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ABSTRACT 30 

Stress responses are key for parasite survival and, consequently, also the evolutionary success of 31 

these organisms. Despite this importance, our understanding of the molecular pathways dealing with 32 

environmental stressors remains limited for parasitic animals. Here, we targeted the molecular 33 

pathways dealing with environmental stressors and comparatively investigated antioxidant, heat 34 

shock, osmoregulatory, and behaviour-related genes (foraging) in two parasitic flatworm lineages 35 

with contrasting species and ecological diversity, Cichlidogyrus and Kapentagyrus (Platyhelminthes: 36 

Monogenea), through whole-genome sequencing of 11 species. Using an in silico exon bait capture 37 

approach, we assembled the sequences of 48 stress-related genes and report the first foraging (for) 38 

gene orthologs in flatworms. We found duplications of heat shock- (hsp) and oxidative stress genes 39 

in Cichlidogyrus compared to Kapentagyrus. We also observed positive selection patterns in genes 40 

related to mitochondrial protein import (hsp) and behaviour (for) in species of Cichlidogyrus infecting 41 

East African cichlids—a host lineage under adaptive radiation—consistent with a potential adaptation 42 

linked to a co-radiation of parasites and hosts. Accordingly, this study potentially identifies the first 43 

molecular function linked to a flatworm radiation. Additionally, the absence of cytochrome P450, and 44 

kappa and sigma-class glutathione S-transferases in monogenean flatworms is reported, genes 45 

considered essential for metazoan life. 46 
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INTRODUCTION 49 

Evolutionary theory predicts that a species’ ability to maintain homeostasis against environmental 50 

stressors fundamentally affects its adaptive potential (Bijlsma & Loeschcke 2005). Although 51 

metazoan parasites cause many neglected tropical diseases in humans (Hotez et al. 2020), they are 52 

often overlooked as groups of pathogens. Research on parasite stress responses remains largely 53 

limited to few well-known human-infecting species, for the purpose of drug development (Huyse et 54 

al. 2018; Aguoru et al. 2022), or focuses on macroevolutionary adaptations of major parasite clades 55 

(Tsai et al. 2013; Hahn et al. 2014). Stress response pathways are rarely comparatively analysed 56 

below the level of major lineages, e.g. flatworm classes or insect orders, although new parasite 57 

species are formed at this level. As they deal with host defences, effective stress responses can 58 

increase fitness of individuals and populations (microevolution) and, therefore, permit species to 59 

expand host repertoires and geographical ranges, which may give rise to new parasite species and 60 

diseases (macroevolution) (Huyse et al. 2005). Stress responses can determine infectivity and 61 

virulence of parasites (Ismail et al. 2018; Santi et al. 2022). Moreover, recent studies suggest that 62 

human activity promotes the rise of emerging infectious diseases as environmental disturbance 63 

creates ecological opportunities for parasite species with an adequate adaptive potential (D’Bastiani 64 

et al. 2020; Hector et al. 2023). Here, we address this knowledge gap: how do stress response 65 

systems evolve in parasite lineages that are closely related and functionally alike? 66 

In parasitology, the ability to use a broad spectrum of resources, i.e. host species, is often considered 67 

indicative of an increased adaptive potential, specifically in ectoparasites, which are directly exposed 68 

to the environmental stressors experienced by their hosts. Several stress-related proteins have been 69 

characterised as determining host usage in parasites, e.g. in insects (Calla et al. 2017), nematodes 70 

(Zhang et al. 2020), and fungi (Wang et al. 2018), including antioxidant enzymes dealing with 71 

reactive oxygen species (oxidative stress response), heat shock proteins assisting with protein 72 

folding, and aquaporins dealing with osmotic stress. Animals may also respond to environmental 73 

stressors through behavioural changes. The foraging (for) gene of Drosophila melanogaster and other 74 

species are among the best-known examples of genes determining behavioural differences (Anreiter 75 

& Sokolowski 2019). 76 

Here, we explore the diversity and adaptive evolution of genes encoding antioxidant enzymes, heat 77 

shock proteins, aquaporins, and for orthologs in the closely related flatworm ectoparasite lineages, 78 

Cichlidogyrus and Kapentagyrus (Kmentová et al. 2022). The two groups infect host lineages (African 79 
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cichlid vs. freshwater clupeid fishes) with contrasting species richness (Fig. 1) and ecological diversity 80 

(Burress 2014; Wilson et al. 2008), with one subclade (Cichlidogyrus spp. infecting East African 81 

cichlids) infecting a host lineage that has undergone multiple rapid diversification events (adaptive 82 

radiations) in its recent evolutionary history (Cruz-Laufer et al. 2022), coinciding with a high parasite 83 

species richness (Fig. 1). Therefore, we hypothesise duplication and positive selection in stress genes 84 

of parasites infecting cichlids (Cichlidogyrus), compared to Kapentagyrus, which is specialised on a 85 

relatively species-poor, ecologically conserved host lineage (i.e. African freshwater clupeids all occupy 86 

pelagic environments of rivers and lakes) (Wilson et al. 2008). With whole-genome sequencing data 87 

of 11 species, our study provides the largest genomic dataset from a single flatworm genus to date. 88 

With 345 single-copy orthologs and 48 stress gene models, we present the most extensive multi-89 

species analysis of stress genes in parasitic flatworms. Our study highlights the role of stress 90 

responses in the adaptive evolution of parasites. 91 

RESULTS 92 

Species trees 93 

As a phylogenetic backbone for downstream analyses, we inferred the evolutionary history of the 94 

two monogenean parasite lineages through phylogenomic analyses of single-copy ortholog genes. 95 

We assembled the nucleotide sequences of conserved single copy genes via in silico exon bait capture 96 

using orthologs of Scutogyrus longicornis (Caña-Bozada et al. 2023) as bait (Fig. 2a, c; single-copy 97 

orthologs). After alignment filtering (Fig. 2d), we retained 277 (OMA tree, Fig. 3) and 86 (BUSCO 98 

tree, Supplementary Fig. S1) gene alignments. Cichlidogyrus and Kapentagyrus form well-supported 99 

monophyletic groups (Fig. 3). High support is also found for a clade of species of Cichlidogyrus from 100 

Lake Tanganyika in East Africa (Fig. 3, Clade Lake Tanganyika). 101 

Copy numbers and phylogenetic patterns of stress genes 102 

Following preparation of the bait files using a genome annotation (see Supplementary File S2; Fig. 103 

2a: single-copy orthologs), search sequences of non-monogenean flatworms and other organisms 104 

(Fig. 2a: stress genes), and in-situ exon bait capture (Fig. 2c), we assembled nucleotide sequences 105 

of 48 putative stress genes of 11 monogenean species (Fig 4a). The sequences of the 42 target 106 

genes included functional groups of their expected gene family (Fig. 4b, Supplementary Table S3). A 107 

majority (63%) of the sequences matched with the transcriptome data of S. longicornis (Caña-108 

Bozada et al. 2022) (> 95% identity and query coverage) (Fig. 4c), but three out of nine heat shock 109 
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Hsp70 genes and all glutathione peroxidase (Gpx) and aquaporin (Aqp) variants were not found in 110 

the transcriptome. 111 

For most targeted stress genes, we found only a single copy per sequencing read pool 112 

(Supplementary Fig. S4). We detected deviations regarding copy numbers in the draft genome 113 

annotation (C. casuarinus) compared to the search sequences of other flatworm parasites, i.e. two 114 

Gpx (+1 vs. Schistosoma mansoni), four glutathione Gstm (-6 vs. Echinococcus multilocularis), two 115 

peroxiredoxin Prx (-1 vs. S. mansoni), two aquaporin Aqp genes (+1 vs. S. mansoni). No copies of 116 

cytochrome P450 genes (Cyp) and several glutathione families (Gsta, Gsto, Gstp, Gsts, and Gstk) 117 

were detected neither in C. casuarinus (Supplementary Table S3) and data produced in this study, 118 

nor other published monogenean genomes (see Methods) using tblastn. Gpx, Gstm, Prx, and all heat 119 

shock protein orthologs except Hsp10 were flagged by HybPiper for potential paralogs 120 

(Supplementary  Fig. S4). The read pools in this study were generated from pooled individuals. To 121 

avoid counting allelic variants in the population as paralogs, highly similar sequences from the same 122 

species were excluded from downstream analyses using phylogenetic inference and manual curation. 123 

The filtered variants are listed in Supplementary Table S3. 124 

For the Hsp70 family, a multitude of paralogs were flagged for all but two bait sequences 125 

(Supplementary Fig. S4). After filtering, we detected seven well-supported groups of Hsp70 126 

sequences in Cichlidogyrus (Fig. 5a), three of them not detected in Kapentagyrus (Groups 3, 4a, and 127 

4b). Three Hsp70 groups were assigned highly specific functions: the hypoxia up-regulated 1 128 

(HYOU1) gene and the endoplasmatic reticulum chaperone binding proteins 1 (BIP1) and 2 (BIP2). 129 

Notably, Group 4 constituted two orthologs for Cichlidogyrus, but only a single ortholog for 130 

Kapentagyrus. Group 3 appeared nested in Group 4 (Fig. 5a), but this position might occur due to 131 

genetic saturation between the highly divergent Hsp70 groups causing long-branch attraction. 132 

For the Gst families, we detected seven phylogenetic clusters (Fig. 5b). The mu-class (Gstm) 133 

sequences did not group according to the four bait sequences of C. casuarinus, hence, group names 134 

were reassigned according to the three Gstm clades inferred from the phylogenetic tree (Fig. 5b). 135 

Notably, Gstm2 includes two copies for most species of Cichlidogyrus with identical gene ontology 136 

(GO) terms (Fig. 3) but only one for Kapentagyrus (Fig. 5b). We consider this absence of a copy as 137 

informative as the high sequence similarities of Gstm2a and Gstm2b (71–77% identical nucleotides) 138 

suggest that orthologs of Gstm2a in Kapentagyrus should have been detected if present. Other than 139 
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the absence of Gsto in Kapentagyrus (mentioned above), no further copy number differences 140 

between the target species were detected in Gst. 141 

The species tree topologies (OMA vs. BUSCO orthologs) of Cichlidogyrus were highly similar to each 142 

other (Kendall-Colijn distance: 0) in a multidimensional scaling (MDS) visualisation when excluding 143 

species of Kapentagyrus (Fig. 6). For all assembled stress genes, gene trees involving the target 144 

species were constructed. Some stress gene trees (Supplementary File S5) deviated from the species 145 

tree topology (but unrelated to selection pressures, see below). This topological variation of stress 146 

gene tree topologies followed no apparent patterns based on gene function or family (Fig. 6). 147 

Detection of positive selection 148 

Positive selection is the process by which gene variants that provide a fitness benefit dominate a 149 

population over time (Yang 2007). To investigate patterns of adaptive evolution in stress genes, we 150 

inferred positive selection from the ratio of substitution rates at nonsynonymous and synonymous 151 

sites in protein-coding sequences (dN/dS). We aimed to test whether the genes investigated here 152 

show signatures of positive selection regimes and whether differences are present between clades of 153 

Cichlidogyrus and Kapentagyrus. Our analyses revealed that seven stress genes had positively 154 

selected sites including one for and six Hsp genes (I, Fig. 4d). For clade-specific tests, we detected 155 

no differences between Cichlidogyrus and Kapentagyrus (IIa), but two Hsp genes had positively 156 

selected sites in East African species of Cichlidogyrus (IIb) (Fig. 4d), ie. the mitochondrial molecular 157 

chaperone gene Hsp60 as well as a putative Hsp40 ortholog of the human DnaJ heat shock protein 158 

family (HSP40) Member A1 (DNAJA1). 159 

DISCUSSION 160 

Stress responses are key factors influencing the ability of parasites to infect their hosts. The current 161 

understanding of ecological drivers of the evolution of parasite stress genes is limited as most studies 162 

only compare phylogenetically and ecologically distant species. In particular, the role of stress-163 

related genes in adaptive evolution and speciation of metazoan parasites has never been 164 

comprehensively addressed. Here, we compared 48 putative stress genes between two metazoan 165 

parasite lineages (Cichlidogyrus and Kapentagyrus) infecting host lineages with contrasting levels of 166 

niche diversity. In a multi-species study system [i.e. more than three species, e.g. Aguoru et al. 167 

(2022)], we showed for the first time that stress responses are associated with the adaptive evolution 168 

of closely related parasite lineages. With nine species of Cichlidogyrus, we provide the most species-169 
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rich set of whole-genome sequencing data from a flatworm genus to date [but see blood fluke genus 170 

Schistosoma with eight species (Ebbs et al. 2022)]. With 68/277 single-copy orthologs and 48 stress 171 

genes, this study is also the most extensive genomic analysis of monogenean flatworms to date. 172 

Furthermore, we resolved the relationships between several lineages of Cichlidogyrus through 173 

phylogenomic analyses, which prior studies recovering these lineages using nuclear ribosomal and 174 

mitochondrial DNA markers struggled to do (Cruz-Laufer et al. 2022). 175 

We detected several unique stress response features in the targeted monogenean parasites. The 176 

absence of the cytochrome P450 gene family (Cyp) and glutathione S-transferase (Gst) sigma- (Gsts) 177 

and kappa-classes (Gstk) in monogenean genomes is remarkable. CYP enzymes are mainly involved 178 

in the (oxidative) metabolism of various endogenous and exogenous compounds; and in these 179 

reactions, they can cause oxidative stress. They are conserved across almost the entire tree of life 180 

(Nelson 2018). All GST members serve for cellular protection as detoxification enzymes, and Gsts 181 

and Gstk genes were previously reported from all flatworm genomes investigated so far (Martínez-182 

González et al. 2022), except for monogenean species. Yet orthologs were not only absent in 183 

Cichlidogyrus and Kapentagyrus, but could also not be detected in previously published monogenean 184 

genome data (Baeza & González 2021; Hahn et al. 2014; Vorel et al. 2023; Konczal et al. 2020). 185 

The recovery and assembly of single-copy orthologs without any problem indicates the absence of 186 

Cyp, Gsts, and Gstk orthologs in our data is real and not caused by low sequencing depth (see also 187 

estimated coverages, Supplementary Table S6). Hence, functional monogenean Cyp, Gsts, and Gstk 188 

are either highly divergent from those of other organisms, and thus not annotated [as reported for 189 

a proposed peroxin gene in a parasitic protozoan (Saveria et al. 2007)], or they are indeed absent 190 

in monogeneans. The loss of Cyp has only been reported from protozoan parasites (Wisedpanichkij 191 

et al. 2011; Pazdzior et al. 2015; Shaheen et al. 2020). In other parasitic flatworms, i.e. flukes and 192 

tapeworms (Martínez-González et al. 2022), only a single variant was reported, unlike the multiple 193 

copies present in most organisms (Nelson 2018). However, CYP still fulfils vital functions in flatworm 194 

parasites (Pakharukova et al. 2015). The gene family has also been reduced in parasitic crustaceans, 195 

e.g. salmon lice have the lowest known Cyp copy number of any arthropod(Skern-Mauritzen et al. 196 

2021), which may reflect an evolutionary trend of Cyp contractions in metazoan parasites. For Gsts 197 

and Gstk, no losses have been reported in parasitic flatworms. However, the absence of Gsto genes 198 

in tapeworms might indicate a functional replacement by another Gst class, but due to lack of 199 

phylogenetic evidence, the authors remained cautious about interpreting these results (Iriarte et al. 200 

2012). Evolutionary loss of genes and gene functions has also repeatedly been observed elsewhere 201 
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in parasites, e.g. peroxisomal functions in parasitic protozoans, flatworms, roundworms (Žárský & 202 

Tachezy 2015), and crustaceans (Skern-Mauritzen et al. 2021). These losses have in part been 203 

attributed to the r-selected traits of many parasites (high fecundity, few resources for individual 204 

offspring) leading them to stress response mechanisms (Žárský & Tachezy 2015). Accordingly, Cyp 205 

and Gst gene family contractions and losses in monogeneans may fit this pattern. 206 

The detection of several stress gene families in our target species is the first for monogenean 207 

flatworms. We noticed two gene copies of glutathione peroxidase (Gpx), two peroxiredoxins (Prx), 208 

six cytosolic glutathione S-transferases (cGst), and two aquaporins (Aqp) (Supplementary Table S3). 209 

Monogeneans, thus, differ from other parasitic flatworms, with tapeworms and flukes presenting one 210 

Gpx, three Prx, 12 cGst, and one to three Aqp (Martínez-González et al. 2022; Ni et al. 2017) copies. 211 

As the functions of these antioxidant enzymes are the reduction of hydrogen peroxide to water (GPX, 212 

PRX) and alkyl hydroperoxides to alcohol (PRX), detoxification (cGST), and osmoregulation (AQP), 213 

gene family contractions/expansions could provide valuable insight into the functional evolution of 214 

parasitic flatworms. For instance, increased Gpx copy numbers were linked to higher levels of 215 

oxidative stress in mammals (Tian et al. 2021). The discussed examples for contractions/expansions 216 

of Cyp, Gpx, Prx, cGst, and Aqp in parasites, indicate that these gene families are key for the 217 

evolution of parasitism as a whole. Therefore, these genes likely play an important role in the 218 

adaptive parasite evolution of parasites. 219 

We also provide the first report of for orthologs in flatworms, genes linked to behavioural traits in 220 

arthropods, nematodes, mammals, and amphibians (Anreiter & Sokolowski 2019). Although 221 

fecundity, infection intensity (Huyse et al. 2018), and drug resistance (Pirozhkova & Katokhin 2020) 222 

in flatworms have been associated with the cGMP-dependent protein kinase (PKG) family, to which 223 

the for-encoded protein belongs, the function of for in these organisms remains obscure. Our 224 

analyses indicate that one for ortholog has sites under positive selection specific to species of 225 

Cichlidogyrus from Lake Tanganyika. This observation correlates with the rapid expansion of host-226 

parasites interactions in the lake in recent evolutionary history, but further studies are needed to 227 

understand the role of for in adaptive evolution (Vanhove et al. 2015; Cruz‐Laufer et al. 2022). The 228 

importance of for and PKGs, in general, for other organisms, its potential role in driving infection 229 

intensities in parasitic flatworms, and its adaptive evolution in East African species warrant further 230 

studies into this gene family to better understand monogenean behavioural genetics. 231 
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Lake Tanganyika is a well-known biodiversity hotspot for several animal groups, particularly cichlid 232 

fishes. Indeed, the multiple explosive speciation events have made these fishes an established model 233 

system in evolutionary biology (Jordan et al. 2021). In the present study, we provide the first 234 

evidence that their parasites belonging to Cichlidogyrus also present unique adaptations compared 235 

to species of Cichlidogyrus elsewhere. Positively selected sites in Hsp60 and a putative Hsp40 236 

ortholog of the DnaJ Heat Shock Protein Family (HSP40) Member A1 (DNAJA1) gene suggest 237 

adaptations in the folding/assembly of proteins newly imported into the mitochondria (HSP60) and 238 

mitochondrial protein import (DNAJA1) (Bateman et al. 2023) based on functions associated with 239 

these genes in other organisms (e.g. humans, D. melanogaster). Prior studies already suggested 240 

that at least some Lake Tanganyika monogenean lineages have evolved under evolutionary radiations 241 

(Vanhove et al. 2015; Cruz‐Laufer et al. 2022). Our present findings indicate that this diversification 242 

might be linked to functional adaptations, which would make the cichlid-Cichlidogyrus system the 243 

first adaptive radiation of flatworms with a specified genetic adaptation [but see morphological 244 

evidence in free-living flatworms from the same lake (Brand 2023)]. To test this hypothesis, 245 

evolutionary rates and Hsp genetic diversity in more species of Cichlidogyrus in and outside of Lake 246 

Tanganyika should be analysed. 247 

Species of Cichlidogyrus infect an ecologically diverse host lineage, whereas species of Kapentagyrus 248 

infect a host lineage with a conserved ecological niche (the pelagic zones of rivers and lakes). Hence, 249 

instances of gene duplication/loss of stress response genes in Cichlidogyrus and Kapentagyrus might 250 

reflect their contrasting host ecology and evolutionary history, specifically the adaptive potential of 251 

the parasites. We identified two potential instances of gene duplication/loss. Species of Kapentagyrus 252 

lack a gene copy of Gstm and Hsp70 and all copies of Gsto, which indicates either gene duplication 253 

in Cichlidogyrus or gene loss in Kapentagyrus. If the assumption of gene duplications in Cichlidogyrus 254 

was correct, it might suggest a higher potential to adapt to stressful conditions. Expansions of the 255 

Gst gene superfamily in closely related organisms were previously also observed in free-living 256 

nematodes (Markov et al. 2015). In fungi, gene family expansion, e.g. of Cyp, had been linked to 257 

habitat/host diversity (Wang et al. 2018) and, in several invertebrate animal groups, the proportion 258 

of gene duplication in genomes has been linked to their invasive potential (Makino & Kawata 2019), 259 

i.e. their ability to adapt to new environments. In metazoan parasites, prior studies detected gene 260 

family expansions in tapeworms (Tsai et al. 2013) and aphids (Lin et al. 2022), but only rarely are 261 

these expansions linked to concrete environmental stressors because of unknown gene functions. 262 

Notable exceptions include the plant-pathogenic moths of the Spodoptera frugiperda species 263 



10 
 

complex, where polyphagous representatives possess an expanded set of detoxification genes 264 

compared to their specialist relatives (Gouin et al. 2017), and the plant-parasitic nematode 265 

Bursaphelenchus xylophilus, which upregulates members of an expanded groups of Gst to detoxify 266 

xenobiotics in pinewood (Zhang et al. 2020). Expansions of Hsp70 among closely related lineages 267 

were previously interpreted as adaptations to environmental stressors, e.g. in invasive fishes 268 

(Stanley et al. 2022). Amongst parasitic animals, Hsp70 expansions have been reported for 269 

tapeworms (Tsai et al. 2013) and trypanosomatid protozoans (Drini et al. 2016). These expansions 270 

were hypothesised to be expressed only ‘under certain conditions’ (Tsai et al. 2013) or were loosely 271 

associated with geographical and environmental gradients (Drini et al. 2016). Similar to Gst genes, 272 

Hsp70 copy numbers alone provide no definitive evidence of environmental adaptation without 273 

detailed knowledge on gene functions. For instance, some cold-adapted Antarctic organisms have 274 

lost their inducible heat shock responses despite the presence of Hsp70 sequences in their genomes 275 

(Bilyk et al. 2018; Clark et al. 2008). Nevertheless, Cichlidogyrus and Kapentagyrus provide the first 276 

evidence of divergent adaptations of stress response pathways in closely related flatworm lineages 277 

occupying similar functional niches (as freshwater epithelial-feeding gill parasites). 278 

The positive selection of stress gene sites and gene duplications/losses provide new insights into 279 

molecular mechanisms underpinning the adaptive evolution of parasites, which contributes to an 280 

improved understanding of mechanisms of host selection and switching. Nonetheless, our study also 281 

has conceptual and technological limitations. First, previous studies indicate that copy number 282 

evolution can occur between closely related animal species (Lin et al. 2022) and even strains (Drini 283 

et al. 2016), but no such differences were detected here with confidence because the focus was on 284 

differences between lineages not species, an approach taken to avoid mistaking intraspecific allelic 285 

gene variants in each pooled DNA samples as paralogs (see Methods). Future studies might use 286 

variant calling pipelines [e.g. Kofler et al. (2011)] or optimise techniques to sequence genomes from 287 

individual specimens to address this problem. The latter approach has recently been successful with 288 

monogenean mitochondrial genomes (Geraerts et al. 2022a) and recent advances in sequencing 289 

technology for medical research means that whole-genome sequencing can be applied to single cells, 290 

albeit limited to model organisms (Alfieri et al. 2022). Another challenge lies in potentially highly 291 

divergent sequences that the in silico exon bait capture might fail to detect. Beyond gene copy 292 

numbers, we also found that the evolutionary relationships of the gene orthologs presented some 293 

deviation from the evolutionary history of the species (Fig. 5), but this variation might be an artefact 294 

of inferring evolutionary histories from small datasets (243–2811 bp) in contrast to multi-gene 295 



11 
 

phylogenies (279 and 78 kb). Furthermore, we only covered nine out of 144 described species of 296 

Cichlidogyrus. Nevertheless, species of Cichlidogyrus constitute a unique study system for host-297 

parasite interactions that combines opportunities to investigate host repertoires and host switching 298 

(Cruz‐Laufer et al. 2022), biological invasions (Geraerts et al. 2022a), and speciation rates (Vanhove 299 

et al. 2015). Second, gene models reveal no information on expression patterns. Some genes are 300 

only expressed under certain conditions (i.e. inducible genes) and may not be represented in 301 

reference transcriptomes (Caña-Bozada et al. 2022), e.g. as evidenced for human-infecting flukes 302 

(Neumann et al. 1993). This might explain the absence of several Hsp70 and Gpx transcripts in 303 

reference transcriptome used here. Furthermore, environmental stress might not necessarily lead to 304 

up-regulation [see Hsp in Antarctic animals (Clark et al. 2008; Bilyk et al. 2018)]. Therefore, future 305 

studies should also aim to quantify gene expression under different environmental conditions using 306 

experimental studies. 307 

Stress responses are key for the survival of organisms, yet their role in adaptive parasite evolution 308 

remains poorly understood. A strong bias in parasite genomics towards few human-relevant 309 

pathogens results in a lack of DNA and RNA sequence data of closely related and functionally similar 310 

parasite lineages. The present study addresses this bias by analysing the stress response gene 311 

presence, copy number variation, and adaptive selection in 11 genomes of two genera of parasitic 312 

flatworms. Even though these data only represent a fraction of the known species from these 313 

lineages, we detected several cases of copy number differences and positively selected gene sites, 314 

confirming that alterations in stress response pathways are a relevant aspect of parasite and disease 315 

evolution. However, stress responses are not the only mechanisms that might determine the adaptive 316 

potential of parasites. Therefore, we encourage researchers to not only replicate our approach in 317 

other species-rich and functionally diverse lineages, but also to explore other molecular pathways 318 

that might determine adaptive potential and, therefore, the evolution of parasitic diseases.  319 
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MATERIAL AND METHODS 320 

Sample collection and DNA sequencing 321 

To analyse a representative selection of the species diversity of Cichlidogyrus, we collected at least 322 

one species from eight of the recently reported 11 main lineages (Cruz-Laufer et al. 2022) 323 

(Supplementary Table S6). Fish hosts were collected as part of previous studies (Geraerts et al. 324 

2022a; Kmentová et al. 2023) with the help of local fisherfolk and the gills were subsequently 325 

extracted from the fishes and stored in absolute ethanol. Individual flatworms were collected from 326 

the gills using entomological needles and morphologically identified to species level (Geraerts et al. 327 

2022b; Kmentová et al. 2018). Total genomic DNA extraction was applied on species pools and 328 

followed a recently published protocol (Kmentová et al. 2021). For whole-genome amplification, we 329 

used the Illustra Ready-To-Go Genomiphi V3 DNA amplification kit (Cytiva, United Kingdom), which 330 

was applied to two samples (see Supplementary Table S6). Library preparation (Illumina TruSeq 331 

Nano, 350 bp target insert size) and short-read sequencing (151 bp, paired end, HiSeq X) were 332 

outsourced to Macrogen Korea (Seoul, South Korea) or Macrogen Europe (Amsterdam, The 333 

Netherlands) (for estimated coverages of genomic read-pools, see Supplementary Table S6). 334 

Furthermore, we accessed whole-genome sequencing read pools of one species of Cichlidogyrus and 335 

two of Kapentagyrus from previous mitogenomic studies (Kmentová et al. 2023, 2021) (Accession 336 

BioProjects: PRJNA749051, XXXXX, XXXXX). We also attempted to use previously published genome 337 

short reads of different species of Cichlidogyrus/Scutogyrus (Vanhove et al. 2018; Caña-Bozada et 338 

al. 2021). However, the coverage of these reads proved to be too low for capture gene sequences 339 

targeted here. Raw sequence reads were trimmed through Trimmomatic v0.39(Bolger et al. 2014) 340 

using a sliding window approach (settings: SLIDINGWINDOW:4:28 HEADCROP:5 MINLEN:100 341 

ILLUMINACLIP:TruSeq3-PE.fa:2:30:10:2:True). The quality of filtered reads was checked in FastQC 342 

v0.11.8(Andrews 2018). Raw Illumina reads generated as part of this study were submitted to the 343 

NCBI Sequencing Read Archive (SRA) (accession numbers: XXXXXXXXX-XX) under BioProject 344 

accession XXXXXXXXXX. 345 

Gene selection for species tree estimation and stress response genes 346 

We used single copy ortholog genes to infer the phylogenetic backbone (species tree) of the parasite 347 

species. To date, nuclear ribosomal genes (28S and 18S rDNA and the internal transcribed spacers) 348 

and mitochondrial genes have been used as phylogenetic markers across most animal taxa as their 349 

multi-copy nature increases the likelihood of successful amplification of the target loci (Eberle et al. 350 
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2020). However, both rDNA and mitochondrial DNA have high substitution rates in 351 

flatworms(Vanhove et al. 2013) that may cause sequence alignment errors, which in return create 352 

noise in phylogenetic analyses (e.g. long-branch attraction of rapidly evolving lineages). Genome 353 

data provide a large number of alternative markers for phylogenetic inference, e.g. large datasets 354 

composed of single-copy orthologous genes can be used to resolve phylogenetic relationships. 355 

Recently, this single-copy ortholog approach has been adopted for a neodermatan phylogeny (Caña-356 

Bozada et al. 2023) including several monogenean species—one of them belonging to Scutogyrus, a 357 

nested lineage within Cichlidogyrus. The resulting phylogeny was based on 137 and 479 orthologous 358 

groups of proteins inferred from the BUSCO v4 (Manni et al. 2021) and OMA v2.6.0 (Altenhoff et al. 359 

2019) pipelines, respectively. As S. longicornis is a member of one of the target lineages of this 360 

study, we used the previously assembled single copy protein sequences (Caña-Bozada et al. 2023) 361 

as bait sequences for the downstream putative protein sequence assembly (Fig. 2a, single-copy 362 

orthologs). The assembly of the BUSCO and OMA genes through the pipeline HybPiper v2.0 (Johnson 363 

et al. 2016) may also include genes other than single-copy genes in genomes of species of 364 

Cichlidogyrus, but this was considered unlikely because these conserved genes have previously been 365 

demonstrated to have only a single copy in S. longicornis and other flatworm lineages (Caña-Bozada 366 

et al. 2023). 367 

For the stress genes, we focused on 12 gene families from three different functional groups: 368 

antioxidant enzymes (Cyp, Gpx, Mgst, cGst, Gstk, Prx, Sod, and Tgr), heat shock proteins (Hsp10, 369 

Hsp40, Hsp60, Hsp70, and Hsp90), and foraging orthologs (see Fig. 2 and Supplementary Table S3 370 

for abbreviations). For cGst, we targeted all known gene families and classes (Bae et al. 2016). For 371 

the other antioxidant enzymes, we included the main groups previously reported from parasitic 372 

flatworms (Martínez-González et al. 2022). For Hsp, we included the gene families investigated 373 

extensively in flatworms in a recent study (Aguoru et al. 2022). An illustration of the ortholog 374 

selection process described below can be found in Figure 6. As performance of exon bait capture (see 375 

section below: DNA sequence assembly) decreases with phylogenetic distance, we aimed to use bait 376 

sequences from species that are as closely related as possible to the target taxa. However, nucleotide 377 

and amino acid sequences of the targeted genes targeted have rarely been explicitly targeted in 378 

genome assemblies of monogenean flatworms [except for the Hsp70 subfamily in Gyrodactylus 379 

salaris (Hahn et al. 2014)]. Therefore, we compiled a set of previously published protein sequences 380 

of other flatworm groups (Supplementary Table S3). As no for orthologs have been reported in 381 

flatworms in previous studies, we included protein sequences of for isoforms of D. melanogaster. For 382 
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gene families, for which we did not detect orthologs in C. casuarinus, we used the initial non-383 

monogenean search sequences as baits (Supplementary Table S3), and also verified the potential 384 

absence of these genes through a BLAST search of published monogenean genomes in NCBI Genbank 385 

(Konczal et al. 2020; Hahn et al. 2014; Vorel et al. 2023; Baeza & González 2021). All bait sequences 386 

were used to detect putative protein orthologs in a draft annotation of a genome assembly of 387 

Cichlidogyrus casuarinus (Supplementary Table S3; Fig. 2a, stress genes) using BLAST+ v2.13.0 388 

(Camacho et al. 2009) (Fig. 1b). The assembly and annotation process of the draft genome of C. 389 

casuarinus is detailed in Supplementary File S2. For a list of accession numbers and the respective 390 

protein IDs in C. casuarinus, see Supplementary Table S3. A total of 48 putative protein sequences 391 

of C. casuarinus with query coverages above 90% were considered highly likely to represent genuine 392 

orthologs and included as bait in downstream analyses. In case of multiple hits, all sequences were 393 

included as baits as they might present potential duplications. Following the selection procedure for 394 

the and stress genes, we used 479 (OMA) and 137 (BUSCO) bait sequences for single-copy orthologs 395 

and 48 for the stress genes. 396 

DNA sequence assembly and paralog filtering 397 

Target genes in individual samples were identified through an in-situ exon bait capture approach as 398 

implemented in the pipeline HybPiper v2.0 (Johnson et al. 2016). HybPiper uses a bait file to map 399 

the trimmed paired-end and unpaired reads of all analysed species against the bait sequences (Fig. 400 

2c). The bait file for the single-copy orthologs were compiled as detailed above. The bait file for the 401 

stress genes was compiled through the sequences of C. casuarinus. For the target files of both the 402 

stress genes and the single-copy orthologs, we used the protein sequences rather than the 403 

nucleotides sequences as gene assemblies reportedly improve when using the former (Johnson et al. 404 

2016). In HybPiper, we used default parameters for the assembly, contig alignment and stitching 405 

process, and flagging of potential paralogs (the contig with highest read depth is selected as ‘main 406 

hit’) and chimeric sequences, but we chose DIAMOND v2.0.15 for the rapid alignments of sequencing 407 

reads (Buchfink et al. 2021). 408 

The pooling approach during the sample acquisition means that paralogs flagged by HybPiper may 409 

be both orthologs in the sampled population or ‘real’ paralogs. To exclude the former and to remove 410 

contaminant sequences (e.g. host DNA, microorganisms associated with host gills or flatworm 411 

parasites), we manually curated sequences by performing five filtering steps (Fig. 2d), one step for 412 

the single-copy orthologs (i) and four steps for the stress genes (ii–iv): 413 
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(i) We excluded any single-copy ortholog alignments for which paralogs were flagged in 414 

HybPiper to minimise the risks of accidentally including any contaminant sequences. We also 415 

excluded single-copy ortholog alignments for which sequences were not recovered from all 416 

11 target species to minimise the impact of missing data on the species tree. 417 

(ii) We applied a BLAST+ search to all assembled protein sequences of stress genes against the 418 

NCBI protein database to exclude contaminants. Best-hit sequences with >90% identity with 419 

non-flatworm sequences were excluded. 420 

(iii) We performed phylogenetic analyses with all potential paralogous sequences of the stress 421 

genes in the HybPiper output (see details below) and identified groups of sequences with a 422 

lowest common ancestor (LCA) (i.e. the common ancestor furthest away from the root) 423 

(Swenson & El-Mabrouk 2012) as orthologous groups. If these groups of sequences (i.e. 424 

potential orthologous groups) included sequences from all target species, they were 425 

immediately assembled into gene alignments for downstream analyses, using the main hits 426 

assembled by HybPiper. Groups for which genes were only recovered for some target species, 427 

were subjected to a second run in HybPiper to detect gene orthologs. A second phylogenetic 428 

analysis was applied to the resulting protein alignments combined with the sequences 429 

assembled in the first HybPiper run from the same gene family. The sequences from the 430 

second run were again filtered through the LCA approach. In cases for which HybPiper did 431 

not provide a main hit, the paralog sequence with the maximum read depth was retained in 432 

each orthologous group, supplanting the missing hit. 433 

(iv) We excluded orthologous groups of stress genes detected in less than three target species 434 

to further minimise the effects of variation in the sampled populations of each DNA read pool. 435 

(v) We checked whether alignments of stress gene models not targeted with the bait sequences 436 

(paralogs suggested by HybPiper) represented fragments of other assembled gene models 437 

using BLAST+ and excluded such truncated sequences. 438 

Following the filtering steps, we inferred functional descriptions and gene ontology (GO) classes for 439 

each orthologous group using PANNZER2 (Törönen & Holm 2022) (Fig. 2e). These GO terms were 440 

only considered reliable and included in Table 2 if the annotations were assigned to orthologs of three 441 

or more species. We also verified the presence of the gene sequences through a BLAST+ search 442 

(tblastn) against a recently published transcriptome annotation of S. longicornis (Caña-Bozada et al. 443 

2022), interpreting sequence identities and query coverage > 95% as confirmatory of transcription 444 

(Fig. 2e). We deposited assembled exon sequences in NCBI GenBank (XXXXXXXX–XXXXXXXX). 445 
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Phylogenetic analyses 446 

We performed phylogenetic analyses for three different sequence datasets: species trees (based on 447 

single-copy orthologs, 277 BUSCO and 86 OMA loci, respectively), gene family trees for sequence 448 

filtering and paralog identification (e.g. Gst and Hsp70), and gene trees (for each of the 48 groups 449 

of orthologs for the targeted gene families). Phylogenetic analyses of the nucleotide sequences were 450 

performed under the maximum likelihood (ML) criterion. Sequences of all genes were aligned and 451 

trimmed with codon awareness through MACSE v2.06 using the options 452 

trimNonHomologousFragments, alignSequences, and trimAlignment (Ranwez et al. 2018, 2011). For 453 

the gene family trees, we did not trim the alignments as many informative sites would be removed 454 

due to high divergence between genes of the same gene family. Codon substitution models were 455 

selected by gene through ModelFinder in IQ-Tree (Kalyaanamoorthy et al. 2017). We estimated tree 456 

topologies through IQ-Tree v2.2.0 (Minh et al. 2020; Nguyen et al. 2015), estimating branch support 457 

through ultrafast bootstraps (Hoang et al. 2018) and Shimodaira-Hasegawa–like approximate 458 

likelihood ratio tests (SH-aLRT) (Guindon et al. 2010) with 10,000 replicates. We considered nodes 459 

with an ultrafast bootstrap value (UF-Boot) ≥ 95 and an SH-aLRT statistic ≥ 80 as well-supported. 460 

Phylogenetic trees were visualised through ggtree v3.6.2 (Yu et al. 2017, 2018) in R v4.3.2 (R Core 461 

Team 2023). 462 

Comparison of gene vs. species tree topologies 463 

We employed two approaches to assess topological differences of the species tree, the gene family 464 

trees (oxidative stress, heat shock, aquaporin, and foraging genes), and the single gene trees: visual 465 

inspection and multidimensional scaling. First, we assessed the phylogenies of the gene families 466 

qualitatively through visual inspection to detect potential deletions and/or duplications of genes 467 

among the parasite species investigated here. We followed an approach based on the LCA (see 468 

above), where nodes are either considered speciation or duplication nodes(Swenson & El-Mabrouk 469 

2012) according to parsimony criteria (reconciliation). Groups of single sequences from different 470 

species that formed monophyletic clades were considered orthologous. 471 

In the second step, we tested whether the tree topologies of each orthologous group of stress 472 

response genes deviated from the species trees of Cichlidogyrus using multi-dimensional scaling 473 

(MDS) based on Kendall-Colijn distances of the trees (Hillis et al. 2005). This analysis was performed 474 

to infer whether the evolution of the target genes showed concordance with the evolution of the 475 

lineage (species tree). To detect topological differences of gene trees regarding Cichlidogyrus, 476 
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sequences of Kapentagyrus were dropped from these trees using the function drop.tip in the R 477 

package ape v5.7-1 (Paradis & Schliep 2019). All gene trees with missing taxa (less than nine species 478 

of Cichlidogyrus) were also excluded as MDS requires complete datasets. Finally, we performed the 479 

MDS analysis through the package treespace v1.1.4.2 (Jombart et al. 2017) on all 43 remaining gene 480 

trees. 481 

Positive selection of gene sites 482 

To detect signals of adaptive evolution in the stress response genes, we analysed patterns of 483 

synonymous and non-synonymous changes (dN/dS) in each of the 48 sequence alignments. We tested 484 

(I) whether stress genes of Cichlidogyrus and Kapentagyrus present gene sites that show patterns 485 

of positive selection (dN/dS > 1) and (II) if positively selected sites were more prevalent in certain 486 

clades/species (branch-site tests). Specifically, we tested if stress genes of species of Cichlidogyrus 487 

outside of Lake Tanganyika have undergone positive selection (IIa) and if stress genes of East African 488 

species of Cichlidogyrus infecting hosts that have undergone adaptive radiation (Lake Tanganyika 489 

clade, Fig. 3) have done so (IIb). These codon analyses were performed in CODEML in PAML v4.10 490 

(Yang 2007) using the OMA-based species tree (for its higher node support, see Fig. 3 and 491 

Supplementary Fig. S1) and the average nucleotide frequencies at the three codon positions 492 

(CodonFreq = 2). 493 

For (I), we performed pairwise likelihood ratio tests (LRTs) between models (M) with heterogeneous 494 

dN/dS across sites: M1a vs M0 (rate heterogeneity), M2a vs M1a (positive selection, test 1), and M8 495 

vs M7 (positive selection, test 2). The rate heterogeneity test serves to test variability in selective 496 

pressure across sites. The other two tests serve to detect positive selection. If both tests were 497 

positive, we considered this confirmation of strongly positively selected sites. If only M8 vs M7 turned 498 

out positive, we interpreted this result as a sign of the presence of weakly (yet significantly) positively 499 

selected sites as the second test is less stringent (Álvarez-Carretero et al. 2023). 500 

For (II), we performed pairwise LRTs between models with heterogeneous dN/dS across sites and 501 

clades. In accordance with PAML guidelines (Álvarez-Carretero et al. 2023), the clades with 502 

hypothesised positively selected sites were defined as foreground branches and two models were 503 

applied to each case: M1 (site model M2a, see above) and M0 (site model M2a, but with dN/dS fixed 504 

to 0). We tested two selected clades based on our hypotheses: Cichlidogyrus without Lake Tanganyika 505 

(IIa) and Cichlidogyrus–Lake Tanganyika only (IIb). If LRTs were positive, we considered positively 506 

selected sites to be present in the tested clades. For all tests (I, IIa, IIb), we also performed a 507 
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robustness analysis by varying the CodonFreq parameter (0, 1, 2, 3) and assessing differences in 508 

the outcome (Yang 2007).  509 
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The assembled DNA sequence data are available in the GenBank Nucleotide Database at 511 
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trees and data matrices were deposited in Zenodo (DOI: XXXXXXXX). Raw Illumina reads were 513 
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FIGURE LEGENDS 

 

Figure 1. The two flatworm parasite lineages Cichlidogyrus and Kapentagyrus differ substantially in 

species richness and host diversity. Species of Cichlidogyrus infect the gills of the hyperdiverse 

African cichlid fishes that include the adaptive radiations of Lake Tanganyika in East Africa (Moons et 

al. 2023). Species of Kapentagyrus infect the gills of African freshwater clupeid fishes, an ecologically 

conserved group of 22 species inhabiting only pelagic environments of lakes and rivers (Vanhove et 

al. 2021). Based on these differences, we hypothesise that stress responses of Cichlidogyrus have 

adapted to this ecological diversity. 
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Figure 2. Schematic bioinformatic strategy for detecting single-copy orthologs (SCOs) and orthologs 

of stress genes in monogenean whole-genome short-reads. SCO sequences were used to infer the 

species tree and stress gene sequences for gene family trees and gene trees. (a) Bait sequences [S. 

longicornis was selected for SCOs; other organisms (non-monogenean flatworms, insects, 

vertebrates) for stress genes due to lack of monogenean sequences]. (b) Orthologs of these 

sequences were detected in an annotated genome of Cichlidogyrus casuarinus (only stress genes). 

(c) The putative protein sequences of S. longicornis (SCOs)/C. casuarinus (stress genes) were used 

as baits for exon bait capture in the sequencing read pools of species of Cichlidogyrus and 

Kapentagyrus through HybPiper (Johnson et al. 2016). (d) Contaminant, variant, low–species 

coverage, and truncated sequences were filtered from the alignments. (e) Sequences were annotated 

through PANNZER2 (Törönen & Holm 2022) (e). 
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Figure 3. Species tree of Cichlidogyrus and Kapentagyrus inferred from 277 single-copy orthologs 

based on a subset of genes selected by Caña-Bozada et al.(Caña-Bozada et al. 2023), who used the 

OMA pipeline. For the tree inferred from orthologs from the BUSCO pipeline, see Supplementary Fig. 

S1. Support values: ultrafast bootstraps (UF-Boot)/Shimodaira-Hasegawa-like approximate 

likelihood ratio tests (SH-aLRT) (see Methods), asterisks (*) indicate support below threshold (UF-

Boot ≤ 95, SH-aLRT ≤ 80). 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, Slon–Scutogyrus longicornis, Klim–Kapentagyrus limnotrissae, Ktan–K. tanganicanus, 

Lake Tanganyika–species endemic to Lake Tanganyika. Scale bar: estimated number of substitutions 

per site. 
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Figure 4. Detected putative stress gene orthologs (protein sequences) including species coverage 

(cyan = Cichlidogyrus, red = Kapentagyrus) (a), gene ontology (GO) terms (black = term applies) 

(b), presence in transcriptome annotation (blue = present) (c), and hypothesis testing of different 

models for detecting positively selected gene sites (I, IIa, IIb) (d) with * indicating P < 0.05 for test 

results and the colour scale indicating the likelihood ratio test statistics (LRT) (see Methods). Rows 

and columns of the GO heatmap are automatically sorted through Euclidean distances as 

implemented in ComplexHeatmap. For an extended version of this figure with GO term labels, see 

Supplementary Fig. S6. 
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Figure 5. Maximum likelihood topologies of gene family trees and gene trees of species of 

Cichlidogyrus and Kapentagyrus. For abbreviation of species names, support values, and scale bars, 

see Figure 3. (a) Gene models of the 70 kDa heat shock protein family (Hsp70). Group Hyou1 

(hypoxia up-regulated 1), BiP1 (endoplasmatic reticulum chaperone binding protein 1), and BiP2 

refer to annotations assigned through PANNZER2 (see Supplementary Table S3); the remaining 

groups are numbered consecutively. (b) Gene models of the glutathione S-transferase (Gst) 

superfamily. Groups are named after Gst classes of the bait sequences and numbered consecutively. 

Group 4 Hsp70 and Group Gstm2 show potential duplication events (or gene losses) with two copies 

of the gene for species of Cichlidogyrus but only a single one for species of Kapentagyrus. 
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Figure 6. First two axes (49% of total variation) of multidimensional scaling analysis of gene trees of 

antioxidant enzymes, for orthologs, aquaporins, and heat shock proteins, with some gene tree 

topologies deviating from the two species trees (highlighted in red) but not forming clusters based 

on gene function or family.  
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INVENTORY OF SUPPORTING INFORMATION 

Supplementary Figure S1. Species tree of Cichlidogyrus and Kapentagyrus inferred from 68 single-

copy orthologs based on a subset of genes selected by Caña-Bozada et al. (2023), who used the 

BUSCO pipeline. Support values: ultrafast bootstraps (UF-Boot)/Shimodaira-Hasegawa-like 

approximate likelihood ratio tests (SH-aLRT) (see Methods), asterisks (*) indicate support below 

threshold (UF-Boot ≤ 95, SH-aLRT ≤ 80). 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, Slon–Scutogyrus longicornis, Klim–Kapentagyrus limnotrissae, 

Ktan–K. tanganicanus. Scale bar: estimated number of substitutions per site. 

Supplementary File S2. Draft assembly and annotation of genome of Cichlidogyrus casuarinus. 

Supplementary Table S3. Overview of sequences used for bait capture of target gene groups and 

baited sequences (hits) with annotations. Heat shock protein sequences can be accessed using the 

protein IDs (Aguoru et al. 2022) at UniProt (Bateman et al. 2023). Annotations were inferred from 

PANNZER2 (Törönen & Holm 2022) (see Fig. 2). 

Supplementary Fig. S4. Number of paralogs flagged for each of the 48 assembled stress genes by 

parasite species. Gene names reflect bait sequences from draft annotation of Cichlidogyrus 

casuarinus (see Supplementary File S2). 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, Slon–Scutogyrus longicornis, Klim–Kapentagyrus limnotrissae, 

Ktan–K. tanganicanus. 

Supplementary File S5. Stress gene tree topologies produced under the maximum likelihood 

criterion. 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, Slon–

Scutogyrus longicornis, Klim–Kapentagyrus limnotrissae, Ktan–K. tanganicanus. 

Supplementary Table S6. Sampling data of collected specimens including reference for sampling 

campaigns and published whole-genome sequencing data. 

Supplementary Figure S7. Extended version of Fig. 4. Detected putative stress gene orthologs 

(protein sequences) including species coverage (cyan = Cichlidogyrus, red = Kapentagyrus) (a), 

gene ontology (GO) terms (black = term applies) (b), presence in transcriptome annotation (blue = 

present) (c), and hypothesis testing of different models for detecting positively selected gene sites 
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(I, IIa, IIb) (d) with * indicating P < 0.05 for test results and the colour scale indicating the likelihood 

ratio test statistics (LRT) (see Methods). Rows and columns of the GO heatmap are automatically 

sorted through Euclidean distances as implemented in ComplexHeatmap. 


