from Lake Tanganyika. 

 

6.4.3 Limitations: species-specific variation and gene expression 

With the expansion and deletion of gene families, our study reveals ground-

breaking new insights into the molecular mechanisms that underpin the adaptive 

potential of parasites—a concept that might help us understand the processes of 

host selection and host switching. However, the study also has conceptual and 

technological limitations. 

First, we detected no species-specific differences in stress gene copy numbers. 

Previous studies indicate that copy number evolution can occur between closely 

related animal species (Lin et al., 2022) and even strains (Drini et al., 2016), but 

no such differences were detected here. We suggest that our current approach 

might not be able to detect species-specific differences in terms of copy numbers 

as the LCA approach inherently neglects any species-specific duplication events. 

This approach was taken to avoid mistaking gene variants of populations in each 

pooled DNA samples as paralogs. Future studies might address this problem 

through variant calling pipelines [e.g. Kofler et al. (2011)] or by optimising 

techniques to sequence genomes from individual specimens. The latter approach 

has recently been successful with monogenean flatworms for the first time 

(Geraerts et al., 2022a) and recent advances in sequencing technology for medical 

research means that whole genomes are now sequenced even from single cells 

(Ogbeide et al., 2022), albeit limited to model organisms (Alfieri et al., 2022). 

Another issue lies in potentially highly divergent sequences that the exon bait 

capture approach might fail to detect (see discussion for CYP above). Beyond gene 

copy numbers, we also found that the evolutionary relationship of the gene 

orthologs presented some variation compared to the evolutionary history of the 

species (Fig. 6.5), but this variation might present an artefact of inferring 

evolutionary histories from small datasets (81–937 amino acids) in contrast to 

multi-gene phylogenies (93,000 and 26,000 amino acids). Furthermore, we only 

covered 9/144 described species of Cichlidogyrus. Nevertheless, species of 



Cichlidogyrus constitute a so far unique study system for host-parasite 

interactions that combines opportunities to investigate divergent host repertoires 

(Cruz‐Laufer et al., 2022), biological invasions (Jiménez-García et al., 2001; 

Šimková et al., 2019; Jorissen et al., 2020; Geraerts et al., 2022a), co-infections 

(Gobbin et al., 2021), host switching (Birgi & Euzet, 1983; Birgi & Lambert, 1986), 

and divergent speciation rates (Vanhove et al., 2015; Kmentová et al., 2016). 

Therefore, we suggest that whole-genome sequencing should be applied to a 

broader selection of species in the future to test differences in stress response 

pathways through a higher taxonomic resolution. 

Second, gene models reveal no information on whether they are expressed or 

even inducible. In the present study, we reported multiple gene orthologs in 

flatworms and monogeneans for the first time. Yet detected orthologs of all three 

targeted gene groups might not necessarily be expressed. Moreover, some genes 

are only expressed under certain conditions (i.e. inducible genes) that might have 

not been met by methods employed for the transcriptome we used as a reference 

(Caña-Bozada et al., 2022), which might explain the absence of many HSP70 and 

GPx transcripts (Table 6.2). Lastly, even if certain genes are found in 

transcriptomes, environmental stress might not necessarily lead to their up-

regulation (see hsp in Antarctic animals: Clark et al., 2008; Bilyk et al., 2018). 

Therefore, the next step for testing stress responses in metazoan parasites is 

obtaining genome and transcriptome assemblies that are representative of the 

functional diversity within parasite lineages. Future studies should also aim to 

quantify expression of stress response genes under different environmental 

stressors using experimental studies. These steps could provide key information 

on the functionality of the gene models assembled for the two flatworm lineages 

in this study. 

 

Concluding remarks 

Stress responses are key for the survival of organisms, yet their role in parasite 

evolution and adaptive potential remains poorly understood. A strong bias in 

parasite genomics towards few health-relevant human pathogens results in a lack 

of DNA or RNA sequence data in closely related and functionally diverse parasite 

lineages. The present study addresses this bias by analysing the stress response 

gene presence and copy number variation in 11 genomes of two genera of 



monogenean flatworms, Cichlidogyrus and Kapentagyrus. Even though these data 

only represent a fraction of the known species from these lineages, we detected 

several cases of copy number differences, suggesting that alterations in stress 

response pathways are indeed an important aspect of parasite and disease 

evolution. However, stress responses are not the only mechanisms that might 

determine the adaptive potential of parasites. Therefore, we encourage 

researchers to not only replicate our approach in other species-rich and 

functionally diverse lineages, but also to explore other molecular pathways that 

might determine adaptive potential and, therefore, the evolution of parasitic 

diseases. 
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Appendices 

Appendix S7.1. Maximum likelihood cladogram of putative protein sequences of stress 

genes of species of Cichlidogyrus. For species names, see Fig. 6.1. For abbreviation of 

protein names, see Table 6.2. 

 



 



 

 


