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Highlights: 

• Evolutionary history of Dugesia (Platyhelminthes, Tricladida) in the

Western Mediterranean revisited. New approaches for phylogenetic

studies in freshwater planarians

• Hundreds of single copy orthologs extracted from transcriptomic data are

used for phylogenetic inference.

• Unexpected phylogenetic position of asexual fissiparous populations

unveils putative ancient asexuals and the effect of long-term asexuality

in populations genetic diversity.

• The biogeographic history of Dugesia in the Western Mediterranean is

shaped by paleogeological and paleoclimatic related processes and the

diversity of reproductive strategies.
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Abstract 

The Mediterranean is one of the most biodiverse areas of the Paleartic region. Here, 

we elucidate the evolutionary history of freshwater planarians belonging to the genus 

Dugesia in the Western Mediterranean basin. Based on large datasets of single copy 

orthologs obtained from transcriptomic data, we investigated the evolutionary history 

of the genus in this area, shaped by the paleogeological history of the region, and 

speciation in islands. These processes led to the diversification of three main 

biogeographic clades. The internal relationships of these major clades were analysed 

with several representative samples per species. The use of large datasets regarding 

the number of loci and samples, as well as state-of-the-art phylogenomic inference 

methods allowed us to answer different unresolved questions about the evolution of 

particular groups, such as the diversification path of D. subtentaculata in the Iberian 

Peninsula and its colonization of Africa. Additionally, we analysed here for the first time 

with a comprehensive number of samples several asexual Iberian populations whose 

assignment at the species level has been an enigma through the years. Our data bring 

to the light interesting information on the evolutionary history of these populations and 

the diversification of the major clade to which they belong. We hypothesize that the 

unexpected topology showed by these asexual individuals in the phylogenetic tree 

branching at the base of sexual clades, is related to long term asexuality. This work 

represents the first phylotranscriptomic analysis of Tricladida, laying the first stome of 

the genomic era in phylogenetic studies on this taxonomic group. 

Keywords: Dugesia, Western Mediterranean, transcriptome, phylogeny, evolution 
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1. Introduction

Freshwater planarians constitute one of the most diverse and broadly 

distributed groups of free-living flatworms. Due to their low dispersion capability and 

specific ecosystem requirements (Vila-Farré & Rink, 2018), the evolutionary history of 

these animals has been strongly shaped by the geological changes (Leria, Riutort, 

Romero, Ferrer, & Vila-Farré, in press; Solà et al., in press; Solà, Sluys, Gritzalis, & 

Riutort, 2013) .  

The genus Dugesia has a broad distribution covering Eurasian, African and 

Australasian regions. It has been proposed on the basis of molecular data and 

biogeographic analysis that Dugesia arrived to Western Europe from Africa, through 

terrestrial connections in the Eocene (55-33 mya) splitting, around 30 mya from the 

Eastern lineages that arrived in another wave from North Africa through the Arabian 

Peninsula and the ancient Aegean region (Solà et al., in press) . 

Thirteen species of Dugesia are described as endemic from the Western 

Mediterranean (Leria et al., in press); being D. gonocephala, the only one that extends 

its distribution out of the region to the East and the North of Europe (Fig. 1). Moreover, 

two new lineages suspected to be new species have been recently found in Morocco 

in previous studies (Leria et al., in press) and in the present one. On the other hand, 

D. sicula and D. maghrebiana, also present in the Mediterranean region, belong to a

different and very distant African lineage (Solà et al., in press).

Despite its diversity, the evolutionary history of Dugesia in the Western 

Mediterranean remains poorly studied. Morphological studies have been limited 

principally because there are many asexual populations in the region (Fig. 1). Asexual 

reproduction prevents the assignment of populations to specific level due to their lack 

of reproductive structures, which are the principal source of evidence for taxonomic 

assignment. Thus, the net result for Dugesia in the Mediterranean is the presence of a 

large number of asexual triploid populations that were classified as Dugesia 

gonocephala sensu lato. This problem began to be solved when molecular data was 

applied to analyse the Dugesia populations present in the Mediterranean area (Lázaro 

et al., 2009), demonstrating that DNA sequences facilitated the assignment of 

individuals to its species, and also could yield information to envision their phylogenetic 

relationships. In that initial work, a basic scheme of major relationships within the group 
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was found, but the use of only two molecular markers left many relationships poorly 

resolved. More recently, a study analysed representative samples of a large part of the 

species from the region using six markers. They obtained a dated phylogeny to put the 

evolution of the genus in this area under a temporal frame, and with the help of niche 

modelling and ancestral areas reconstruction analyses, the authors proposed a 

complex and interesting biogeographic hypothesis (Leria et al., in press). However, in 

their phylogeny still non supported nodes remained, and only one or two 

representatives per species were included, so that internal relationships and 

evolutionary history whithin species was not analysed.  

In this respect, one of the most diverse and extended lineages in the Western 

Mediterranean Dugesia group is D. subtentaculata. This species was considered one 

unique species in all Iberian Peninsula, South of France and Balearic Island for a long 

time (De Vries, 1986). However, an integrative taxonomic study divided it in four 

species: D. vilafarrei, D. corbata and D. aurea, all  sexual populations restricted to their 

type localities in the South of the Iberian Peninsula and two localities in the Mallorca 

Island respectively, and D. subtentaculata sensu stricto, with sexual, asexual, and 

facultative (sexual and asexual individuals in the same locality) populations distributed 

in all the Iberian Peninsula, South of France and the North of Africa (Leria et al., 2020) . 

The broad distribution of D. subtentaculata makes the study of its population structure 

essential to understand the evolutionary processes that drove its present distribution 

and evolution. However, Leria et al., (2020) found it was not possible to reconstruct a 

phylogeny of the populations, possibly due to the small number of markers used for 

that and the noise that introduces the Mosaic-Meselson effect, a genetic consequence 

of asexuality described just in this species (Leria, Vila-Farré, Solà, & Riutort, 2019). 

Another interesting question related to the species from the Western 

Mediterranean region has arisen recently. D. etrusca and D. liguriensis are endemic 

from the Tuscany and Liguria regions respectively (Benazzi, 1946; De Vries, 1988) and 

have been described as strictly sexual. Even so, in the last decades new fissiparous 

reproducing populations from Catalonian region in the Iberian Peninsula have been 

assigned to this clade using molecular data, but without a precise assignment to 

species level (Baguñà et al., 1999; Lázaro et al., 2009). These populations are 

interesting since apparently, they represent a restricted asexual lineage geographically 

isolated from the sexual populations. The Southern region of France situated between 
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both groups of organisms has been sampled, without finding any other population that 

could be assigned to one of these species. 

A new approach is now necessary to solve the remaining uncertainties in the 

evolutionary history of Dugesia in the Western Mediterranean. Nowadays, the access 

to whole genome information has opened the door to a new era in the phylogenetic 

studies with the substantial increase of the informative regions to analyse. 

Phylogenomics has demonstrated to be a powerful approach to reconstruct molecular 

phylogenies and have helped to resolve old questions about the evolution of life 

(Fernández & Gabaldón, 2020; Guijarro-Clarke, Holland, & Paps, 2020; Y. Li, Shen, 

Evans, Dunn, & Rokas, 2021). However, genomes are not always accessible, more if 

the studied group has never been sequenced or no references are available. In those 

cases, phylotranscriptomics arises as a good and cheaper alternative. Transcriptomic 

data has been used to resolve several phylogenetic questions in non-model organisms 

(Feng et al., 2021; Fernández, Edgecombe, & Giribet, 2016; Fernández, Sharma, 

Tourinho, & Giribet, 2017; Foley et al., 2019; Lemer, Bieler, & Giribet, 2019)  and its 

correct performance compared to genomic data has been demonstrated (Cheon, 

Zhang, & Park, 2020). 

Here, for the first time, we use transcriptomic data to carry out a phylogenetic 

study in freshwater planarians, focusing on Dugesia species belonging to the West 

Mediterranean clade. We include representatives of most species known to date from 

the area (11 out of 13 described species, plus two outgroups. Additionally, 

representatives of not formally described new candidate species were analysed. To 

obtain and analyse this data, we designed a strategy from the sampling to the 

phylogenetic inference process, new for the freshwater planarians. Our aims are (1) to 

obtain a better resolved and more comprehensive phylogeny of Dugesia in the Western 

Mediterranean, (2) to solve the evolutionary history within D. subtentaculata, and (3) 

to understand the origin of the Iberian Peninsula asexual populations and their 

assignment to either D. etrusca or D. liguriensis species. 

2. Material and methods

2.1. Taxon sampling 

A thorough sampling effort was carried out throughout the Western 

Mediterranean with the objective of covering all the area. We visited known localities 
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of Dugesia species from the Western Mediterranean clade as well as some new 

localities from April 2018 to March 2020 (Fig. 1).  Two species; D. malickyi from 

Mexiates and a candidate new species from Eleonas (Sluys et al., 2013), were 

collected in Greece to be used as outgroup. The two taxa have been previously 

anlysed in a biogeographic framework and shown to belong to the Eastern 

Mediterranean clade sister group of the Western Mediterranean Dugesia species clade 

(Solà et al., in press, 2013). In addition, different localities from Morocco were sampled, 

looking for D. tubqalis and the new species reported in Leria et al., (2020). 

Unfortunately, no representatives of these taxa were found, but other samples 

collected in the region were included in the analyses (Table 1, Fig. 1, Table S1). 

Samples were preliminary assigned to species level according to their locality 

based on information from previous studies (Lázaro et al., 2009; Leria et al., in press). 

Depending on the distance from the sampling point to the laboratory, animals were 

preserved in situ or in the laboratory. All the material used for sampling and handling 

the animals was cleaned with RNAase away, and the autoclavable material was 

sterilized twice at 120oC for 20 min. For the transport of live animals, we used a 

Figure 1. Distribution map of all Dugesia species belonging to the Western Mediterranean clade 
and their reproductive strategies. The map shows their known distribution area. The location of the 
sampling points included in this study are indicated with the icon that also indicates the reproductive 
strategy of the sampled population. Species list and distribution are extracted from Leria et al., 
(2022). *: candidate new species in Leria et al., (2020, in press).   
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portable refrigerator and the tubes with water from the river and the planarians were 

opened twice a day to aerate them. The fixations to preserve the RNA, in situ or in the 

laboratory, were done with RNAlater (SIGMA) following the recommendations of the 

manufacturer. When the size of the animal allowed it, a small portion of the posterior 

end was cut and fixed in absolute ethanol. In the case of very small animals, some 

individuals from the same sampling point were conserved in absolute alcohol and the 

rest in RNAlater. DNA for species identification was extracted from absolute ethanol 

fixed samples. 

Table 1. Samples analysed in this study. Are detailed the code used in the trees, taxonomic 
classification, and the locality. For more information see Supplementary Table S1 

Sample Code Species Reproductive 
Strategy 

Region, Country Locality 

Daur_1 D. aurea Sexual Majorca, Spain Soller 

Daur_2 D. aurea Sexual Majorca, Spain Soller 

Daur_3 D. aurea Sexual Majorca, Spain Soller 

DbenSard_6 D. benazzii Sexual Sardinia, Italy Monte Albo 

DbenSard_7 D. benazzii Sexual Sardinia, Italy Monte Albo 

DbenSard_9 D. benazzii Sexual Sardinia, Italy Monte Albo 

DbenCors_North_1 D. benazzii Sexual Corsica, Italy Campile 

DbenCors_North_2 D. benazzii Sexual Corsica, Italy Campile 

DbenCors_North_3 D. benazzii Sexual Corsica, Italy Campile 

DbenCors_South_5 D. benazzii Sexual Corsica, Italy Monacia-d’Aullène 

DbenCors_South_6 D. benazzii Sexual Corsica, Italy Monacia-d’Aullène 

Dcorb_1 D. corbata Sexual Majorca, Spain Sa Calobra 

Dcorb_2 D. corbata Sexual Majorca, Spain Sa Calobra 

Dcorb_3 D. corbata Fissiparous Majorca, Spain Sa Calobra 

DetruParr_1 D. etrusca Sexual Italy Parrana 

DetruParr_2 D. etrusca Sexual Italy Parrana 

DetruPie_2 D. etrusca Sexual Italy Pieve 

DetruPie_3 D. etrusca Sexual Italy Pieve 

DetruPie_4 D. etrusca Sexual Italy Pieve 

Dgono_1 D. gonocephala Sexual France Montpellier 

Dgono_7 D. gonocephala Sexual France Montpellier 

Dgono_8 D. gonocephala Sexual France Montpellier 

Dhept_1 D. hepta Sexual Sardinia, Italy Logulento 

Dhept_2 D. hepta Sexual Sardinia, Italy Logulento 

Dhept_5 D. hepta Sexual Sardinia, Italy Logulento 

Dilv_1 D. ilvana  Sexual Italy Elba 

Dilv_2 D. ilvana  Sexual Italy Elba 

Dilv_4 D. ilvana  Sexual Italy Elba 
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DliguBis_1 D. liguriensis Sexual Italy Bisagno 

DliguBis_2 D. liguriensis Sexual Italy Bisagno 

DliguBis_3 D. liguriensis Sexual Italy Bisagno 

DliguAlp_1 D. liguriensis Sexual France Alps Marìtims 

DliguAlp_3 D. liguriensis Sexual France Alps Marìtims 

DliguAlp_4 D. liguriensis Sexual France Alps Marìtims 

DliguGarda_1 D. liguriensis Sexual France La Garda 

DliguSas_2 D. liguriensis Sexual Italy Sassello 

DliguSas_3 D. liguriensis Sexual Italy Sassello 

DliguSas_4 D. liguriensis Sexual Italy Sassello 

DliguTriga_1 D. liguriensis Sexual France Trigance 

DliguTriga_2 D. liguriensis Sexual France Trigance 

DsubMont D. subtentaculata Sexual France Montpellier 

DsubBosq_1 D. subtentaculata Fissiparous Andalusia, Spain El Bosque 

DsubBosq_2 D. subtentaculata Fissiparous Andalusia, Spain El Bosque 

DsubCangAsex_5 D. subtentaculata Facultative. Fiss. Asturias, Spain Cangas 

DsubCangAsex_6 D. subtentaculata Facultative. Fiss. Asturias, Spain Cangas 

DsubCangAsex_7 D. subtentaculata Facultative. Fiss. Asturias, Spain Cangas 

DsubCangSex_2 D. subtentaculata Facultative. Sex. Asturias, Spain Cangas 

DsubCangSex_3 D. subtentaculata Facultative. Sex. Asturias, Spain Cangas 

DsubCangSex_4 D. subtentaculata Facultative. Sex. Asturias, Spain Cangas 

DsubMor_North_1 D. subtentaculata Sexual Morocco Magoo Timriouen 

DsubMor_North_2 D. subtentaculata Sexual Morocco Magoo Timriouen 

DsubMor_North_3 D. subtentaculata Sexual Morocco Beni H´amed 

DsubMor_South_1 D. subtentaculata Sexual Morocco Imlil 

DsubMor_South_2 D. subtentaculata Sexual Morocco Imlil 

DsubMch_1 D. subtentaculata Sexual Portugal Monchique 

DsubMch_2 D. subtentaculata Sexual Portugal Monchique 

DsubMch_4 D. subtentaculata Sexual Portugal Monchique 

DsubStFe_1 D. subtentaculata Fissiparous Catalonia, Spain Santa Fe 

DsubStFe_2 D. subtentaculata Fissiparous Catalonia, Spain Santa Fe 

DsubStFe_3 D. subtentaculata Fissiparous Catalonia, Spain Santa Fe 

Dvila_1 D. vilafarrei Sexual Andalusia, Spain El Bosque 

Dvila_2 D. vilafarrei Sexual Andalusia, Spain El Bosque 

Dvila_3 D. vilafarrei Sexual Andalusia, Spain El Bosque 

Dsp_nov_MorNorth_1 Dugesia sp. nov  Sexual Morocco Beni H´amed 

Dsp_nov_MorNorth_6 Dugesia sp. nov  Sexual Morocco Beni H´amed 

Dsp_nov_MorNorth_7 Dugesia sp. nov  Sexual Morocco Beni H’amed 

DspF.US_3 Dugesia sp. Fissiparous Catalonia, Spain Font de l´Us 

DspF.US_4 Dugesia sp. Fissiparous Catalonia, Spain Font de l´Us 

DspTrilla_1 Dugesia sp. Fissiparous Catalonia, Spain Font de la Trilla 

DspTrilla_2 Dugesia sp. Fissiparous Catalonia, Spain Font de la Trilla 

DspTrilla_3 Dugesia sp. Fissiparous Catalonia, Spain Font de la Trilla 

DspTrilla_4 Dugesia sp. Fissiparous Catalonia, Spain Font de la Trilla 
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DspTrilla_5 Dugesia sp. Fissiparous Catalonia, Spain Font de la Trilla 

DspTrilla_6 Dugesia sp. Fissiparous Catalonia, Spain Font de la Trilla 

DspBerga_1 Dugesia sp. Fissiparous Catalonia, Spain Berga 

DspBerga_2 Dugesia sp. Fissiparous Catalonia, Spain Berga 

DspBerga_3 Dugesia sp. Fissiparous Catalonia, Spain Berga 

DspBerga_4 Dugesia sp. Fissiparous Catalonia, Spain Berga 

DspBerga_5 Dugesia sp. Fissiparous Catalonia, Spain Berga 

Outgroup     

Dma_1 D. malickyi Sexual Greece Mexiates 

Dma_2 D. malickyi Sexual Greece Mexiates 

DspEast_1 Dugesia sp. Sexual Greece Eleonas 

DspEast_2 Dugesia sp. Sexual Greece Eleonas 

 

The sexuality or asexuality of the individuals was assessed observing them 

under the stereomicroscope and taking into account previous information about known 

populations. Sexual individuals were recognized by the presence of the gonopore, the 

external aperture of the copulatory apparatus, and asexual individuals, by the presence 

of the blastema, the regenerating bud formed where the fission of the individual has 

taken place. Each population was assigned to one or both reproductive strategies. 

Remaining samples and Nucleic acid extractions are stored in the freezers at 

the Department of Genetics, Microbiology and Statistics (Universitat de Barcelona) 

(Table 1). The methodology has been summarized in a diagram highlighting the 

principal steps of all the procedure: 1) data collection, 2) ortholog search, and 3) 

phylogenetic inference (Fig. 2). 

2.2. Nucleic acids extraction and RNA library preparation 

RNA was extracted using Trizol (Thermo Fisher Scientific, USA) following the 

manufacturer’s instructions. The total RNA quantification and the integrity was 

assessed with Qubit and Bioanalyzer in the Centres Científics i Tecnològics, 

Universitat de Barcelona (CciTUB). Truseq stranded and ribo-zero libraries were 

constructed in Macrogen Inc., (Macrogen Europe, Madrid) to obtain Illumina paired-

end reads. 

DNA was extracted using Wizard® Genomic DNA Purification Kit (Promega) 

following the manufacturer’s instructions and quantified using a NanoDrop 2000c 

spectrophotometer (Thermo Fisher Scientific, USA). 
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2.3. DNA-Barcoding identification 

A fragment of mitochondrial Cytochrome Oxidase I (COI) was used as a 

marker to corroborate the species assignment done in the field. A set of sequences 

downloaded from GenBank database (Table S2), were used as reference of all 

Dugesia species reported in the area of study. The positions of the new sequences 

with respect to the references in a phylogenetic tree was used as evidence for the 

assignment. 

A fragment of approximately 800 bp was amplified by Polymerase Chain 

Reaction (PCR), using 0.4 μM of the BarT (M Álvarez-Presas, Carbayo, Rozas, & 

Riutort, 2011) and COIR (Lázaro et al., 2009) primers in 25 µl of final reaction volume 

with MgCl2 (2.5 mM), dNTPs (30 μM), and 0.75 U of Go Taq® DNA polymerase enzyme 

(Promega Madison, Wisconsin, USA) with its buffer (1X). The amplification conditions 

Figure 2. Diagram summarizing the methodology followed for data collection, ortholog search, and 
phylogenetic inference. 
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were as following: 1) 2” at 95°C, 2) 50’ at 94°C, 3) 45’ at 43°C, 4) 50’ at 72°C, 5) 4” at 

72°C, with 35 cycles of steps 2, 3, and 4. 

The amplification was checked in agarose gels (1%) and the PCR products 

were purified by ultrafiltration in a Merck Millipore MultiScreen System (Darmstadt, 

Germany). The purified fragments were sequenced by Macrogen Inc., (Macrogen 

Europe, Madrid) using only COIR. In order to obtain the final contigs, chromatograms 

were analysed with Genious v.10 (Kearse et al., 2012). 

The sequences were aligned with ClustalW Multiple Alignment on the BioEdit 

Sequence Alignment Editor (Hall, 1999). A Bayesian Inference tree was obtained using 

MrBayes v3.2.2 (Ronquist et al., 2012) with 10 million generations, sampling every 

1000 generations, 25% burn-in, and using three partitions by codon position. 

Individuals were assigned to the species with which they formed a monophyletic group. 

2.4. Bioinformatic Workflow for transcriptomic analysis 

The detailed bioinformatic workflow used is available at 

https://github.com/lisy87/dugesia-transcriptome with all necessary scripts and 

commands to perform every step. 

2.4.1 Quality control and trimming 

To explore the quality of the RNA-seq reads, FastQC (Andrews, 2010) was 

used using default parameters. The raw reads were filtered with Trimmomatic (Bolger, 

Lohse, & Usadel, 2014) to remove low quality reads and universal Illumina adapters, 

as well as reads with low quality bases, and reads shorter than 36 bp. 

2.4.2. Assembly and clustering 

Paired reads were de novo assembled using Trinity v2.9.1 (Grabherr et al., 

2011; B. J. Haas et al., 2013) following the default options. Some samples were 

selected for a completeness assessment with BUSCO v5.2.2 (Manni, Berkeley, 

Seppey, Simão, & Zdobnov, 2021; Simão, Waterhouse, Ioannidis, Kriventseva, & 

Zdobnov, 2015), averaging a completeness value close to 90% using the metazoan 

database (OB10). Transcripts were clustered using CD-HIT EST (Fu, Niu, Zhu, Wu, & 

Weizhong, 2012; W. Li & Godzik, 2006), applying a sequence identity threshold of 0.99, 

and retaining an average of 97% of the transcripts (Table S3). 
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2.4.3. Transcript filtering 

Transcripts were filtered using a strategy based on the results of Blobtools v 

3.6 (Challis & Paulini, 2021; Laetsch & Blaxter, 2017). The assembly (retained 

transcripts after clustering with CD-HIT), the mapped reads against the assembly 

(obtained with BWA (H. Li & Durbin, 2009), and the blast of the assembly against the 

nucleotide database of the NCBI (performed with BLAST+ (Camacho et al., 2009) were 

used for the individual analysis of every sample with Blobtools. Transcripts with hits 

against Platyhelminthes and no-hits were captured. No-hits were also captured, as 

there is not much information about Platyhelminthes in databases. This way, all 

transcripts matched against other groups were dropped out. An average of 98.1% of 

all the transcripts were retained, except for the sample Dsp_nov_MorNorth_6 (Table 

1) which was eliminated from posterior analysis because of its high content of 

contaminants transcripts (Table S3). 

2.4.4. Ortholog search 

Filtered transcripts were translated to proteins using TransDecoder v 5.5.0 (B. 

Haas & Papanicolaou, 2019) and the longest isoforms were selected using the script 

“choose_longest_iso.py” (Cunha & Giribet, 2019; Fernández et al., 2014). An average 

of 21,215 longest isoforms by sample was obtained. 

To accomplish our three aims, we used three main groups of samples. The first 

one included representatives of all taxa to obtain the phylogeny for the whole Western 

clade. A second group of samples was defined to study the phylogenetic relationships 

inside D. subtentaculata. This group included all samples assigned to this species and 

samples classified as D. vilafarrei, used as outgroup. We refer to this group as 

subtentaculata samples group. The last group, used to assign the unclassified samples 

from Font de l’Us, Font de la Trilla, and Berga to species level, includes these samples 

and the representatives of D. etrusca, D. liguriensis,  D. ilvana, and D. gonocephala 

(the last, used as outgroup). We refer to this group as etrusca-liguriensis samples 

group. 

OrthoFinder v 3.6 (Emms & Kelly, 2019) was used to perform the ortholog 

search using the longest isoforms. Three searches were performed, one for every 

samples group (Tables S4-5). A total of 717, 4175 and 1984 Single Copy orthologs 

(SC) were obtained for all samples; subtentaculata samples group, and etrusca-
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liguriensis samples group respectively (Table S4). The protein sequences of SC were 

extracted from the Orthofinder output and the corresponding nucleotide sequences 

were extracted from Orthofinder and Transdecoder outputs, using two custom python 

scripts. 

2.4.5. Alignment and concatenation 

The protein and nucleotide datasets were analysed independently following 

the same steps and modifying the specific options for each data type.  

The individual SC obtained for each of the three orthologs’ searches were 

aligned with MAFFT v 7.487 (Katoh & Standley, 2013) using the --auto and --maxiterate 

options, with 1000 iterations. The script trimEnds.sh (Cunha & Giribet, 2019) was used 

to trim the ends of the alignments, and poorly aligned regions were removed afterwards 

with the software TrimAl v 1.2 (Capella-Gutiérrez, Silla-Martínez, & Gabaldón, 2009) 

using the automated trimming heuristic option, which is an optimised option for 

Maximum Likelihood phylogenetic tree reconstructions. The concatenated files were 

obtained with the program AMAS (Borowiec, 2016). 

To perform the analyses, six datasets were built using the output from the three 

ortholog searches with different compositions of samples and 100% of gene 

occupancy (Table 2, Table S5). These datasets were designed to respond the main 

questions in our study: 1) datasets 1-3 constructed from ortholog search 1, the 

phylogeny of Dugesia in the Western Mediterranean, 2) dataset 4 constructed from 

ortholog search 2, the relationship between populations of D. subtentaculata , and 3) 

datasets 5 and 6 constructed from ortholog search 3, the species assignment of Iberian 

populations to D. etrusca or D. luguriensis species. The datasets 2 and 3 were obtained 

after extracting samples from dataset 1, and the dataset 6 was obtained after extracting 

samples from dataset 5 (Table S5). These reduced datasets were re-aligned and re-

processed after removing samples. For all datasets the protein and nucleotide 

information were analysed (Table 2, Table S6). 

2.4.6. Phylogenetic Inference 

Several methods of phylogenetic inference were used to analyse the different 

datasets. Maximum Likelihood (ML), Bayesian Inference (BI), and Multispecies 

Coalescence Model (MSC) were performed in IQ-TREE (Minh et al., 2020), 
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PhyloBayes (Lartillot & Philippe, 2004), and 

ASTRAL-pro (Zhang, Scornavacca, Molloy, & 

Mirarab, 2020) respectively. The parameters to 

carry out every analysis are detailed in Table S6, 

and a summary of performed analyses by dataset 

is shown in Table 2. 
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Maximum Likelihood Trees: one partition 

To explore the data and obtain starting trees for posterior analyses, we used 

the ML approximation implemented in IQ-TREE without defining partitions. These 

analyses were run using the ModelFinder Plus (MFP) option for the -m parameter, thus 

looking for the best-fit model (Kalyaanamoorthy, Minh, Wong, Von Haeseler, & Jermiin, 

2017) and 1000 to 10,000 replicates of ultrafast bootstrap (Hoang, Chernomor, 

Haeseler, Minh, & Vinh, 2018) depending on the analysis (Table S6). 

Maximum Likelihood Trees: Mixture models 

We obtained ML trees with nucleotide and protein data using mixture models 

in IQ-TREE (Wang, Minh, Susko, & Roger, 2018). For the protein data, we used the 

non-partitioned tree obtained previously as starting tree, and the following parameters: 

LG model (Le & Gascuel, 2008) with 20 categories (C20), Gamma rate heterogeneity 

calculation (+G), site-specific frequency profile inference (+F), and 1,000,000 ultrafast 

bootstrap replicates. For the nucleotide analyses, we used the MIX option with three 

components; JC (Jukes & Cantor, 1969), HKY (Hasegawa, Kishino, & Yano, 1985), 

and GTR (Tavaré, 1986), four Gamma categories (+G4), and 1,000,000 ultrafast 

bootstrap replicates.  

Bayesian Inference Trees: Mixture models 

Only the dataset 2, used to infer the phylogeny of all Dugesia species included 

in the study, was analysed with BI methods (Table 2); using 20 categories and the LG 

model for protein sequences, as well as the CAT GTR for nucleotide data. Two chains 

were launched with protein data, running until 10368 and 20807 iterations respectively 

and applying a burnin of 20%. The effective sampling size (ESS) was over 1000 and 

the discrepancy values were below 0.1 for all parameters. Additionally, the discrepancy 

observed across all bipartitions was equal to zero. With nucleotide data we launched 

two chains that ran until 18926 and 18771 iterations. After applying a burnin of 10% 

taking into account the visualisation of tracer files in the Tracer program (Rambaut & 

Drummond, 2007), some values were slightly low for a few parameters (ESS between 

100 and 300, discrepancy between 0.1 and 0.2) (Table S6). Obtaining the optimal 

values of ESS and discrepancy is very difficult when large datasets are analysed. If we 

take into account that the largest and mean discrepancy observed across all 
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bipartitions are zero (maxdiff = 0, meandiff = 0) we can consider this run pretty 

acceptable (Lanfear, Hua, & Warren, 2016; Schrempf, Lartillot, & Szöllősi, 2020). 

Whereas IQ-TREE has an excellent implementation of mixture models and the 

ultrafast bootstrap approximation allows to run the analysis relatively easily without 

excessive consumption of time or computer resources, PhyloBayes is much more 

needy in computational requirements and time and the analyses may take much 

longer. For this reason and taking into account the congruent results obtained with both 

methods after the analysis of dataset 2, we decided to use only Maximum Likelihood 

approximation in the next analyses. 

Reconciling gene trees with species tree: Multispecies Coalescent Model 

The species tree was estimated from individual trees using the MSC 

implemented in ASTRAL-pro, analysing the datasets 2, 5 and 6. Individual trees were 

obtained with IQ-TREE for both protein and nucleotide single copy orthologs (we refer 

to these trees as gene trees onward) following the same methodology described before 

for ML trees using mixture models. Those gene trees were used as input in ASTRAL-

pro with default parameters. 

2.4.7. Individual gene trees visualisation 

To visualize the gene tree discrepancy the individual gene trees were 

visualised in DensiTree (Bouckaert & Heled, 2014). For that, every tree was 

independently rooted and ordered using newick-utils (Junier & Zdobnov, 2010) and 

forced ultrametric and dichotomous using phytools package v.0.7.9 (Revell, 2012) in R 

(R Team, 2021). 

2.4.8. Ancestral character reconstruction (ACR) 

Considering the diversity of reproductive strategies of the species included in 

the study, we inferred the probability of ancestral character states for the reproduction 

mode on the internal nodes of the ML tree obtained from the dataset 3. In this case 

717 SC and only 12 terminals were used, every one representing one species and 

selecting only a sample of D. malickyi as outgroup (Table 2). We set three states for 

the reproduction mode: Sexual (species with strictly sexual populations), 

Sexual+Asexual (species with sexual and asexual populations), and Sexual (species 

with strictly sexual populations). The current states were assigned to the terminals 
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taking into account the reproductive strategies present in the whole species. Thereby, 

strictly asexual species have not been included in the analysis, since species with only 

asexual populations described are very rare and not present in the Mediterranean 

region. We estimated the ancestral states using the phytools package v.0.7.9 in R. The 

posterior probability for each state at nodes was determined from stochastic character-

state mapping analysis, using the fitpolyMk function with the transient option as model, 

integrated in the make.simmap function and 10000 simulations on Markov Chain 

Monte Carlo (MCMC). 

3. Results 

3.1. Sampling 

We were able to obtain specimens from most of the species known from the 

Western Mediterranean clade (Fig. 1, Table1, Table S1). D. brigantii and D. leporii have 

not been found since their initial description. In the case of D. tubqalis, from Morocco, 

its type locality was in a very bad condition and no animals were found, inspection of 

close localities did not reveal new locations for this species. In addition, due to weather 

conditions was not possible to sample in Afaska, Morocco, the locality of the candidate 

new species Dugesia sp. (1) reported in Leria et al. (2020; in press). However, in a 

close locality, Beni H´amed, Dugesia specimens were found. The DNA-Barcode 

analysis revealed that the new specimens show a great genetic distance with Dugesia 

sp (1) sensu Leria et al (2020; in press), and probably represent a sister species, that 

here we name as Dugesia sp. nov, pending a thorough species delimitation study and 

the description of the new species. 

The species assignment of the rest of specimens based on locality was 

corroborated using the barcoding analysis (Table S1). Specimens from localities Font 

de l’Us, Font de la Trilla and Berga (voucher ID MR1263, MR1265, MR1361 and 

MR1360) were left as Dugesia sp. since their adscription to either D. liguriensis or D. 

etrusca or any other alternative was not conclusive on view of their groupings in the 

COI based tree, so it was left pending on the analyses of transcriptomes. 

3.2. Ortholog searches and datasets 

We obtained transcriptome data from 83 specimens (Tables S1 and S3) 

representatives of 13 species (including the two outgroups from Greece) and 
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undescribed new candidate species. After the transcript filtering step, 82 samples were 

retained, and three sample groups were analysed with OrthoFinder. The results of the 

three orthologs' searches performed are shown in Table S4. A total of 717, 4175 and 

1984 Single Copy orthologs (SC) were obtained with all samples (search 1), 

subtentaculata samples group (search 2), and etrusca-liguriensis samples group 

(search 3) respectively. 

Six datasets were built from the three ortholog searches (Table 2). Dataset 1 

included all specimens retained after filtering (82) and 717 SC. Dataset 2 is a reduced 

version of dataset 1 including 29 specimens to have 2 representatives for each species 

and perform the phylogenetic analyses for the whole Western Mediterranean clade. 

Dataset 3 is a reduced version of dataset 2 to include only one representative per 

species to run the Ancestral Reconstruction of Characters. Dataset 4 is made of the 

concatenation of SC obtained in the ortholog search 2 to perform the phylogenetic 

analyses of subtentaculata samples group. Datasets 5 and 6 are made from ortholog 

search 3 to analyse the relationships of the etrusca-liguriensis samples group and the 

adscription of the Iberian Peninsula asexual populations, in dataset 6 the specimens 

from Berga were removed. 

3.3. Phylogeny of Dugesia in the Western Mediterranean 

The phylogenetic trees obtained from dataset 1 showed three main clades, but 

with incongruence between protein and nucleotide data regarding the topology and the 

support values for some clades (Fig. S1). Based on protein data, the clade that groups 

D. hepta and D. benazzii is the first to diverge, while in the nucleotide-based tree the 

group including D. gonocephala, D. ilvana, D. etrusca, and D. liguriensis splits first. 

However, in both trees the composition of the three major clades does not vary. D. 

subtentaculata is monophyletic, but the internal branches are very short to deduce a 

supported internal topology. The clade that groups D. etrusca, D. liguriensis, D. ilvana, 

D. gonocephala, and Dugesia sp. from Iberian Peninsula is also monophyletic. 

However, the grouping of samples from the Iberian Peninsula are atypical. In addition, 

it is remarkable the position of the samples from Berga, that do not group together in 

either of the two trees. Of the five analysed samples from this locality; two samples 

group with D. etrusca and three with D. liguriensis. 
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To eliminate the possible noise introduced by the intraspecific diversity and 

relationships, two representative samples by species were selected to build the dataset 

2, using the same 717 SC obtained before. In the case of D. etrusca and D.liguriensis, 

a sample from Font de la Trilla was selected as representative of the Iberian localities. 

ML, BI and MSC analyses of dataset 2 yielded the same topology for 

nucleotide and protein data. However, regarding the information content, some support 

values were lower when using protein data in ML and MSC methods, but not for BI, for 

which the support values were maximum (pp = 1) for nucleotide and protein data (Fig. 

3, Fig. S2, Appendix A). 

To visualize the gene tree discordances MSC were visualized in DensiTree 

(Appendix A). The obtained pattern showed protein data is less informative than the 

nucleotide data, showing a more blurred pattern. Interestingly, 31 protein trees failed 

in the rooting process, while only one failed with nucleotides, since those trees were 

not resolved, reflecting the lower informativeness of proteins for our species group.  In 

addition, the values of the final normalized quartet score of MSC analysis; 0.81 and 

0.89 for proteins and nucleotides respectively (Appendix A), indicate that around 81 

and 89 percent of quartet trees in the input gene trees agree with the output trees 

obtained with these datasets. For this reason, from here, we will talk on base to the 

results obtained from analyses done with nucleotide data. 

The results from the three phylogenetic inference methods based on dataset 

2 have been summarized on the ML tree (Fig. 3). Three main clades have been 

differentiated. The first divergent clade including D. gonocephala, D. ilvana, D. etrusca, 

D. liguriensis, and Iberian populations from Catalonia region is mainly continental, 

except for D. ilvana, which is endemic from Elba island in the Tuscan archipelago. 

Taking into account the unknown assignment of Iberian populations to D. etrusca or D. 

liguriensis, we decided to denote these branches as D. etrusca sensu lato (s.l) and D. 

liguriensis s.l and use sensu stricto (s.s) when sexual population are referred. We have 

named this branch the Iberia-Apennines-Alps-plus clade since it includes populations 

from these geographic regions plus D. ilvana from Elba island and D. gonocephala, 

distributed in almost all continental Europe. Next, two sister clades are defined, one 

endemic from the Corsica and Sardinia islands, Corsica-Sardinia clade, groups D. 

hepta and D. benazzi species. The second clade, Iberia-Africa clade, includes a 

complex species group formed by: a) D. aurea and D. corbata, endemic from the 
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Balearic Islands, b) D. subtentaculata broadly distributed in all the Iberian Peninsula 

and the North of Africa, c) D. vilafarrei restricted to one locality in the South of the 

Iberian Peninsula, and c) a new lineage from the Rift, in Africa (Fig. 3). 

All methods showed high support values for all nodes, except for the node 

grouping D. subtentaculata and D. vilafarrei, where the branch support of MSC is 

relatively low (0.88), but the final normalised quartet score (a measure of support for 

the entire topology) is high (Fig. 3, Appendix A). 

3.4. Phylogeny of D. subtentaculata in the Iberian Peninsula 

The ML tree obtained from the analysis of dataset 4 (Table 2) shows a clear 

structure in this species (Fig. 4). The population of Cangas, in the North of the Iberian 

Peninsula is the first to diverge. Although this population is represented by sexual and 

asexual individuals, no differentiation by reproductive strategy was shown. The next 

group to diverge includes samples from North of Catalonia (Santa Fe) and South of 

France (Montpellier) to constitute the Northeast clade, followed by a Southwestern 

Figure 3. Phylogenetic tree of Dugesia from the Western Mediterranean obtained with 
transcriptomic data. The tree summarizes the results obtained with Maximum Likelihood (ML, IQ-
TREE), Bayesian Inference (BI, PhyloBayes), and Multispecies Coalescence Model (MSC, 
ASTRAL-pro) analysing the nucleotide information of dataset 2 (13 species, 29 samples, and 717 
single copy orthologs). All approaches yield the same topology, shown here with the ML tree. At the 
nodes are shown thw bootstrap value (ML-bv), the posterior probability (BI-pp), and the branch 
support (MSC-bs) in a color scale from minimum (white) to maximum (black). Scale bar: 
substitutions per site, s.s: sensu stricto, s.l: sensu lato 
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clade, including a population from South of Portugal (Monchique), that is the sister 

group of the Southern clade formed by samples coming from the South of Iberian 

Peninsula (El Bosque) and two differentiated populations from Africa (Magoo in the 

North and Imlil in the South of Morocco) (Fig. 4). 

3.5. Species assignment to D. etrusca and D. liguriensis 

The ML tree obtained from dataset 5 (Table 2) shows an unexpected topology 

(Fig. 5A). D. etrusca s.s is monophyletic (red in Fig. 5). However, D. liguriensis s.s is 

divided in two clades and results in a paraphyletic group, since samples from Sasello 

and Bisagno group with D. etrusca s.l. The unclassified samples from Font de l’Us, 

Font de La Trilla, and Berga occupy an intermediate position within this group, showing 

a very strange branching pattern, where nearly several individuals constitute one 

lineage resulting in a ladder-like pattern. In addition, the bootstrap supports are low for 

many nodes (bs < 97, grey circles in Fig. 5A). 

Figure 4. ML tree of D. subtentaculata obtained with IQT-REE from Dataset 4 (subtentaculata 
samples group: 2 species, 23 samples, 4175 SC). The black circles on the nodes indicate bs = 100 
and the icons on the branches the reproductive strategy of populations. Scale bar: substitutions per 
site. The scheme represents the hypotheses proposed to explain the colonization process of D. 
subtentaculata in the Iberian Peninsula based on this data.  
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The species trees obtained with Astral-pro using the MSC method show a 

different topology (Fig. 6A). In this case, D. liguriensis s.s and D. etrusca s.s form both 

monophyletic groups highly supported. The samples from Font de l’Us group with high 

support with D. etrusca s.s. Although some internal nodes have low support, the 

samples from Font the la Trilla and two samples from Berga also group with high 

support in this clade, showing the ladder-like pattern. The rest of samples from the 

Berga group with D. liguriensis s.s, also with a high support. 

Taking into account that the samples from Font de l’ÚS and Font de La Trilla 

grouped with D. etrusca s.s in all analyses (Fig. S1. Fig. 5, and Fig. 6), while the 

samples from Berga in some cases splitted in the two species; D. etrusca s.l and D. 

liguriensis s.s (Fig. S1, Fig. 6A) we considered the samples from Berga were 

problematic and may be causing some artifactual groupings. To explore their effect in 

the phylogenetic inference, we extracted the representatives from Berga to obtain the 

Figure 5. ML trees of Iberian-Apennines-Alps-plus clade obtained with IQ-TREE using nucleotide 
data from (A): Dataset 5 (etrusca-liguriensis samples group: 4 species, 36 samples, 1984 SC) and 
(B): Dataset 6 (Dataset 5 without Berga representatives: 4 species, 23 samples, 1984 SC). The 
bootstrap values (ML-bv) are shown on the nodes in a color scale from minimum (white) to 
maximum (black). Scale bar: substitutions per site, s.s: sensu stricto 
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dataset 6 (Table 2). From this dataset, resolved trees were obtained, showing two 

monophyletic groups (Fig. 5B, Fig. 6B). Nonetheless, although the samples from Font 

de La Trilla grouped in D. etrusca s.l, they continued showing the stranger ladder-like 

pattern and its grouping has low support (Fig. 5B and Fig. 6B). With these results, the 

populations from Font de l’Us and Font de la Trilla could be classified as D. etrusca. 

The population from Berga remains uncertain since both D. etrusca s.l and D. 

liguriensis s.l include representatives from Berga population (Fig. S1, Fig. 6A). 

Figure 6. MSC tree of Iberian-Apennines-Alps-plus clade obtained with ASTRAL-pro using 
nucleotide data and analysing (A): Dataset 5 (etrusca-liguriensis samples group: 4 species, 36 
samples, 1984 SC) and (B): Dataset 6 (Dataset 5 without Berga representatives: 4 species, 23 
samples, 1984 SC).The branch support (MSM-bs) are shown on the nodes in a color scale from 
minimum (white) to maximum (black). Scale bar: Coalescent Units. FNQS: Final normalized quartet 
score, s.s: sensu stricto, s.l: sensu lato 
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3.6. Ancestral character reconstruction 

For the assignment of reproductive strategies mode to D. etrusca s.l and D. 

liguriensis s.l, given the problematic groupings of the Iberian asexual populations, we 

took into account the topology showed by the ML trees of dataset 1 (Fig. S1) and the 

species tree obtained with ASTRAL-pro (Fig. 6) that groups some samples from Berga 

population with D. liguriensis s.s. In this scenario, we assumed that the two lineages 

have both types or reproduction, but this assumption must be taken with caution, since 

the evolutionary history of the Iberia-Apennines-Alps-plus clade seems to be complex 

and may not be fully resolved. 

The ancestral character reconstructed for the reproductive mode of ancestors 

along the evolutionary tree of the Western Mediterranea Dugesia is shown in Fig. 7. 

The hypothesis of a strictly sexual ancestor was strongly supported in almost all nodes 

(pp > 0.9), except for the node joining D. etrusca s.l and D. liguriensis s.l, where the 

ancestor shows a high probability to be sexual and/or asexual (pp = 0.76) suggesting, 

in this case, the possibility of facultative ancestor for this lineage (Fig. 3, Fig. S3). 

Figure 7. Scheme summarizing the evolutionary history of Dugesia from the Western 
Mediterranean. (A): a forced ultrametric tree obtained from dataset 3 (12 species, 12 samples, and 
717 SC) highlighting the three main clades. The divergence times shown on the nodes have 
extracted from Leria et al., (in press) based on a calibrated phylogeny obtained using 6 molecular 
marker and different taxon composition. B-F: schemes showing the geological events that shaped 
the diversification of Dugesia in the Western Mediterranean modified from Leria et al., (in press). 
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4. Discussion

4.1. New methodologies applied to the phylogenetic studies in Dugesia 

Two previous studies based on molecular data have tried to ascertain the 

phylogenetic relationships of Dugesia from the Western Mediterranean. The first 

(Lázaro et al., 2009) was based on only two markers while the second increased the 

markers to six (Leria et al., in press) resulting in a substantial change in topology and 

resolution, validating not only the importance of the number of markers but also their 

nature. Lázaro and collaborators used fragments of the nuclear gene Internal 

Transcribed Spacer (ITS-1) and the mitochondrial region Cytochrome Oxidase I (COI). 

Although these markers have been widely used in taxonomic and phylogenetic studies 

in diverse taxa (Chen, Chen, Wu, & Wang, 2015; DeSalle & Goldstein, 2019; Phillips, 

Hyde, Alves, & Liu, 2018; Vu et al., 2019) and particularly in planarians (For review 

articles see Marta Álvarez-Presas & Riutort, 2014; Baguñà et al., 1999; Riutort, 

Álvarez-Presas, Lázaro, Solà, & Paps, 2012), for Western Mediterranean Dugesia the 

use of 1039 positions in a concatenated alignment did not yield enough information to 

obtain a completely resolved phylogeny. The addition of four markers (Leria et al., in 

press) increased the compared positions to 5,439 combining ribosomal and protein 

coding genes from the nucleus and mitochondrial regions under different selective 

pressure. This broader data yielded a new topology that nonetheless still showed a 

few unsupported nodes, indicating that the molecular evolutionary rate of the regions 

sequenced were still insufficient to reflect the diversification process of the group in 

specific cases. 

In the present work, we moved to a strategy based on phylotranscriptomics 

and developed the pipeline of programs and scripts needed to perform all the analyses 

for the first time in freshwater planarians. With this new strategy we obtained a strongly 

supported topology for all nodes using 717 single copy orthologs (>800,000 bp, Table 

S6) identified from coding data. The transcriptomic strategy has the advantage of 

increasing to hundreds of thousands the positions analysed, while the price and the 

time needed to obtain them are equal or even lower than the PCR amplification of only 

a few markers. On the other hand, the bioinformatic processing of the data increases 

the time spent in the analyses, especially the initial quality controls, cleaning, and the 

search of orthologs. But with the advantage that once the pipeline has been 
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established, it can be repeated including any new data. The development of these 

large datasets has moreover stimulated the improvement of the ways to implement the 

evolutionary models needed in the probabilistic based methods (Holder & Lewis, 2003) 

that may also result in the improvement observed in our case (Table S6) with respect 

to previous studies. From the application of the same model for the entire alignment to 

the use of different models for partitions by gene or codon, diverse strategies have 

been developed. Since the upraise of genomic datasets, the use of Mixture Models 

has expanded in the field of phylogenomic analyses, replacing the traditional partition 

schemes. In this new strategy the phylogenetic inference algorithm evaluates for each 

site the more adequate model to be applied and groups similar sites in categories 

(Quang, Gascuel, & Lartillot, 2008) making it unnecessary to give beforehand any 

partition scheme. Overall, the good performance of this method when applied to 

phylogenetic inference has been demonstrated (Chris Venditti, Andrew Meade, 2008; 

Schrempf et al., 2020). 

Having a genome wide representation of genes also allowed us to apply, in 

addition to the traditionally used inference methods with mixture models, an approach 

based on MSC to infer the species tree from individual gene trees. This method has 

been broadly used in phylogenomics demostrating its high performance against the 

traditional concatenation methodology (Liu, Anderson, Pearl, & Edwards, 2019), even 

using transcriptomic data (Edwards et al., 2016 and references there in). This 

methodology is specially recommended when deep coalescence processes take place 

in the evolutionary process of the studied species group (Mirarab, Nakhleh, & Warnow, 

2021). 

Regarding the use of different data types, we also have been able to analyse 

aminoacidic data and compare its performance against nucleic data to answer our 

questions. The DensiTree graph showed a most blurred pattern in protein trees 

indicating higher gene tree discordance in protein data (Appendix A at the bottom), 

which explains that the maximum support values with all methods were obtained with 

nucleotide sequences. These results indicated that the aminoacidic sequences do not 

contain enough information to resolve the phylogeny. The protein data is more 

conserved than nucleotide sequences and its information is more useful to study the 

evolution in a broad scale of time (Nei & Kumar, 2000), while the diversification of 

Dugesia in the Western Mediterranean is relatively recent (Sola et al., in press). For 
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these reasons we based our main results and discussion on the analyses of nucleotide 

data. 

Our new strategy has helped to support the phylogeny of Dugesia in the 

Western Mediterranean region, to obtain the first resolved phylogeny of D. 

subtentaculata with a large molecular dataset, and the assignment of some Iberian 

asexual fissiparous populations to geographically distant clades. Nonetheless the 

results obtained with this new dataset opens new questions about the complex 

evolutionary history of Dugesia in the Western Mediterranean. 

4.2. Evolutionary history of Dugesia in the Western Mediterranean 

In the first and very preliminar molecular approximation to study the 

evolutionary history of Dugesia (Lázaro et al., 2009) we included a few individuals of 

several species belonging to the Western Mediterranean area. Those included four 

populations of D. subtentaculata sensu stricto from Iberian Peninsula, as well as the 

populations currently considered different species (D. aurea and D. corbata), also D. 

gonocephala, D. etrusca, D. liguriensis, D. ilvana, D. hepta, and D. benazzii. The 

results showed for the first time the differentiation in the three main clades that are 

clearly defined in our phylogeny but did not resolve the relationships among them nor 

even the relationships within some of them (for some of which the sampling was very 

poor). 

More recently, a study analysing the drivers of the biogeographic history of 

Western Mediterranean Dugesia, extended the number of markers used to six (Leria 

et al., in press) and also the sampling to include representatives of Dugesia from 

Morocco and a new species from the Iberian Peninsula (D. vilafarrei). However, in that 

work only one or two representatives per species were included, not allowing the 

analysis of intraspecific genetic structure and evolutionary history. Their results showed 

the same three main clades of the previous study of Lázaro et al., (2009), but with a 

different topology. Leria et al., (in press) showed the same topology that we obtained 

here (Fig. 3), but with still low support for the node joining the Iberia-Africa clade with 

the Corsica-Sardinia clade (names of the clades used in Fig. 3). In the present work, 

the support values for all the nodes have been high giving full support to that topology 

(Fig. 7). 
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Leria et al., (in press) also dated their phylogeny and performed ancestral 

range reconstruction and niche modeling analyses that allowed them to put forward a 

biogeographical hypothesis. They showed that the evolution of Dugesia has been 

shaped by the paleogeological processes that formed the Western Mediterranean as 

well as climatic changes. The good support we give to the topology obtained in that 

study allows us to put our tree in the time frame they proposed. We have summarized 

Leria et al., (in press) hypothesis in Fig. 7B-G over a scheme of our phylogenetic tree 

(Fig. 7A). Our scheme shows the divergence times obtained by Leria et al., (in press) 

using a different dataset to infer the calibrated phylogeny in BEAST. Therefore, the 

branch length of our scheme does not always match with their divergence times, and 

we only used it to show the coincident topology found in both studies, supporting the 

biogeographical hypothesis proposed by Leria et al (in press). 

The scheme shows the three main groups Iberia-Apennines-Alps-plus clade, 

the Iberian-African clade, and the Corsica-Sardinia clade on the temporal frame 

proposed by Leria et al (in press). Their hypothesis locates the ancestor of the Western 

clade arriving into Europe through the Italian Peninsula 30 Mya (Fig. 7B), matching 

with the results of a recent biogeographic study of Dugesia genus (Sola et al., in press). 

This ancestor, could start dispersing throughout the continental region, passing also to 

the Iberian Peninsula (Fig. 7C). 

The first diversification event of Dugesia from the Western Mediterranean 

clade occurred around 23 Mya, coinciding with the breakage of Eastern Iberia and 

Southern France from the continent (Rosenbaum, Lister, & Duboz, 2002). This 

diversification event putatively isolated the ancestor of the Iberia-Apennines-Alps-plus 

clade, which remained in the continent, from the ancestor of the Corsica-Sardinia and 

Iberia-Africa clades, which remained in the landmass that would become the Corsica 

and Sardinia islands, the Balearic Islands, the Betic region and part of the North of 

Africa (Fig. 7D) (Leria et al. in press)  

4.3. The Corsica-Sardinia clade 

We will not get into much detail within this clade since it is an objective for an 

ongoing investigation dedicated to the group. However, we can not avoid noticing some 

important facts for this group in our trees. In the first place, as stated above, it is the 

first time that the sister relationship of this clade with the Iberia-Africa clade receives 
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maximum support in a phylogenetic analysis. In the archipelago four species have 

been described, D. benazzii, D. hepta, D. brigantii and D. leporii however the latter two 

have not been found since their initial description, so unluckily have never been 

included in a molecular study. For D.benazzii and D. hepta, a recent study based on 

two molecular markers and including multiple populations of both species (Dols-

Serrate, Leria, Aguilar, Stocchino, & Riutort, 2020) along its distribution has shown a 

very complex evolutionary history. The evolution of the group will be characterized by 

a putative process of hybridization between both species in the Sardinia island, the 

combination of different reproductive strategies, and the complex processes of 

chromosome rearrangements. Moreover, in that work it was put forward the hypothesis 

that D. benazzi could be separated into two species; one from Sardinia and another 

one from Corsica (Dols-Serrate et al., 2020). Our work shows a clear differentiation 

within D. benazzii, with representatives from the islands of Sardinia and Corsica 

forming two monophyletic groups well differentiated and with high support. Moreover, 

we show a clear differentiation between the populations of D. benazzii from the South 

and the North of Corsica indicating a geographic diversification of this clade in these 

archipelagos. Our data hence renders further support to D. benazzii being in fact two 

species, one distributed in Corsica and the other one in Sardinia. 

4.4. The D. subtentaculata journey; from the Betic-Riff plate to Iberia and back to 
Africa 

Basing on the biogeographic hypothesis of Leria et al., (in press), the ancestor 

of the Iberian Peninsula and Balearic Island representatives of the Iberia-Africa clade 

(Fig. 7, node 7) originated in the Betic-Riff plate after it broke separating this clade from 

their sister group in the North of Africa (Fig. 7G), here represented by a non described 

species. Later, after the Balearic Islands split, the ancestor of D. vilaferrei and D. 

subtentaculata appeared in the Iberian Peninsula. Here we corroborate this 

biogeographic history and moreover obtain for the first time a resolved phylogeny of 

D. subtentaculata populations (Fig. 4). 

Even though not all reported populations have been included, our phylogeny 

is enough to propose a first hypothesis on the colonization process of Iberian Peninsula 

by D. subtentaculata. Basing on our tree topology (Fig. 4), we hypothesized that the 

ancestor of this species moved from the ancient Betic plate to the Northeast of the 
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Iberian Peninsula. We show a first split that separates the Cantabric population from 

all the rest of populations included in the present work. Followed by the separation of 

the Northeastern populations; Santa Fe (Catalonia) and Montpellier (Southeastern 

France). This last may be either the product of one anthropogenic introduction, since 

by that time, the Pyrenees were fully formed (Dèzes, Schmid, & Ziegler, 2004, 2005) 

or could represent a natural dispersion through the well-recognised corridor between 

the Pyrenees and the Mediterranean Sea (Martinez Rica & Montserrat Recoder, 1990). 

The diversification of the species continued with the split of the Southwestern 

population of Monchique in Portugal and, the split of the population from El Bosque in 

Andalusia. A similar biogeographic pattern showing an earlier diversification of the 

lineages from the Eastern basins of the Iberian Peninsula than the lineages from the 

Western basins has been pointed out for the native freshwater fishes of this region 

(Filipe, Araújo, Doadrio, Angermeier, & Collares-Pereira, 2009), which may be related 

to the hydrographical evolution of the Iberian Peninsula (De Vicente, Cloetingh, Van 

Wees, & Cunha, 2011). Finally, the last split within the phylogeny of D. subtentaculata 

concerned the populations from Morocco, which probably diversified from the Iberian 

populations due to its dispersion to North Africa. Leria et al., (in press) dated the 

divergence between one Iberian (Peralejos in the Iberian Peninsula Meseta) and one 

African populations around 1.6 Mya, indicating that the pass putatively occurred during 

the Pleistocene, when the sea level in the Gibraltar strait was lower. 

The lack of phylogenetic resolution reported in Leria et al., (2020) for this 

species was a consequence of the mosaicism in most individuals due to their 

reproductive strategy (fissiparity combined with occasional events of sexual 

reproduction) affecting both genes analysed, COI and Dunuc12 (Leria et al., 2019). 

Thereby, analysis including asexual populations and the few markers traditionally 

used, fails to infer the phylogenetic history of this species due to the intraindividual 

diversity and the Mosaic-Meselson effect (Leria et al., 2019). In the present study the 

use of thousands of exonic regions from single copy orthologs has resulted in a 

resolved and supported phylogeny within D. subtentaculata. The advantage of our 

methodology resides, in the first place, in the use of coding regions under different 

selective pressure that possibly restrict the emergence of mosaicism. Thus, many 

conserved sites probably presenting fixed substitutions among populations can 

counter the effect of intraindividual diversity in a few sites and result in a 
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phylogenetically informative set of data. In this aspect it is important to notice that most 

of the intraindividual variability found in the Dunuc12 marker by Leria et al., (2019) was 

situated in the intronic region. In addition, the methodology used in the present study 

including new strategies for the application of evolutionary models, possibly allowed to 

better retrieve most of this information. 

In view of the success of this new approach, more analysis, including the great 

number of populations reported by (Leria et al., 2020) can be foreseen as a good 

strategy to build a stronger case on the diversification of D. subtentaculata in the 

Iberian Peninsula and North of Africa. 

In relation to the diversity of D. subtentaculata in the Northwest of Africa, we 

report two differentiated populations; one from the North and the other from the South 

of the Atlas landscape in Morocco. The presence of this species in Africa has been 

previously refereed (Harrath et al., 2012; Giacinta Angela Stocchino, Sluys, & Manconi, 

2012), but no phylogenetic analyses had included representatives of this geographical 

area before. Moreover, it is remarkable that the new species from North of Morocco 

analysed here (Dsp_nov_Mor North in Fig. 3) is different of the candidate species 

included in previous analyses (Leria et al., 2020, in press), indicating that at least three 

species belonging to the Western Mediterranean clade are present in the Atlas area 

(D. tubqalis, and the two new candidates species), apart from the representatives of 

D. subtentaculata mentioned above. This suggests there is a high species’s richness 

hidden in the Atlas and the Riff region.

4.5. The Iberia-Apenines-Alps-plus clade: geographically broader than thought 

D. etrusca s.s and D. liguriensis s.s were initially described from individuals 

coming from Tuscany (Benazzi, 1946) and Liguria (De Vries, 1988) respectively. In a 

first attempt to infer a molecular phylogeny for Tricladida (Baguñà et al., 1999) basing 

on ITS-1 sequences a single individual of Dugesia, coming from Northeastern Spain 

surprisingly grouped with representatives of D. etrusca (D. liguriensis was not included 

in that study). Later, in the first molecular analysis of western Mediterranean species 

(Lázaro et al., 2009) a single individual coming from Sardinia and the previously cited 

locality from Northeastern Spain were ascribed to D. liguriensis. Finally, the presence 

of putative D. etrusca and D. liguriensis from Aragon and Catalonia in the Northeastern 

section of the Iberian Peninsula have been detected by DNA-Barcoding in posterior 
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samplings of Iberian regions (Riutort pers. com.). These findings raised the question 

to which of both species did the Iberian Peninsula populations belong and how 

biogeographically we could explain their existence. 

In the present work, we include for the first-time multiple representatives of a 

number of the Iberian Peninsula localities harboring specimens belonging to this clade 

as well as D. ilvana, endemic from Elba island, not analysed in Leria et al. (in press). 

With this broad representation of the species and geographic diversity within the group 

we expected to be able to set a supported hypothesis on the relationships, species 

assignations and biogeographical history for this group. Nonetheless, the special 

characteristics of the Iberian representatives has hampered a part of our aims, opening 

new and interesting questions on the evolution of this group of Dugesia species and of 

asexual lineages in general, as we develop in the following. 

Our phylogenetic tree shows D. ilvana as the first split within the clade. Elba 

island is formed by the westernmost outcrops of the Northern Apennines and is the link 

with the Alpine region of Corsica (Fig. 7G). Its geological history is complex, and the 

tectonic activity persisted from the Middle Miocene until the late Miocene-Pliocene 

(Bortolotti, Fazzuoli, et al., 2001; Bortolotti, Pandeli, & Principi, 2001) setting a 

geological maximum for the divergence of approximately between 8 and 5 Mya. 

However, Leria et al (in press) set the split of D. etrusca s.s + D. liguriensis s.s clade 

around 9 Mya. Therefore, the geological history of Elba Island might seem slightly too 

young to have preceded the D. liguriensis-D. etrusca split. Since the evolutionary 

history of Elba Island fauna has been linked to connections with Corsica regions and 

Tuscany coast (Fattorini, 2009 and references therein; Dapporto & Cini, 2007; Di 

Nicola & Vaccaro, 2020) it is difficult to drag a biogeographic scenery for the split of D. 

ilvana from the ancestor of D. etrusca s.l and D. liguriensis s.l. Therefore, the 

phylogenetic position of D. ilvana shown here, must be reviewed under more detailed 

analyses, taking into account the complex diversification process of Iberian-

Apennines-Alps-plus clade. 

According to the topology (Figs. 3 and 7) the clade including D. etrusca s.l and 

D. liguriensis s.l would have diversified occupying the area from the Apennines region 

to the Northeastern in the Iberian Peninsula. It has been hypothesized that the Alps 

prevented the expansion of the Apennines-Alps lineage to Central Europe, while the 

Pyrenees possibly limited its entry to the Iberian Peninsula (Leria et al., in press). 
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However, we found populations belonging to this clade in the Catalonian region in the 

Northeastern on the Peninsula. We propose that this pass was possible because the 

Eastern Pyrenees orogenesis encompassed two stages; a first stage from Early 

Cretaceous to middle Lutetian time (99 to 47 Mya) and the second one from middle 

Lutetian to late Oligocene (47 to 23 Mya). The first stage was characterized by a low 

topography, because the increase in relief was partially compensated by downward 

flexion of the Iberian plate, as well as high levels of mountain erosion. While the last 

stage, with more orogenic activity, was not concluded until approximately 23 Mya 

(Vergés et al., 1995). These complex geological history lead to the occurrence of 

several fauna corridors along the Pyrenees landscape (Ninot, Carrillo, & Ferré, 2017). 

Taking into account these orogenic process, their geological dates, and the broad 

uncertainty around divergence times estimated by Leria et al (in press), the Eastern 

Pyrenees could have acted as the corridor for the ancestors of the populations found 

in the North of Iberian Peninsula (Fig. 7C). Why these species did not expand further 

in the Iberian Peninsula and remained restricted to the localities described here, is a 

question we can not resolve with the present data.  

In summary, we detect some incongruencies and a certain difficulty to explain 

the evolutionary history of the group and its biogeography. When we analysed with 

more detail the relationships within and among the D. etrusca s.l and the D. liguriensi 

s.l clades (Fig. 5, 6, and S1) to try to have a better understanding of the relationships 

among the Iberian populations and the rest, and to assign them to one or the other 

species, the situation became much more complex.

4.6. The Iberia-Apenines-Alps-plus clade: a complex evolutionary history driven 
by asexuality? 

In the species identification analysis with COI (Materials and Methods section 

2.3) individuals from Font de la Trilla and Berga already showed an anomalous ladder-

like pattern as the one we later found in the transcriptome-based trees (Figs. 5, 6 and 

S1). The populations did not constitute monophyletic groups as happened for all the 

rest of analysed localities. For this reason, a broader number of samples from these 

populations were included in the transcriptomic analyses. Despite the strange 

branching pattern, all our trees show that the Iberian fissiparous populations belong to 

Iberia-Apennines-Alps-plus clade. However, regarding their species assignment to D. 
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etrusca or D. liguriensis species, our results are more than disquieting, exciting. Based 

on our phylogenetic trees, populations from Font de l’Us and Font de la Trilla can be 

assigned to D. etrusca. But, from these trees three questions arise: i) the species 

assignment of individuals from Berga, ii) what is causing the strange ladder pattern of 

individuals from Font de la Trilla and Berga, and iii) whether this anomalous branching 

pattern could affect the phylogenetic inference. 

Two putative explanations for these issues could be related with a case of 

hybridization between both species or alternatively to the asexuality of the Iberian 

populations. We discard the hybrid origin hypothesis for the Iberian specimens since 

no hybrid populations have been found in the Apennine-Alps region, where the two 

sexual lineages inhabit. In fact, there is no knowledge of both species duelling in the 

same water course or even the same area anywhere. There is neither knowledge of 

sexual populations of the species in the Iberian Peninsula, a region that has been 

thoroughly sampled by Leria et al (2020). In case of hybridization between the two 

species, this would have had to take place very long ago, so that the hybrid lineage 

could pass through the Pyrenees, with the subsequent extinction of all its populations 

in France and Italy, leaving only the Iberian hybrid populations. 

In the alternative scenario, that we see more plausible, the ancestor of both 

clades will have crossed to the Iberian Peninsula, this ancestor will have been asexual 

or the lineage will have become asexual shortly after the crossing. The asexual 

reproduction by fission is very common in Dugesia genus (Baguñà et al., 1999; 

Kobayashi, Maezawa, Nakagawa, & Hoshi, 2012; Lázaro et al., 2009; Nishimura et al., 

2015; G. A. Stocchino & Manconi, 2013). It has been proposed that in other species of 

planarians as D. sicula and some Girardia species the asexuality have been an 

advantage for the colonization of a broad territory (Lázaro & Riutort, 2013; Chapter III). 

In addition, in the case of D. subtentaculata the alternation of sexual and asexual 

reproduction could be an adaptive strategy that guarantees the evolutionary success 

of this lineage in the Iberian Peninsula (Leria et al., 2019). 

The ACR analysis in the present study results in a high probability for the 

existence of ancestral populations with both, sexual and asexual reproduction for the 

node joining D. etrusca s.l and D.liguriensis s.l (Fig. 7, Fig. S3), which will support the 

idea of an ancestral fissiparous lineage arriving to the Iberian Peninsula. These results, 

nonetheless, are based on the assumption that both, D. etrusca s.l and D.liguriensis 

Chapter IV.1

200



s.l clades present both types of reproductive strategies taking into account the 

grouping of samples from Berga in both clades (Figs. 1 and 6A). 

The asexuality of these ancestral populations could be a factor explaining the 

ladder topology showed by their descendant specimens in our trees (Figs. 1, 5, and 

6). The pattern observed looks alike the described for nuclear alleles in asexual 

populations under Meselson Effect, when alleles show high divergence by 

accumulation of mutations independently of each other (Schwander, Henry, & Crespi, 

2011). Under long term fissiparous reproduction different clonal lines are stablished in 

the population, and present day individuals can belong to independent lineages of 

fissiparity inside the populations, with their alleles being related far away in time. 

However, D. subtentaculata also presenting fissiparous reproduction, show the typical 

monophyletic pattern expected for populations geographically separated (Fig. 4). This 

difference could be explained by a more recent diversification of D. subtentacula (Leria 

et al., in press) and the alternation of fissiparity with sexual periods described in this 

species. Thus, we suspect that the Iberian populations of the Iberia-Apennines-Alps-

plus clade show haplotypes derived independently from the ancestral haplotypes of D. 

etrusca s.l and D.liguriensis s.l species. This ancestral information would have been 

maintained by asexuality since no recombination events take place. The grouping of 

Berga individuals at the base of both D. etrusca and D.liguriensis lineages, could 

indicate the presence of haplotypes from the two species ancestors in the Berga 

population. 

This takes us to the third question, on the potential effect that ancestral 

lineages may have on the tree inference method, which is again difficult to respond to. 

Further researches are necessary to demonstrate that the ladder-like branching 

pattern is real and not an artifact. However, in any case, this “artifact” could be showing 

an underlying evolutionary process different to the forces that lead the phylogenetic 

history of the other main clades, possibly related to long term asexuality. Analyses 

focused on this particular clade are necessary to elucidate the evolutionary process 

that underlies their diversification, and to demonstrate or reject the hypothesis that their 

fissiparity may be in the base of their strange topology in the phylogenetic trees. 

Maybe, a new theoretical framework deserves to be established to explain the effect 

of ancient asexual populations in the phylogenetic inference. 
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Final remarks 

The study of the processes that shaped the biodiversity is key to understanding 

the evolution of life on our planet. This knowledge is useful not only to understand basic 

evolutionary processes, but to apply this information to conserve the diversity and their 

functions in the ecosystems. The Mediterranean region constitutes a hotspot of 

diversity, and its paleogeographical history is one of the most complex in the world. 

Large mountain systems, unstable climate periods, volcanic activity and plate 

fragmentation events act as modellers of the biodiversity in this region. Here, we 

contribute to the study of one important component of the Mediterranean freshwater 

ecosystem, the free-living planarians. Focused in the Western Mediterranean region, 

we help to elucidate the evolutionary history of Dugesia genus using transcriptomic 

data. Our work represents a step forward in the phylogenetic studies in this group, 

passing from the analysis of few markers to hundreds of them, supporting previous 

information, and contributing with new valuable data to the knowledge on these 

species. We corroborated a biogeographic hypothesis that explains the diversification 

of Dugesia in the Western Mediterranean; affected by the tectonic dynamics of the 

region during the Cenozoic. In addition, we bring to light new questions about the 

evolution of the asexual populations of different species, and how this disparity in 

reproductive modes can affect the phylogenetic inference. It is necessary to use 

species as D. subtentaculata, D. benazzii, D. etrusca s.l, D. liguriensis s.l, and D. 

sicula, which integrate the asexuality in different evolutionary scenarios to understand 

the effect of asexuality in the natural process of resistance, resilience, and 

diversification of life.  
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Supplementary Tables 

Table S1. Detailed information for every sample, including the voucher and the accession codes in the NCBI-SRA repository 

Sample Code Species Reproductive 
Strategy Region, Country  Locality Geographic Coordinates 

(DMS) 
Voucher 

ID 

Biosample acession 
code in NCBI-SRA 

repository 
BioProject 

PRJNA797284. 

SRA acession code 
in NCBI-SRA 

repository  

          Latitude Longitude       

Daur_1 D. aurea Sexual Majorca, Spain Soller 
39º45'41" 2º42'44" 

MR1079.1 SAMN24979312 SRR17642743 

Daur_2 D. aurea Sexual Majorca, Spain Soller MR1079.2 SAMN24979313 SRR17642732 

Daur_3 D. aurea Sexual Majorca, Spain Soller MR1079.3 SAMN24979314 SRR17642721 

DbenSard_6 D. benazzii Sexual Sardinia, Italy Monte Albo 
40º34'30" 9º40'31" 

MR0652.6 SAMN24979320 SRR17642753 

DbenSard_7 D. benazzii Sexual Sardinia, Italy Monte Albo MR0652.7 SAMN24979321 SRR17642752 

DbenSard_9 D. benazzii Sexual Sardinia, Italy Monte Albo MR0652.9 SAMN24979322 SRR17642751 

DbenCors_North_1 D. benazzii Sexual Corsica, Italy Campile 
42°30'24.7" 9°22'27.8" 

MR1257.1 SAMN24979315 SRR17642710 

DbenCors_North_2 D. benazzii Sexual Corsica, Italy Campile MR1257.2 SAMN24979316 SRR17642699 

DbenCors_North_3 D. benazzii Sexual Corsica, Italy Campile MR1257.3 SAMN24979317 SRR17642688 

DbenCors_South_5 D. benazzii Sexual Corsica, Italy Monacia-d’Aullène 41° 32' 41.7'' 09° 01' 
24.1'' 

MR1260.5 SAMN24979318 SRR17642677 

DbenCors_South_6 D. benazzii Sexual Corsica, Italy Monacia-d’Aullène MR1260.6 SAMN24979319 SRR17642673 

Dcorb_1 D. corbata Sexual Majorca, Spain Sa Calobra 
39º49'44.6'' 2º48'52.8'' 

MR1080.1 SAMN24979323 SRR17642750 

Dcorb_2 D. corbata Sexual Majorca, Spain Sa Calobra MR1080.2 SAMN24979324 SRR17642749 

Dcorb_3 D. corbata Sexual Majorca, Spain Sa Calobra MR1080.3 SAMN24979325 SRR17642748 

DetruParr_1 D. etrusca Sexual Toscana, Italy Parrana 43º32'23" 10º27'37" MR1256.1 SAMN24979328 SRR17642745 

DetruParr_2 D. etrusca Sexual Toscana, Italy Parrana MR1256.4 SAMN24979329 SRR17642744 

DetruPie_2 D. etrusca Sexual Toscana, Italy Pieve 
43º29'52" 10º37'33" 

MR1355.2 SAMN24979330 SRR17642742 

DetruPie_3 D. etrusca Sexual Toscana, Italy Pieve MR1355.3 SAMN24979331 SRR17642741 

DetruPie_4 D. etrusca Sexual Toscana, Italy Pieve MR1355.4 SAMN24979332 SRR17642740 

Dgono_1 D. gonocephala Sexual France Montpellier 43º43'22" 3º8'38" MR1283.1 SAMN24979333 SRR17642739 

Dgono_7 D. gonocephala Sexual France Montpellier MR1283.7 SAMN24979334 SRR17642738 
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https://dataview.ncbi.nlm.nih.gov/object/31675219
https://dataview.ncbi.nlm.nih.gov/object/SRR17642743
https://dataview.ncbi.nlm.nih.gov/object/31675220
https://dataview.ncbi.nlm.nih.gov/object/SRR17642732
https://dataview.ncbi.nlm.nih.gov/object/31675221
https://dataview.ncbi.nlm.nih.gov/object/SRR17642721
https://dataview.ncbi.nlm.nih.gov/object/31675227
https://dataview.ncbi.nlm.nih.gov/object/SRR17642753
https://dataview.ncbi.nlm.nih.gov/object/31675228
https://dataview.ncbi.nlm.nih.gov/object/SRR17642752
https://dataview.ncbi.nlm.nih.gov/object/31675195
https://dataview.ncbi.nlm.nih.gov/object/SRR17642751
https://dataview.ncbi.nlm.nih.gov/object/31675222
https://dataview.ncbi.nlm.nih.gov/object/SRR17642710
https://dataview.ncbi.nlm.nih.gov/object/31675223
https://dataview.ncbi.nlm.nih.gov/object/SRR17642699
https://dataview.ncbi.nlm.nih.gov/object/31675224
https://dataview.ncbi.nlm.nih.gov/object/SRR17642688
https://dataview.ncbi.nlm.nih.gov/object/31675225
https://dataview.ncbi.nlm.nih.gov/object/SRR17642677
https://dataview.ncbi.nlm.nih.gov/object/31675226
https://dataview.ncbi.nlm.nih.gov/object/SRR17642673
https://dataview.ncbi.nlm.nih.gov/object/31675196
https://dataview.ncbi.nlm.nih.gov/object/SRR17642750
https://dataview.ncbi.nlm.nih.gov/object/31675197
https://dataview.ncbi.nlm.nih.gov/object/SRR17642749
https://dataview.ncbi.nlm.nih.gov/object/31675198
https://dataview.ncbi.nlm.nih.gov/object/SRR17642748
https://dataview.ncbi.nlm.nih.gov/object/31675201
https://dataview.ncbi.nlm.nih.gov/object/SRR17642745
https://dataview.ncbi.nlm.nih.gov/object/31675252
https://dataview.ncbi.nlm.nih.gov/object/SRR17642744
https://dataview.ncbi.nlm.nih.gov/object/31675253
https://dataview.ncbi.nlm.nih.gov/object/SRR17642742
https://dataview.ncbi.nlm.nih.gov/object/31675254
https://dataview.ncbi.nlm.nih.gov/object/SRR17642741
https://dataview.ncbi.nlm.nih.gov/object/31675255
https://dataview.ncbi.nlm.nih.gov/object/SRR17642740
https://dataview.ncbi.nlm.nih.gov/object/31675256
https://dataview.ncbi.nlm.nih.gov/object/SRR17642739
https://dataview.ncbi.nlm.nih.gov/object/31675257
https://dataview.ncbi.nlm.nih.gov/object/SRR17642738


Dgono_8 D. gonocephala Sexual France Montpellier MR1283.8 SAMN24979335 SRR17642737 

Dhept_1 D. hepta Sexual Sardinia, Italy Logulento 
40º49'16.682" 8º35'35.213" 

MR0980.1 SAMN24979336 SRR17642736 

Dhept_2 D. hepta Sexual Sardinia, Italy Logulento MR0980.2 SAMN24979337 SRR17642735 

Dhept_5 D. hepta Sexual Sardinia, Italy Logulento MR0980.5 SAMN24979338 SRR17642734 

Dilv_1 D. ilvana  Sexual Italy Elba 
42º 47'  9" 10º 10' 3" 

MR1357.1 SAMN24979339 SRR17642733 

Dilv_2 D. ilvana  Sexual Italy Elba MR1357.2 SAMN24979340 SRR17642731 

Dilv_4 D. ilvana  Sexual Italy Elba MR1357.4 SAMN24979341 SRR17642730 

DliguBis_1 D. liguriensis Sexual Italy Bisagno 
44º26'40" 9º5'6" 

MR1254.1 SAMN24979345 SRR17642726 

DliguBis_2 D. liguriensis Sexual Italy Bisagno MR1254.2 SAMN24979346 SRR17642725 

DliguBis_3 D. liguriensis Sexual Italy Bisagno MR1254.3 SAMN24979347 SRR17642724 

DliguAlp_1 D. liguriensis Sexual France Alps Marìtims 
43º47'9" 6º38'7" 

MR1252.1 SAMN24979342 SRR17642729 

DliguAlp_3 D. liguriensis Sexual France Alps Marìtims MR1252.3 SAMN24979343 SRR17642728 

DliguAlp_4 D. liguriensis Sexual France Alps Marìtims MR1252.4 SAMN24979344 SRR17642727 

DliguGarda_1 D. liguriensis Sexual France La Garda 43°49’25” 6°34’55” MR1302.3 SAMN24979348 SRR17642723 

DliguSas_2 D. liguriensis Sexual Italy Sassello 
44°29'19.2" 8º28'2.9" 

MR1253.2 SAMN24979349 SRR17642722 

DliguSas_3 D. liguriensis Sexual Italy Sassello MR1253.3 SAMN24979350 SRR17642720 

DliguSas_4 D. liguriensis Sexual Italy Sassello MR1253.4 SAMN24979351 SRR17642719 

DliguTriga_1 D. liguriensis Sexual France Trigance 43°47’44” 6°26’40” MR1301.1 SAMN24979352 SRR17642718 

DliguTriga_2 D. liguriensis Sexual France Trigance MR1301.2 SAMN24979353 SRR17642717 

DsubMont D. subtentaculata Sexual France Montpellier 43º43'22" 3º8'38" MR1283.5 SAMN24979381 SRR17642686 

DsubBosq_1 D. subtentaculata Fissiparous Andalusia, Spain El Bosque 36°45'42" -5°30'20" MR1267.1 SAMN24979370 SRR17642698 

DsubBosq_2 D. subtentaculata Fissiparous Andalusia, Spain El Bosque MR1267.2 SAMN24979371 SRR17642697 

DsubCangAsex_5 D. subtentaculata Facultative. Fiss. Asturias, Spain Cangas 

43°21'54.65" -5°9'6.19" 

MR1297.5 SAMN24979372 SRR17642696 

DsubCangAsex_6 D. subtentaculata Facultative. Fiss. Asturias, Spain Cangas MR1297.6 SAMN24979373 SRR17642695 

DsubCangAsex_7 D. subtentaculata Facultative. Fiss. Asturias, Spain Cangas MR1297.7 SAMN24979374 SRR17642694 

DsubCangSex_2 D. subtentaculata Facultative. Sex. Asturias, Spain Cangas MR1297.2 SAMN24979375 SRR17642693 

DsubCangSex_3 D. subtentaculata Facultative. Sex. Asturias, Spain Cangas MR1297.3 SAMN24979376 SRR17642692 

DsubCangSex_4 D. subtentaculata Facultative. Sex. Asturias, Spain Cangas MR1297.4 SAMN24979377 SRR17642691 
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https://dataview.ncbi.nlm.nih.gov/object/SRR17642737
https://dataview.ncbi.nlm.nih.gov/object/31675259
https://dataview.ncbi.nlm.nih.gov/object/SRR17642736
https://dataview.ncbi.nlm.nih.gov/object/31675260
https://dataview.ncbi.nlm.nih.gov/object/SRR17642735
https://dataview.ncbi.nlm.nih.gov/object/31675261
https://dataview.ncbi.nlm.nih.gov/object/SRR17642734
https://dataview.ncbi.nlm.nih.gov/object/31675262
https://dataview.ncbi.nlm.nih.gov/object/SRR17642733
https://dataview.ncbi.nlm.nih.gov/object/31675263
https://dataview.ncbi.nlm.nih.gov/object/SRR17642731
https://dataview.ncbi.nlm.nih.gov/object/31675264
https://dataview.ncbi.nlm.nih.gov/object/SRR17642730
https://dataview.ncbi.nlm.nih.gov/object/31675268
https://dataview.ncbi.nlm.nih.gov/object/SRR17642726
https://dataview.ncbi.nlm.nih.gov/object/31675269
https://dataview.ncbi.nlm.nih.gov/object/SRR17642725
https://dataview.ncbi.nlm.nih.gov/object/31675270
https://dataview.ncbi.nlm.nih.gov/object/SRR17642724
https://dataview.ncbi.nlm.nih.gov/object/31675265
https://dataview.ncbi.nlm.nih.gov/object/SRR17642729
https://dataview.ncbi.nlm.nih.gov/object/31675266
https://dataview.ncbi.nlm.nih.gov/object/SRR17642728
https://dataview.ncbi.nlm.nih.gov/object/31675267
https://dataview.ncbi.nlm.nih.gov/object/SRR17642727
https://dataview.ncbi.nlm.nih.gov/object/31675271
https://dataview.ncbi.nlm.nih.gov/object/SRR17642723
https://dataview.ncbi.nlm.nih.gov/object/31675272
https://dataview.ncbi.nlm.nih.gov/object/SRR17642722
https://dataview.ncbi.nlm.nih.gov/object/31675273
https://dataview.ncbi.nlm.nih.gov/object/SRR17642720
https://dataview.ncbi.nlm.nih.gov/object/31675274
https://dataview.ncbi.nlm.nih.gov/object/SRR17642719
https://dataview.ncbi.nlm.nih.gov/object/31675275
https://dataview.ncbi.nlm.nih.gov/object/SRR17642718
https://dataview.ncbi.nlm.nih.gov/object/31675276
https://dataview.ncbi.nlm.nih.gov/object/SRR17642717
https://dataview.ncbi.nlm.nih.gov/object/31675238
https://dataview.ncbi.nlm.nih.gov/object/SRR17642686
https://dataview.ncbi.nlm.nih.gov/object/31675293
https://dataview.ncbi.nlm.nih.gov/object/SRR17642698
https://dataview.ncbi.nlm.nih.gov/object/31675294
https://dataview.ncbi.nlm.nih.gov/object/SRR17642697
https://dataview.ncbi.nlm.nih.gov/object/31675229
https://dataview.ncbi.nlm.nih.gov/object/SRR17642696
https://dataview.ncbi.nlm.nih.gov/object/31675230
https://dataview.ncbi.nlm.nih.gov/object/SRR17642695
https://dataview.ncbi.nlm.nih.gov/object/31675231
https://dataview.ncbi.nlm.nih.gov/object/SRR17642694
https://dataview.ncbi.nlm.nih.gov/object/31675232
https://dataview.ncbi.nlm.nih.gov/object/SRR17642693
https://dataview.ncbi.nlm.nih.gov/object/31675233
https://dataview.ncbi.nlm.nih.gov/object/SRR17642692
https://dataview.ncbi.nlm.nih.gov/object/31675234
https://dataview.ncbi.nlm.nih.gov/object/SRR17642691


DsubMor_North_1 D. subtentaculata Sexual Morocco Magoo Timriouen 35°06'42.5"  -5°11'19.9" MR1276.1 SAMN24979382 SRR17642685 

DsubMor_North_2 D. subtentaculata Sexual Morocco Magoo Timriouen MR1276.2 SAMN24979383 SRR17642684 

DsubMor_North_3 D. subtentaculata Sexual Morocco Beni H´amed 35°08'37.3" -5°06'51.8" MR1252.2 SAMN24979384 SRR17642683 

DsubMor_South_1 D. subtentaculata Sexual Morocco Imlil 31°09'35.8" -7°55'41.1" MR1278.1 SAMN24979385 SRR17642682 

DsubMor_South_2 D. subtentaculata Sexual Morocco Imlil MR1279.3 SAMN24979386 SRR17642681 

DsubMch_1 D. subtentaculata Sexual Portugal Monchique 
37º 17' 20" -8º 33' 15" 

MR1358.1 SAMN24979378 SRR17642690 

DsubMch_2 D. subtentaculata Sexual Portugal Monchique MR1358.2 SAMN24979379 SRR17642689 

DsubMch_4 D. subtentaculata Sexual Portugal Monchique MR1358.4 SAMN24979380 SRR17642687 

DsubStFe_1 D. subtentaculata Fissiparous Catalonia, Spain Santa Fe 
 41º 46' 26.35  2º 27' 42.24 

MR1082.1 SAMN24979387 SRR17642680 

DsubStFe_2 D. subtentaculata Fissiparous Catalonia, Spain Santa Fe MR1082.2 SAMN24979388 SRR17642679 

DsubStFe_3 D. subtentaculata Fissiparous Catalonia, Spain Santa Fe MR1082.3 SAMN24979389 SRR17642678 

Dvila_1 D. vilafarrei Sexual Andalusia, Spain El Bosque 
36°45'42" -5°30'20" 

MR1266.1 SAMN24979390 SRR17642676 

Dvila_2 D. vilafarrei Sexual Andalusia, Spain El Bosque MR1266.2 SAMN24979391 SRR17642675 

Dvila_3 D. vilafarrei Sexual Andalusia, Spain El Bosque MR1266.3 SAMN24979392 SRR17642674 

Dsp_nov_MorNorth_1 Dugesia sp. nov  Sexual Morocco Beni H´amed 
35°08'37.3" -5°06'51.8" 

MR1251.1 SAMN24979361 SRR17642708 

Dsp_nov_MorNorth__6 Dugesia sp. nov  Sexual Morocco Beni H´amed MR1251.6 SAMN24979362 SRR17642707 

Dsp_nov_MorNorth__7 Dugesia sp. nov  Sexual Morocco Beni H’amed MR1251.7 SAMN24979363 SRR17642706 

DspF.Us_3 Dugesia sp. Fissiparous Catalonia, Spain Font de l´Us 42º15'50" 0º59'45" MR1263.3 SAMN24979326 SRR17642747 

DspF.Us_4 Dugesia sp. Fissiparous Catalonia, Spain Font de l´Us MR1263.4 SAMN24979327 SRR17642746 

DspTrilla_1 Dugesia sp. Fissiparous Catalonia, Spain Font de la Trilla 

41º55'51" 1º1'14" 

MR1265.1 SAMN24979364 SRR17642705 

DspTrilla_2 Dugesia sp. Fissiparous Catalonia, Spain Font de la Trilla MR1265.2 SAMN24979365 SRR17642704 

DspTrilla_3 Dugesia sp. Fissiparous Catalonia, Spain Font de la Trilla MR1265.3 SAMN24979366 SRR17642703 

DspTrilla_4 Dugesia sp. Fissiparous Catalonia, Spain Font de la Trilla MR1361.2 SAMN24979367 SRR17642702 

DspTrilla_5 Dugesia sp. Fissiparous Catalonia, Spain Font de la Trilla MR1361.3 SAMN24979368 SRR17642701 

DspTrilla_6 Dugesia sp. Fissiparous Catalonia, Spain Font de la Trilla MR1361.4 SAMN24979369 SRR17642700 

DspBerga_1 Dugesia sp. Fissiparous Catalonia, Spain Berga 
42º6'21.97" 1º52'48.05" 

MR1360.1 SAMN24979356 SRR17642714 

DspBerga_2 Dugesia sp. Fissiparous Catalonia, Spain Berga MR1360.2 SAMN24979357 SRR17642713 

DspBerga_3 Dugesia sp. Fissiparous Catalonia, Spain Berga MR1360.3 SAMN24979358 SRR17642712 
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https://dataview.ncbi.nlm.nih.gov/object/31675239
https://dataview.ncbi.nlm.nih.gov/object/SRR17642685
https://dataview.ncbi.nlm.nih.gov/object/31675240
https://dataview.ncbi.nlm.nih.gov/object/SRR17642684
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DspBerga_4 Dugesia sp. Fissiparous Catalonia, Spain Berga MR1360.4 SAMN24979359 SRR17642711 

DspBerga_5 Dugesia sp. Fissiparous Catalonia, Spain Berga MR1360.5 SAMN24979360 SRR17642709 

Outgroup                   

Dma_1 D. malickyi Sexual Greece Mexiates 38º53'4.09'' 22º18'53.16'' MR1261.1 SAMN24979354 SRR17642716 

Dma_2 D. malickyi Sexual Greece Mexiates MR1261.3 SAMN24979355 SRR17642715 

DspEast_1 Dugesia sp. Sexual Greece Eleonas 38º34'29.1'' 22º23'38.50'' MR1262.1 SAMN24979310 SRR17642755 

DspEast_2 Dugesia sp. Sexual Greece Eleonas MR1262.2 SAMN24979311 SRR17642754 

          
Summary         
27 localities         
83 samples         
10 species described for Western Mediterranean      
1 not described species          
2 species from Greece as outgroup          
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Table S2. Sequences used in the DNA-Barcoding identification 

Species 

GenBank 
accession 

code 
D. aenigma KC006968 
D. aurea 1 MK712631 
D. aurea 2 MK712632 
D. benazzii MK385926 
D. corbata 1 MK712635 
D. corbata 2 MK712636 
D. cretica KC006976 
D. damoae KC006979 
D. etrusca MK712651 
D. gonocephala OL410667 
D. hepta MK385923 
D. ilvana FJ646989 
D. improvisa KC006987 
D. liguriensis OL410632 
D. subtentaculata 1 MK712608 
D. subtentaculata 2 MK712605 
D. tubqalis OM281843 
D. vilafarrei 1 MK712649 
D. vilafarrei 2 MK712648 
Dugesia sp. MK712634 
Dugesia sp. KC007021 

Table S3. Results of the analysis by sample; from quality control to selection of longer 
isoforms. 

AND  

Table S6. Parameters and results of analysis performed with every dataset. 

Are available at Riutort´s Lab site
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Table S4. Results of the three analysis done with OrthoFinder 

Orthofinder results (with samples in dataset 1) Orthofinder results (with samples in dataset 4) Orthofinder results (with samples in dataset 5) 

Number of species 82 Number of species 23 Number of species 36 
Number of genes 1739698 Number of genes 493341 Number of genes 781321 
Number of genes in orthogroups 1702579 Number of genes in orthogroups 480355 Number of genes in orthogroups 761690 
Number of unassigned genes 37119 Number of unassigned genes 12986 Number of unassigned genes 19631 
Percentage of genes in orthogroups 97,9 Percentage of genes in orthogroups 97,4 Percentage of genes in orthogroups 97,5 
Percentage of unassigned genes 2,1 Percentage of unassigned genes 2,6 Percentage of unassigned genes 2,5 
Number of orthogroups 36056 Number of orthogroups 26832 Number of orthogroups 29742 
Number of species-specific orthogroups 1144 Number of species-specific orthogroups 426 Number of species-specific orthogroups 745 
Number of genes in species-specific orthogroups 3120 Number of genes in species-specific orthogroups 1335 Number of genes in species-specific orthogroups 2021 

Percentage of genes in species-specific orthogroups 0,2 Percentage of genes in species-specific orthogroups 0,3 
Percentage of genes in species-specific 
orthogroups 0,3 

Mean orthogroup size 47,2 Mean orthogroup size 17,9 Mean orthogroup size 25,6 
Median orthogroup size 15 Median orthogroup size 18 Median orthogroup size 20 
G50 (assigned genes) 86 G50 (assigned genes) 23 G50 (assigned genes) 38 
G50 (all genes) 86 G50 (all genes) 23 G50 (all genes) 37 
O50 (assigned genes) 5399 O50 (assigned genes) 6576 O50 (assigned genes) 6271 
O50 (all genes) 5615 O50 (all genes) 6858 O50 (all genes) 6531 
Number of orthogroups with all species present 5387 Number of orthogroups with all species present 8505 Number of orthogroups with all species present 7576 
Number of single-copy orthogroups 717 Number of single-copy orthogroups 4175 Number of single-copy orthogroups 1984 
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Table S5. Sample composition of each Dataset. The outgroups are indicated in bold format. 
The asterisk indicates that these samples were used for ortholog search. SC: Single Copy 
Orthologs included 
 

Dataset 1* Dataset 2 Dataset 3 Dataset 4* Dataset 5* Dataset 6 
717 SC 717 SC 717 SC 4175 SC 1984 1984 

Daur_1      
Daur_2 X     
Daur_3 X X    
DbenSard_6      
DbenSard_7 X     
DbenSard_9 X     
DbenCors_North_1 X X    
DbenCors_North_2      
DbenCors_North_3 X     
DbenCors_South_5      
DbenCors_South_6      
Dcorb_1      
Dcorb_2 X X    
Dcorb_3 X     
DetruParr_1    X X 

DetruParr_2    X X 

DetruPie_2 X   X X 

DetruPie_3    X X 

DetruPie_4 X X  X X 

Dgono_1 X   X X 
Dgono_7 X X  X X 
Dgono_8    X X 
Dhept_1 X     
Dhept_2 X X    
Dhept_5      
Dilv_1 X X  X X 

Dilv_2 X   X X 

Dilv_4    X X 

DliguBis_1    X X 

DliguBis_2 X   X X 

DliguBis_3    X X 

DliguAlp_1 X   X X 

DliguAlp_3    X X 

DliguAlp_4  X  X X 

DliguGarda_1    X X 

DliguSas_2    X X 

DliguSas_3    X X 

DliguSas_4    X X 

DliguTriga_1    X X 
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DliguTriga_2 X X 

DsubMont X 

DsubBosq_1 X 

DsubBosq_2 X 

DsubCangAsex_5 X 

DsubCangAsex_6 X 

DsubCangAsex_7 X 

DsubCangSex_2 X 

DsubCangSex_3 X 

DsubCangSex_4 X 

DsubMor_North_1 X 

DsubMor_North_2 X 

DsubMor_North_3 X 

DsubMor_South_1 X 

DsubMor_South_2 X 

DsubMch_1 X X 

DsubMch_2 X X X 

DsubMch_4 X 

DsubStFe_1 X 

DsubStFe_2 X 

DsubStFe_3 X 

Dvila_1 X X 
Dvila_2 X X X 
Dvila_3 X 
Dsp_nov_MorNorth_1 X 

Dsp_nov_MorNorth__7 X X 

DspF.Us_3 X X 

DspF.Us_4 X X 

DspTrilla_1 X X 

DspTrilla_2 X X 

DspTrilla_3 X X X 

DspTrilla_4 X X 

DspTrilla_5 X X 

DspTrilla_6 X X 

DspBerga_1 X 

DspBerga_2 X 

DspBerga_3 X 

DspBerga_4 X 

DspBerga_5 X 

Dma_1 X 
Dma_2 X X 
DspEast_1 X 
DspEast_2 X 

Chapter IV.1Chapter IV.1

211



0.008

Ds
ub

Ca
ng

As
ex

_7

DbenCors_North_3

Dl
ig

uB
is_

2
Dl

igu
Sa

s_
2

DbenCors_South_6

DsubStFe_2

Dl
ig

uB
is_

3

Ds
ub

Ca
ng

As
ex

_6

Ds
ub

Ca
ng

As
ex

_5

DbenSard_6

Ds
ub

M
ch

_2

DbenSard_9

Dma_2

Dvila
_3

Dlig
uA

lp_
3

DsubM
orSouth_2

DspBerg_2

DbenCors_North_2

Dhept_1

Dcorb_2

DspTrilla_2

Dilv_2

DliguTriga_1

Dl
igu

Sa
s_

4

DsubBosq_2

Dl
igu

Sa
s_

3

DspF.Us_3

Daur_1

Ds
ub

Ca
ng

Se
x_

2

DspTrilla_4

DspEast_1

DliguTriga_2

Ds
pB

erg
_4

Dcorb_3

Ds
pB

erg
_5

DbenSard_7

DetruPie_2

Dcorb_1

DsubM
orNorth_3

DsubStFe_1

DbenCors_South_5

Dhept_5

DsubBosq_1

DspTrilla_6
DspTrilla_3

Dgono_8

DsubMorNorth_1

Dsp_nov_M
orNorth_7

Dhept_2 Dilv_4

DspBerg_1

Dligu
Gard

a_1

DetruPie_4

Dl
igu

Bi
s_

1

Ds
ub

M
ch

_4

DetruParr_2

Dgono_7

DspEast_2

Dgono_1

DsubMont

Ds
ub

M
ch

_1

Dma_1

Daur_2

DsubM
orSouth_1

Dligu
Alp_

4
DetruParr_1

DspBerg_3

Ds
ub

Ca
ng

Se
x_4

Dilv_1

Dvila
_1

DspTrilla_5

DsubStFe_3DsubM
orNorth_2

Dvila
_2

DbenCors_North_1

Daur_3

Ds
ub

Ca
ng

Se
x_

3

Dli
gu

Alp
_1

DspF.Us_4

DspTrilla_1DetruPie_3

Dsp_nov_M
orNorth_1

(B)

Supplementary Figures 

0.008

Dma_2
DspEast_1DspEast_2

Dma_1

Dhept_1

Dhept_5
Dhept_2

DbenCors_N
orth_3

DbenCors_South_6

Dbe
nS

ard
_6

Dben
Sard

_9

DbenCors_North_2

Dben
Sard

_7

DbenCors_South_5

DbenCors_N
orth_1Dg

on
o_

8

Dg
on

o_
7

Dg
on

o_
1Di

lv_
2

Di
lv_

4Di
lv_

1Dl
ig

uA
lp

_3

Dl
ig

uT
rig

a_
1

Dl
ig

uT
rig

a_
2

Dl
ig

uG
ar

da
_1

Dl
ig

uA
lp

_4

Dl
ig

uA
lp

_1
DliguBis_2

DliguSas_2

DliguBis_3

DspBerg_2

DliguSas_4

DliguSas_3

DspBerg_4
DspBerg_5

DliguBis_1DspBerg_3

DspTrilla_2

DspF.Us_3

DspTrilla_4

DetruPie_2

DspTrilla_6

DspTrilla_3

DspBerg_1

DetruPie_4

DetruParr_2

DetruParr_1

DspTrilla_5

DspF.Us_4

DspTrilla_1

DetruPie_3

Dvila
_3

Dsp_nov_M
orNorth_7

Dvila
_1Dvila

_2Dsp_nov_M
orNorth_1

Ds
ub

MorS
ou

th_
2

Ds
ub

Mo
rN

ort
h_

3
Ds

ub
Mo

rN
or

th
_1

Ds
ub

Mo
rS

ou
th_

1
Ds

ub
Mo

rN
or

th_
2

DsubStFe_2

Ds
ub

Bo
sq

_2

DsubStFe_1

Ds
ub

Bo
sq

_1

DsubStFe_3

DsubCangAsex_7

DsubCangAsex_6
DsubCangAsex_5

Ds
ub

M
ch

_2 DsubCangSex_2

Ds
ub

M
ch

_4 DsubM
ch_1

DsubCangSex_4

DsubCangSex_3

DsubMont

Dcorb_2

Daur_1

Dcorb_3

Dcorb_1

Daur_2
Daur_3

99

83

90

(A)

Figure S1. ML trees obtained from dataset 1 (13 species, 82 samples, and 717 single copy orthologs, 
SC) in IQ-TREE for (A): protein data, and (B): nucleotide data. The dots on the nodes represents 
bootstrap support = 100. Scale bar: substitutions per site.

Legend 
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Figure S2. Phylogenetic trees obtained from dataset 2 (13 species, 29 samples, and 717 SC) with (A): 
ML using protein data, (B): BI using protein data, and (C): BI using nucleotide data. Supporting values 
are shown on the nodes, the black circles represents the maximum values (bv = 100 and pp = 1). Scale 
bar: substitutions per site.
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etrusca clade

liguriensis clade

D. ilvana
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D. subtentaculata

Nodes    Sexual+Asexual  Sexual
1 0.0008  0.9992
2  0.0007  0.9993
3  0.0008  0.9992
4  0.0001  0.9999
5  0.0002  0.9998
6  0.0015  0.9985
7  0.0000  1.0000
8  0.0308  0.9692
9  0.0019  0.9981
10  0.0982  0.9018
11  0.7626  0.2374

Posterior probability values 
for reproduction mode

Figure S3. Ancestral character reconstruction using dataset 3 (12 species, 12 samples, and 717 
SC). Pie chart of posterior probability (pp) for reproduction mode (sexual, sexual+asexual, and 
asexual) are shown on the nodes. The pp values are shown on the table
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Abstract 

Reproductive strategies shape the genetic background of populations. Recombination 

leads to increase the genetic variability and the higher efficiency of purifying selection, 

while evolutionary disadvantages have always been attributed to asexuality. However, 

long term strict asexual lineages defy this rule. Furthermore, except for the typical 

consequences of asexuality, little is known about the genetic footprint of long term 

fissiparity. Freshwater planarians are recognized for their outstanding regeneration 

capability, which allows the group to reproduce asexually by fission. The genus 

Dugesia shows a great diversity of reproductive strategies, with species being strictly 

sexual, strictly fissiparous or combining both reproductive modes. Dugesia species 

from the Western Mediterranean have been recently studied from a biogeographic 

point of view using transcriptomic data. In that study, asexual populations belonging to 

the most ancient clade showed an unexpected phylogenetic pattern putatively 

associated with long term asexuality. Here, we further investigate the ladder-like 

topology as an effect of ancient fissiparity and not as an artefact of the phylogenetic 

inference. Our hypothesis proposes that under long-term asexuality, individuals 

belonging to ancient divergent fissiparous lineages coalesce very back in time. Then, 

the phylogenetic trees show the descendants of divergent asexual lineages in a ladder-

like pattern. Additionally, ancient asexual populations can act as reservoirs of ancestral 

polymorphisms, that may result in the attraction of the sexual lineages. This information 

is misleading for the phylogenetic inference methods that fail to infer the true species 

Chapter IV.2

229



tree topology in this case. We propose that the ladder-like pattern can be considered 

a genomic footprint of long term fissiparity, which can affect the phylogenetic inference 

and therefore, it strongly impact the species tree estimation. 

Keywords: asexual reproduction, fissiparity, planarians, Dugesia, 

phylotranscriptomics 

Chapter IV.2

230



1. Introduction

The reproductive strategy of organisms determines the genetic background of 

their populations. Recombination during sexual reproduction is evolutionary 

advantageous due to the increasing of genetic variability and a higher efficiency of 

purifying selection, while asexual reproduction tends to decrease the genetic variability 

of populations, making them clonal (Webster & Hurst, 2012). 

The main predicted effect of asexuality is the irreversible accumulation of 

deleterious mutations, known as Muller’s ratchet (Felsenstein, 1974; H. Muller, 1932; 

Muller, 1964), which theoretically, can lead to the extinction of asexual lineages. 

Additionally, under an asexual scenario, recombination does not homogenize the 

alleles within the population and the alleles should accumulate mutations 

independently of each other (Birky, 1996; Welch & Meselson, 2000). This effect of 

asexuality is named Meselson effect and is recognized because the intraindividual 

alleles show high levels of divergence. Therefore, an allele might be more closely 

related to a homolog allele in another individual than their sister alleles within the same 

individual (Schwander, Henry, & Crespi, 2011). This effect is detectable in populations 

under long periods of time without sexual reproduction (Normark, Judson, & Moran, 

2003). However, processes such as hybridization or gene duplication can lead to a 

Meselson effect-like allele divergence pattern (Schwander et al., 2011). 

A variant of this effect, the Mosaic-Meselson effect, has been proposed to 

occur in agametic asexual organisms (Leria, Vila-Farré, Solà, & Riutort, 2019). 

Agametic asexual species, differing from those gametic, inherit part of the soma of the 

progenitor during each reproductive event. This situation would allow mutations not 

only to independently accumulate in the alleles within a cell but also among different 

cells, generating a Meselson effect at a mosaic level. This effect was investigated 

based on the information of two molecular markers using the freshwater planarian 

Dugesia subtentaculata as a model (Leria et al., 2019). However, evidence of this effect 

at the genomic level is still missing. 

On the other hand, recombination has other direct effects on genome 

evolution. One of these effects is the GC-biased gene conversion (gBGC), resulting 

from biased incorporation of G and C nucleotides during repair of mismatches formed 

during meiotic homologous recombination. gBGC is thought to be responsible for the 
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correlation between GC content and recombination (see Webster & Hurst, 2012 for a 

broader review). Thus, substantial differences in the gBGC strength have been found 

between low and high recombining regions (Capra, Hubisz, Kostka, Pollard, & Siepel, 

2013; Duret & Galtier, 2009; Galtier, 2021). 

The percent of GC at the third codon position (GC3%) has been used to 

characterize the genomic GC-content in different phylogenetic groups, especially the 

mammals (Romiguier & Roux, 2017). In Timema species (stick insects) the GC3% has 

been used to study the effect of long-term asexuality on gBGC strength. Using 

transcriptomic data, these authors analysed the GC3% of pairs of sexual/asexual 

species with different divergence times. They found higher GC3 content and higher 

variance among genes from sexual species than asexual species within each pair. In 

addition, the proportion of genes in which GC3% was higher in the sexual than in the 

asexual species was greater in older pairs than in youngest pairs (Bast et al., 2018). 

Freshwater planarians are broadly recognized by its outstanding regeneration 

capability. Genera such as Schmidtea and Dugesia (family Dugesiidae) lead the list of 

favourite model organisms in regeneration studies (Rink, 2013). This regeneration 

capability allows the group to reproduce asexually by fission, which can be alternated 

in different combinations with the sexual mode (Stocchino & Manconi, 2013). Sexual 

reproduction in planarians occurs by cross fertilization between two hermaphrodite 

individuals. The asexual reproduction by fission happens when one individual divides 

and each part of the body regenerates the missing structures (Reddien & Alvarado, 

2004). Generally, asexual individuals do not develop the reproductive systems and 

although the sexual ones maintain the regenerative capabilities in response to injuries, 

they are not able to regenerate the entire body so efficiently as in the case of asexual 

individuals (Saló et al., 2009). 

The genus Dugesia constitutes one of the most diverse groups of freshwater 

planarians in the Paleartic region (Solà et al., in press). Moreover, Dugesia species 

show a great diversity of reproductive strategies, with species being strictly sexual, 

strictly fissiparous or combining both reproductive modes (Leria et al., 2019; Stocchino 

& Manconi, 2013). Among all Dugesia species, those from the Western Mediterranean 

region have been recently studied from a biogeographic point of view using 

transcriptomic data (Chapter IV.1). The Western Mediterranean species are divided 

into three main clades: the Iberia-Apennines-Alps-plus clade, the Corsica-Sardinia 
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clade and the Iberia-Africa clade. Interestingly, in Chapter IV.1 was found out that the 

species from the Iberia-Apennines-Alps-plus region show an unexpected phylogenetic 

pattern, putatively associated to a long term asexuality. 

The Iberia-Apennines-Alps-plus clade includes three populations from the 

Iberian Peninsula still not assigned to a species, D. etrusca from the Apennines region, 

D. liguriensis from the Alps, D. ilvana from Elba island, and D. gonocephala distributed 

in almost all continental Europe (Fig. 1). One of the objectives of Chapter IV.1 was the 

species assignation of the Iberian populations from Berga, Font de l’Us and Font de 

La Trilla to D. etrusca or D. liguriensis species, but it was not possible because an 

unexpected topology and several controversial nodes in the phylogenies (Fig. S1). 

Even though the samples from Font de l’Us and Font de La Trilla could had been 

assigned to D. etrusca with certain doubts, the assignment of samples from Berga was 

impossible due to their incongruent groupings in the trees obtained with different 

methods. Therefore, the clades including the asexual individuals are referred as sensu 

lato (s.l) species. In addition, the unexpected topology consisting of a ladder-like 

pattern of samples from Font de La Trilla and Berga in the trees (Fig. S1) raised 

suspicions on fissiparity affecting the evolutionary history of these populations. The 

authors outlined the idea that ancient asexuality could be underlying the odd pattern 

observed, since the Iberians populations constitute the only extant asexual lineages in 

the Iberia-Apennines-Alps-plus clade. Moreover, in that study the ladder-like pattern 

was shown only in the Iberia-Apennines-Alps-plus clade, but not in other asexual 

lineages from the Western Mediterranean, namely D. subtentaculata populations. In 

consequence, the authors proposed the idea that the populations from Berga, Font de 

la Trilla and Font de l’Us are the remnants of a very ancient asexual lineage, while the 

other extant asexual lineages belonging to Dugesia from Western Mediterranean are 

more recent and, moreover, it is known they combine fissiparity with occasional sex 

(Leria et al., 2019). 

The main objective of the present study is to validate the ladder-like topology 

as an effect of ancient asexuality and not an artifact of the phylogenetic inference. For 

that, we first validated the methodology of ortholog search using a different ortholog 

inference method and also a set of paralogs. Second, we used recognized effects of 

the lack of recombination to demonstrate that these populations have maintained 

asexuality for a long time without alternating with sexual stages. Finally, we analysed 
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how the inclusion of ancient asexual lineages can affect the inference of the 

phylogenetic relationships with closest groups. 

2. Methods

2.1. RNA data acquisition and pre-processing 

To carry out the present study, we used data previously processed in Chapter 

IV.1 (Table S1). This data was obtained from RNAseq sequencing using TruSeq

libraries and cured to perform phylogenetic analyses.

In Chapter IV.1 were established three groups of samples to perform different 

ortholog searches. A first group formed by 82 samples belonging to 12 taxa from the 

Western Mediterranean and 2 from Eastern Mediterranean clade (outgroup) was used 

to obtain 717 Single Copy orthologs (SC). The second group of samples was named 

the subtentaculata group and included 20 samples belonging to D. subtentaculata and 

3 samples belonging to D. vilafarrei (outgroup) (Table S1). Finally, the etrusca-

liguriensis group included 36 samples; 5 samples belonging to D. etrusca sensu stricto 

(s.s) from The Tuscany, 12 samples belong to D. liguriensis (s.s) from the Ligurian 

region, 3 belonging to D. ilvana from Elba Island, 3 belonging to D. gonocephala from 

Montpellier (used as outgroup), and the 13  samples from The Iberian Peninsula, 

Figure 1. Localization of sampling points 
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whose classification is uncertain (Table S1; Fig. 1). The ortholog search in this sample 

group yielded 1984 SC. For a better understanding in the text, here we defined the two 

groups of orthologs as WM_717 for the ortholog search using all samples from Western 

Mediterranean, and etru-ligu_1984 for the search using etrusca-liguriensis samples 

group. 

For the present work, we retained the sequences of the two groups of SC 

mentioned above. In the case of the WM_717, we used the nucleotide sequences 

belonging to etrusca-liguriensis and subtentaculata sample groups. Further, we used 

the nucleotide and protein sequences of the etru-ligu_1984. 

In addition to the SC, here we extracted a sequence set of paralog candidate 

genes. We selected orthogroups with more than one sequence per sample, as paralog 

candidates based on OrthoFinder output. Using the Orthogroups.GeneCount.tsv file, 

the custom python script select_OG_all_sp.py, and simple bash commands, we 

generated a list of paralogs candidates (par_158) and extracted their sequences. 

2.2. Ortholog search with OMA 

A new ortholog search with OMA (Altenhoff et al., 2019) was performed using 

the same set of longest isoforms previously analyzed in Chapter IV.1 with OrthoFinder. 

The protein sequences of the SC were extracted from the OMA output using simple 

bash commands and the nucleotide sequences were extracted from Transdecoder 

output as is described in Chapter IV.1. 

2.3. RNA datasets 

Dataset 1 includes all samples belonging to etrusca-liguriensis samples group 

(Table S1) and the nucleotide sequences of 1984 SC shared by them. To obtain the 

datasets 2 and 3 we removed the samples from Berga, and all samples from Iberian 

Peninsula respectively from the dataset 1, keeping the same number of SC (Table 1). 

The dataset 4 includes 1984 SC and 158 paralogs, while the dataset 5 only 

includes the paralogs. For the viability of the work, we avoided the step of nucleotide 

sequence extraction, and used protein data to build these datasets.  

The dataset 6 was built using 717 SC and two groups of samples: the etrusca-

liguriensis samples group, and the subtentaculata samples group (Table S1).  
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Finally, two datasets were obtained using 

the SC discovered by OMA; the dataset 7 for 

protein sequences and the dataset 8 for 

nucleotide ones. 

In summary, 8 datasets were built from 

RNAseq data combining three groups of SC 

(WM_717, etru-ligu_1984, and OMA_2570), one 

group of paralogs (par_158), and different 

samples composition (Table 1); all of them with 

100% of gene occupancy.  

2.4. Data analyses 

2.4.1. Maximum Likelihood trees 

Maximum Likelihood (ML) trees were 

obtained in IQ-TREE (Wang, Minh, Susko, & 

Roger, 2018).  For nucleotide data, we used three 

substitution models as components; JC (Jukes & 

Cantor, 1969), HKY (Hasegawa, Kishino, & Yano, 

1985), and GTR (Tavaré, 1986), with four Gamma 

categories (+G4), and 1,000,000 ultrafast 

bootstrap replicates. For the protein data, we 

obtained a starting tree from non-partitioned data 

using MFP (-m option) and 10,000 replicates of 

ultrafast bootstraps. After, we ran the mixture 

model analysis with the following parameters: LG 

model (Le & Gascuel, 2008) with 20 categories 

(C20), Gamma rate heterogeneity calculation 

(+G), site-specific frequency profile inference 

(+F), and 1,000,000 ultrafast bootstrap replicates. 

ML trees were obtained from datasets 3, 7, and 8 

taking into account the nature of the data to follow 

one or another strategy (Table 1).  
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2.4.2. Multispecies Coalescent Model trees 

We used the Multispecies Coalescent Model (MSC) approach implemented in 

ASTRAL-pro (Zhang, Scornavacca, Molloy, & Mirarab, 2020) to obtain the species tree 

based on individual gene trees, leveraging both single copy genes and genes with 

paralogs. The analyses were performed using -t2 option to recover the full branch 

annotation of the trees obtained from datasets 1-3. The obtained information was 

summarized in pie charts using the AstralPlane package (Hutter, 2020) in R. Species 

trees from datasets 4-5 were obtained with default options. 

The individual gene trees were obtained in IQ-TREE using the parameters 

described for ML trees, but using 10,000 ultrafast bootstrap replicates for nucleotide 

data, and the model LG+G+F without bootstrap replicates for protein data. The 

visualization of individual trees in DensiTree (Bouckaert, 2010; Bouckaert & Heled, 

2014) was performed for datasets 1-3, just as is described in Benítez-Álvarez et al (in 

preparation). 

2.4.3. Topology test 

A topology test was carried on with dataset 3 using IQ-TREE. We tested the 

topology obtained from ML analysis and the alternative one regarding the position of 

D. ilvana in the tree. The same model (MIX{JC,HKY,GTR}+G4) described previously

for nucleotide data was used. Through the -zb and -au options, several topology tests

were performed: the Bootstrap proportion (BP), KH (Kishino & Hasegawa, 1989), SH

(Shimodaira & Hasegawa, 1999), and expected likelihood weights (ELW) (Strimmer &

Rambaut, 2002), and the approximately unbiased (AU) test (Shimodaira, 2002). All

tests performed 10,000 resamplings using the RELL method (Kishino, Miyata, &

Hasegawa, 1990).

2.4.4. GC content calculation 

GC3% was calculated for dataset 6 (Table 1). We used MACSE (Ranwez, 

Harispe, Delsuc, & Douzery, 2011) to align the nucleotide coding regions without losing 

the codon structure. The third positions were extracted using the tool extract-codon-

alignment ( https://github.com/linzhi2013/extract_codon_alignment) and the percent of 

GC by length calculated with the fx2tab module from seqkit program (Shen, Le, Li, & 

Hu, 2016). A tabulate file (samples by rows and genes by columns) was analysed in R 
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(Team, 2021) to obtain and graph the average (AVE) and standard deviation (STD) of 

GC3% content by sample. 

2.4.5. Dunnuc12 validation 

To validate Dunuc12 as a marker for intraindividual genetic diversity studies, 

we extracted the exonic region of this marker from all cloned sequences and blasted 

(Camacho et al., 2009) them against the corresponding transcriptome assembly. The 

transcripts were identified through blasting against the NCBI nucleotide database. The 

coverage of this region in every transcriptome was obtained using samtools (Li et al., 

2009) and visualized in IGV (Robinson, Thorvaldsdóttir, Wenger, Zehir, & Mesirov, 

2017). We looked for the identified transcripts inside the WM_717 and the 

etru_ligu_1984 SC groups. Finally, ML trees were obtained from the identified 

orthogroups (For a more detailed description of the methodology used see Text S1). 

2.4.6. Intraindividual genetic diversity 

DNA of eight samples (DspBerga_2, DspBerga_3, DspBerga_5, DspTrilla_3, 

DspTrilla_5, DspTrilla_6, DetruPie_2, and DliguGarda_1) were used to amplify a 

region of approximately 680pb of the Dunuc12 marker, a fragment of TMED9 (nuclear 

gene Transmembrane p24 trafficking protein 9). The new specific primers D12LigEt-

F2 (CGGCAAATCTACAAAATAT) and D12LigEt-R1 (CATCTTGAAATTCAAACAG), 

were used at 25 μM with MgCl2 (25 mM), dNTPs (0.5 mM), 0.25 U of Go Taq® DNA 

polymerase enzyme (Promega Madison, Wisconsin, USA), and the Taq buffer (5X) in 

a final reaction volume of 25 μl.  The amplification conditions were as follows: 1) 2’ at 

94 oC, 2) 45” at 94 oC, 3) 50” at 54 oC, 4) 50” at 72 oC, and 5) 3’ at 72 oC, with steps 2, 

3, and 4 ran for 35 cycles. PCR products purification, cloning procedure, and sequence 

analyses were performed as described in Leria et al., (2019). 

A set of 9 alignments (690 pb) of Dunuc12 cloned sequences were built to 

construct the haplotype networks; one alignment for every individual (8-14 sequences 

per individual), plus the alignment including all sequences (89) obtained from all 

individuals (Table S2). The networks were constructed using the median-joining 

method (Bandelt, Forster, & Röhl, 1999). In addition, the haplotype diversity (Hd), and 

the nucleotide diversity (Pi) were calculated in the DnaSP software from a total 

alignment length of 690 positions (Librado & Rozas, 2009). 
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To compare the results obtained in asexual populations from Iberia-Apennines-

Alps-plus clade with the asexual populations belonging to D. subtentaculata clade, we 

downloaded the data of individuals from Estella (3), Santa Fe (3), and Truchas (3) 

(Leria et al., 2019) from DRYAD database. We used an alignment of 691 positions 

including 129 cloned sequences of Dunuc12 from asexual individuals to recalculate 

the intraindividual diversity parameters in D. subtentaculata. 

Additionally, proportion of Non-synonymous (Ka) and Synonymous (Ks) 

mutations were calculated from the same coding region (120 pb) in both D. 

subtentaculata and etrusca-liguriensis lineages. 

2.4.7. Genetic distance calculation 

Using the dataset 1 (Table 1), we calculated the genetic distance by pair using 

the TN93 model (Tamura & Nei, 1993) in the dist.dna function from ape package 

(Paradis & Schliep, 2019) in R. 

3. Results

3.1. Validating the ladder-like topology 

3.1.1. Ortholog search with OMA 

A total of 548,739 orthogroups were obtained with OMA, of which 2,570 were 

defined as single copy (only one sequence per sample with all samples present). The 

ML trees obtained with the protein and nucleotide sequences of OMA_2570 recovered 

the previous topology, showing the ladder-like pattern of the samples from Berga and 

Font de la Trilla (Fig. 2). 

3.1.2. Paralogs information 

We extracted 158 paralog candidates for the Iberia-Apennines-Alps-

plus clade. The individual trees from these paralogs were inspected by eye, to 

confirm that the gene tree showed duplication events. Taking advantage of the 

capability of ASTRAL-pro to handle paralogs information, we analysed our 

paralogs set together with the SC (Fig. 3A), and alone (Fig. 3B). These trees 

showed the same topology previously obtained. However, the values of branch 

length, branch support, and final normalized quartet score were low, especially in 

the tree obtained only with the 158 paralogs (Fig. 3B). 
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Figure 2. ML tree obtained from 2570 SC discovered with OMA analysing all the samples belonging 
to the Iberia-Apennines-Alps-plus clade. (A): Using protein data. (B): Using nucleotide data. Scale 
bar: substitutions per site. The bootstrap values are shown on the nodes. 
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3.2. Ancient asexuality in the Iberia-Appenines-Alps-plus clade 

3.2.1. GC content in third positions 

The GC3% was calculated in sexual and asexual individuals belonging to the 

etrusca-liguriensis samples group and the subtentaculata samples group. D. 

subtentaculata was included because despite their great number of asexual 

populations, the ladder-like pattern has not been seen in this clade ever.  

We analyzed the WM_717 SC set. The average of GC3% among all genes by 

sample was low and not much different between sexual and asexual samples (Fig. 

S2). In the case of Iberia-Appenines-Alps-plus clade, non-noticeable differentiation is 

shown when the standard deviation is plotted against the GC3% average. On the other 

hand, D. vilafarrei (sexual) shows a slight differentiation from the D. subtentaculata, 

whose sexual and asexual populations appear mixed. However, this graph has to be 

analyzed with caution, since the scale is very large and, in fact, the values are very 

close. 

Figure 3. MSC trees obtained with ASTRAL-pro using protein data for the Iberia-Apennines-Alps-
plus clade. (A): Using 1984 SC and 158 paralogs. (B): Using 158 paralogs. The branch support 
values are shown on the nodes. Scale bar: Coalescent Units. FNQS: Final normalized quartet 
score.
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3.2.2. Dunuc12 validation 

Using the transcriptomic data, we validated Dunuc12 as SC gene (Text S1). 

An exonic region of 120 positions (Dunuc12-exo) was identified in every cloned 

sequence. All the Dunuc12-exo from the same individual, matched against the same 

transcript in its individual transcriptome assembly. In addition, all identified transcripts 

(one by individual) mapped against sequences from Dugesia identified as TMED9 in 

the nucleotide database of NCBI. We analysed two groups of SC used here, finding 

that all the transcripts formed only one orthogroup; OG0007336 in WM_717, and 

OG0010797 in etru-ligu_1984. Although neither was defined as SC by OrthoFinder 

(see Supporting Information Text S1 for a broader explanation), the ML trees obtained 

from OG0007336 and OG0010797 showed the topology of a region that has not 

suffered any duplication event in the evolutionary history of the group. 

3.2.3. Intraindividual genetic diversity 

From the eighth selected individuals a total of 89 sequences of Dunuc12 were 

obtained (Table S2). The length of the sequences was 690bp, with a total of 138 

variable sites. After the correction of the sequences eliminating the putative 

amplification errors, the analysis in DnaSP software revealed a total of 35 different 

haplotypes. For the two sexual individuals selected, one from Pieve (D. etrusca) and 

other from La Garda (D. liguriensis), 6 and 4 different haplotypes were found 

respectively, while for the 6 fissiparous individuals from Iberian Peninsula the number 

of intraindividual haplotypes ranged between 3 and 8. All analyzed individuals, except 

DspTrilla_3, presented a higher number of haplotypes than its ploidy would suggest, 

an indication of mosaicism (Table S2, S3). 

Intraindividual haplotype networks of the asexual individuals (Fig. S3A) 

showed a pattern in which the haplotypes were highly divergent from one another with 

similar frequencies. However, the sexual individuals (Fig. S3B) showed a star-like 

pattern, with a predominant haplotype in the center and some closely related 

haplotypes at a distance of one or few mutations surrounding it. 

The haplotype network with all cloned sequences (Fig. S3C) shows that sexual 

individuals do not share any haplotype with any other population. However, fissiparous 

individuals shared haplotypes among populations, forming clusters of closely related 
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haplotypes, but those clusters are diverging among them, a clear Meselson-effect 

pattern. 

Regarding the intraindividual genetic diversity parameters; the nucleotide 

diversity was higher in asexual individuals of etrusca-liguriensis group (Fig. 4A, Table 

S3). However, the haplotype diversity (Hd) was higher in D. subtentaculata individuals 

than in the etrusca-liguriensis ones (Fig. 4B, Table S3). 

Surprisingly, the proportion of synonymous mutations (Ks) in the exonic region 

(120 pb) was nule for all individuals belonging to the etrusca-liguriensis group, except 

for DspBerga_3 (Ks=0.0107), and only individuals from Berga showed non-

synonymous mutations (Ka>0). With this data was impossible to calculate the Ka/Ks 

ratio and obtain information regarding the Muller’s ratchet effect. On the other hand, 

no signals of this effect were observed in the subtentaculata lineage, since Ka values 

were lower than Ks (Table S3). 

3.2.4. Genetic distance between individuals 

A genetic distance matrix between all sexual individuals from Alps and 

Apennines regions, and asexual individuals from Iberian Peninsula was built using 

1984 SC and the TN93 model. The genetic pair-wise distances between asexual 

individuals from Berga and Font de la Trilla are higher than the genetic pair-wise 

distances between individuals from sexual population (Fig. 4C; Fig. S4).  

Figure 4. Genetic diversity estimation at intraindividual and population level. Box plots of (A): 
intraindivdual nucleotide diversity and (B): intraindividual haplotype diversity calculated in asexual 
individuals belonging to D. etrusca sensu lato and D. liguriensis sensu lato (left) and D. 
subtentaculata (right) estimated from Dunuc12 marker. (C): Distribution of TN93 pairwise genetic 
distance in sexual and asexual populations of D. etrusca sensu lato and D. liguriensis sensu lato 
calculated from 1984 SC
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3.3. Effect of asexual taxa in species tree inference  

We obtained the per branch quartet support and the branch support (local 

posterior probability) in the species tree obtained with the MSC method from datasets 

1-3. Figure 5 shows the quartet support and local posterior probability for the three 

possible topologies around the internal branches of the Iberia-Apennines-Alps-plus 

clade. The red arrows indicate the most controversial nodes in the phylogeny. The 

values of quartet support indicate the amount of gene tree conflict around a branch. 

Values close to 0.33 indicate a very high level of discordance around the branch (Fig. 

5).  

In the case of the tree obtained from dataset 1 (Fig. 5A), two discordant nodes 

are shown; the node that joins samples from Font de la Trilla and Berga (nodes 49 and 

60 in Supplementary Figure S5A). In addition, the final normalized quartet support of 

this tree is low (FNQS=0.71) and the DensiTree is very blurred. 

When the samples from Berga were removed, the nodes around the samples 

from Font de la Trilla continued showing discordance (Fig. 5B; Fig. S5B). The individual 

trees show a less burred pattern and the FNQS is slightly greater (0.77). 

From the dataset 3, a different topology was obtained (Fig. 5C). In this analysis 

were eliminated all asexual samples from the Iberian Peninsula. Unlike datasets 1 and 

2, in this case D. ilvana and D. etrusca s.s form a monophyletic group. None 

discordant-nodes are shown in this tree. The quartet supports and the branch supports 

on the internal branches are high (Fig. S5C). Furthermore, the individual trees show a 

more defined pattern and the FNQS is higher than in the previous topologies (0.82). In 

addition, the ML tree obtained from this dataset, shows the same topology and high 

bootstrap values (Fig. S6, Table S4). 

3.3.1. Topology test 

Taking into account the discordant results regarding the position of D. ilvana, 

we tested the topologies obtained with dataset 3 [Tree 1 (D. gonocephala, (D. 

liguriensis sensu stricto, (D. ilvana, D. etrusca sensu stricto)));] and the previously ones 

[Tree 2 (D. gonocephala, (D. ilvana, ( D. liguriensis sensu stricto, D. etrusca sensu 

stricto)));]. All tests showed a significantly better adjustment to the data than to the tree 

1 (Table 2), supporting the topology where D. ilvana is sister group of D. etrusca sensu 

stricto (Fig. 3C, Fig. S4) when the Iberian populations were removed from the analyses. 
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Figure 5. Species trees obtained using Multispecies Colaescent Model (MSC) from three data sets 
of single copy orthologs and different sample composition. The figure caption continues in the next 
page 
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Table 2. Results of topology test between Tree 1 and Tree 2, using the Dataset 3. 

Tree LogL deltaL Bp-RELL P-KH P-SH C-ELW P-AU

1 
-

4466502,48 0 1+ 1+ 1+ 1+ 1+ 

2 
-

4466713,34 210,86 0- 0- 0- -1,97E-42 -1,41E-61
deltaL:      logL difference from the maximal logl in the set. 
bp-RELL: bootstrap proportion using RELL method 
p-KH: p-value of one sided Kishino-Hasegawa test
p-SH: p-value of Shimodaira-Hasegawa test

c-ELW:    Expected Likelihood Weight
p-AU:       p-value of approximately unbiased (AU) test
Plus signs denote the 95% confidence sets. 
Minus signs denote significant exclusion. 

4. Discussion

Phylogenies describe the diversification process through bifurcated branches. 

Thus, dichotomous nodes with high support values are always the expected topology 

to validate any phylogenetic relationship. In the same way, monophyly constitutes a 

qualitative measure to validate taxa, and it is expected that taxonomic categories 

always correspond with monophyletic groups. When this pattern disappears, the first 

doubts hover around the methodologies used and the systematic errors associated 

with them. 

Here, we studied an unexpected topological pattern associated to the inclusion 

of asexual individuals in phylogenetic analyses. In addition, we analysed how the 

genetic information carried by asexual taxa affect the tree inference. 

Figure 5 cont. (A): MSC tree from data set 1 containing all samples belonging to the Iberian-
Apennines-Alps-plus clade. (B): MSC tree from dataset 2 excluding the samples from Berga locality. 
(C): MSC tree from dataset 3 excluding all samples from the Iberian Peninsula. The per branch 
quartet support and the branch support (local posterior probability) values for the main and the 
alternative topologies are shown on the branch in pie charts. The red arrows indicate discordant 
topologies around a branch and the big pie charts the corresponding quartet support values. Scale 
bar: Coalescent Units (MCM). FNQS: Final normalized quartet score. See Supplementary Table S4 
and Figure S5 for more information about the support values of the branches. The individual trees 
are represented in DensiTree schemes in green. 
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4.1. The ladder-like topology is not an artifact of phylogenetic reconstruction 

The species D. etrusca s.s and D. liguriensis s.s were described for the first 

time based on morphological characters of the reproductive apparatus, just as is 

common in freshwater planarians (Benazzi, 1946; De Vries, 1988). Asexual 

populations from the Iberian Peninsula have been reported without being possible its 

accurate identification to one species or another using specific molecular markers 

(Baguñà et al., 1999; Lázaro et al., 2009). Using transcriptomic data, a larger sampling 

size, and different inference methods were obtained odd topologies in the phylogenies 

(Chapter IV.1). The trees obtained using ML approach showed an unexpected ladder-

like pattern of asexual individuals and a paraphyletic topology for D. liguriensis s.l (Fig. 

S1A). When asexual representatives from Berga population were removed from the 

dataset, ML tree recovered a monophyletic topology for the two species, but asexual 

samples grouping with D. etrusca s.s continued showing the ladder-like topology (Fig. 

S1C). On the other hand, the MSC method recovered two monophyletic groups, but it 

cast doubt on the assignment of Berga's samples, since different samples were placed 

with different species (Fig. S1B and D). Additionally, all trees showed low support 

values on the nodes joining the asexual samples from Font de la Trilla and Berga. 

Orthologs selection can lead to incorrect topology inference, which is one of 

the most sensible steps in phylogenomics (Fernández et al., 2020; Kapli, Yang, & 

Telford, 2020). In Chapter IV.1 was used OrthoFinder (Emms & Kelly, 2019) software 

for ortholog search from transcriptomic data. This method infers orthogroups across 

multiple species based on pairwise sequence similarity between all sequences. It 

defines an orthogroup as the set of genes descended from a single gene in the last 

common ancestor of all species under consideration (Emms & Kelly, 2015). 

OrthoFinder currently constitutes one of the most accurate methods for orthology 

inference (Deutekom, Snel, & Van Dam, 2021; Emms & Kelly, 2019). To corroborate 

that the ladder-like pattern observed in the previous study is not a product of ortholog 

error, we conducted a new ortholog search using OMA, which identifies the orthologs 

using a reference database with high performance (Altenhoff, Schneider, Gonnet, & 

Dessimoz, 2011). With OMA we recovered 2,570 orthologs, several more than with 

OrthoFinder, a situation that has been reported in other studies comparing both 

software (Altenhoff et al., 2019). The ML trees obtained with the SC discovered with 

OMA recovered the same ladder-like topology of asexual individuals with both protein 
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and nucleotide sequences (Fig. 2). Also, the paraphyly of D. liguriensis was recovered 

with nucleotide data (Fig. 2B). These results corroborate the topologies obtained with 

the SC discovered by OrthoFinder, indicating that the ladder-like pattern is not an 

artifact of ortholog inference. 

Additionally, it would be logical to think that an artifact produced by an incorrect 

orthologs estimation would affect the whole tree, showing anomalous topologies in all 

groups. However, this pattern has only been shown by asexual individuals belonging 

to the Iberia-Appenines-Alps-plus clade (Chapter IV.1). 

For a second validation, we took advantage of the approaches developed to 

extract phylogenetic information from paralog genes. The use of paralogs with 

adequate approaches, specially MSC methods, have been expanded in 

phylogenomics as another source of phylogenetic information since obtaining single 

copy gene sets can become more difficult when more divergent species are included 

in the analyses (Hellmuth et al., 2015; Yan, Smith, Du, Hahn, & Nakhleh, 2022). The 

species trees inferred including the set of paralogs showed the same ladder-like 

topology, with a consequent decrease of support due to the use of paralogs (Fig. 3), 

demonstrating that this topology is as real as ancient and can be recovered even from 

paralog information. 

In conclusion, we have demonstrated that although the ladder-like topology is 

weird, it is not an artifact of the methodology used. Otherwise, we propose that this 

topology represents the phylogenetic footprint of ancient fissiparity in these 

populations, which have been for a long time without recombination. 

4.2. Ancient asexuality in the Iberian-Apennines-Alps-plus clade 

Using different methodologies, we have shown that the ladder-like pattern is 

not an effect of systematic errors but the consequence of a real underlying biological 

process. We suspect that this pattern can be reflecting the effect of ancient asexuality 

in Iberian populations that belong to the Iberian-Apennines-Alps-plus clade. 

Because this pattern was more obvious in the populations from Font de la Trilla 

and Berga, with more individuals sampled, we only refer to these populations and seem 

that we leave the population from Font de l’Us in the backstage. The issue with this 

population is that only two individuals were sampled, and they group with D. etrusca 

with high support values. In this scenario, it is impossible to know if this population has 
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a “standard” monophyletic grouping, or it can show the ladder-like pattern if more 

individuals are included in the analyses. If from Font de la Trilla and from Berga, we 

had only analysed individuals DspTrilla_6, DspTrilla_5, DspBerga_3, and DspBerga_4 

maybe this debate wasn't happening since they constitute monophyletic groups per 

population (Fig. S1A-D). Moreover, the fact is that Berga and Font de la Trilla revealed 

this unexpected topology, even in the trees done with Cytochrome Oxidase I for an 

initial species assignment (Chapter IV.1). 

We hypothesize that contrary to D. subtentaculata lineage, in which asexual 

populations have never shown a ladder-like pattern, the Iberian-Appenies-Alps-plus 

clade has been under long-term asexuality without recombination events. (Leria, 

Riutort, Romero, Ferrer, & Vila-Farré, in press) dates the diversification of Iberian-

Appenies-Alps-plus clade around 17 Mya and the D. subtentaculata diversification in 

Iberian Peninsula approximately 1.69 Mya. In Chapter IV.1 it was proposed that the 

ancestor of D. etrusca-D. Liguriensis lineage could be also asexual and colonized the 

Iberian Peninsula through fauna corridors in the Eastern Pyrenees, early in its 

diversification process along the Western Mediterranean. In addition, Leria et al., 

(2019) propose the shift between sexual and asexual reproduction as a strategy during 

D. subtentaculata evolution. 

Here we used several approaches to confirm the ancient asexuality of Berga 

and Font de la Trilla populations with respect to the D. subtentaculata lineage. First, 

we used the GC content in the third codon position as a recombination measure (Fig. 

S2). Under higher recombination rates, it is expected an increase of GC content due 

to the gbGC (Webster and Hurst 2012). This calculation has been used as measure of 

the lack of recombination in ancient asexual lineages in Timema stick insects (Bast et 

al., 2018). However, here we did not detect a considerable change between sexual 

and asexual individuals. The low content of GC in freshwater planarians 

transcriptomes has been reported before (Abril et al., 2010; Nelson Hall et al., 2021; 

Resch, Palakodeti, Lu, Horowitz, & Graveley, 2012). Nevertheless, although it is 

suspected that the high variation of GC content in Platyhelminthes can be related to 

some adaptive trait (Lamolle, Fontenla, Rijo, Tort, & Smircich, 2019), there is no clear 

explanation for this. We hypothesize that a high AT content in planarian genomes can 

favour the active DNA replication processes that take place in these organisms 

regarding the cellular turnover and regeneration, but further studies are necessary to 
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corroborate it. In consequence, planarians do not show the expected shift in GC 

content related to recombination events. 

Second, we used intraindividual diversity parameters to compare the effect of 

asexuality in the Iberian-Appenies-Alps-plus clade and in the D. subtentaculata 

lineage. For that, we validated the Dunuc12 marker as a good marker for intraindividual 

genetic diversity studies. Although OrthoFinder does not classify Dunuc12 as SC, we 

can corroborate that Dunuc12 is a single copy gene in the Dugesia genome. First, all 

sequences are grouped only in one orthogroup in two ortholog searches; and second, 

the trees did not show a paralog topology (Text S1). Additionally, these trees 

corroborated that the coding region of this marker is not informative, and all variability 

is found in the intron. 

Then, we analysed the Meselson effect as a measure of long-term asexuality. 

We obtained a higher intraindividual nucleotide diversity in asexual populations 

belonging to Iberian-Apennines-Alps-plus clade than in asexual populations belonging 

to D. subtentaculata lineage (Fig. 4A). This result supports the premise that Berga and 

Font de La Trilla populations have been evolving without recombination for a longer 

period of time than the asexual populations of D. subtentaculata. 

Although these signals also can be found in asexual species originated from 

recent hybridization (Lunt, 2008), here we discard this option since the hybrid origin of 

asexual Iberian populations is biogeographically unfeasible, and a facultative sexual 

ancestor of sexual and asexual lineages is a most plausible hypothesis (Chapter IV.1). 

In agametic clonal organisms it is common to find genetic mosaicism due to 

the inheritance of somatic mutations from the parents (Gill, Chao Lin, Perkins, & Wolf, 

1995). Leria et al., (2019) described the Mosaic-Meselson-effect in D. subtentaculata 

by the first time, as a consequence of asexuality that combine the Meselson effect with 

high mosaicism levels in agametic organisms.  

Here, we also found that asexual populations of D. etrusca s.l and D. liguriensis 

s.l show high levels of intraindividual haplotype diversity (Fig. 4B, Table S3), indicating 

that the Mosaic-Meselson effect is also occurring in these lineages. The slightly lower 

values of this parameter found in D. etrusca-D.liguriensis s.l compared to D. 

subtentaculata, likely result from a higher number of intraindividual sequences 

obtained in the last mentioned species (Leria et al., 2019). 
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Another way to show the Meselson effect is analyzing the haplotype networks. 

Our haplotype networks showed the typical Meselson effect pattern and are similar to 

those shown by Leria and collaborators for sexual and asexual individuals. Highly 

divergent haplotypes in asexual individuals (Fig. S3A) and star-like pattern in sexual 

ones (Fig. S3B). Therefore, the accentuated Meselson effect found in Berga and Font 

de La Trilla populations is a reliable proof of the oldest asexuality of these lineages and 

could explain why asexual D. subtentaculata populations do not show the ladder-like 

pattern. 

Finally, our last way to test the ancient asexuality of the Iberian populations of 

D. etrusca and D. liguriensis was to investigate the putative accumulation of 

deleterious mutations in these populations (i.e., the putative existence of Müller's 

Ratchet). To do so, we analyzed the proportion of non-synonymous and synonymous 

mutations (Ka/Ks) in the same coding region of Dunuc12 in these populations and 

compared it with the asexual populations of D. subtentaculata. Surprisingly, we found 

that the coding region of Dunuc12 was extremely conserved in the asexual populations 

of D. etrusca s.l and D. liguriensis s.l, hindering the calculation of this parameter in 

most individuals. Nevertheless, the very few mutations found in these populations were 

indeed in most cases non-synonymous (Table S3), pointing to a potential existence of 

Müller Ratchet. 

4.3. The ladder-like topology; a new genomic footprint of ancient fissiparity 

Basing on the aforementioned results, here we propose the theoretic 

framework leading to the ladder-like pylogenetic footprint caused by ancient fissiparous 

reproduction. The footprint of asexuality in the evolutionary history of lineages lies on 

the biological characteristics of the organisms. The Meselson effect is the 

consequence of the lack of recombination. Under this situation the alleles in the 

population are not homogenized, leading to highly differentiated alleles inside the same 

individual, that could be more related with homologous alleles from other populations 

(Birky, 1996; Schwander et al., 2011; Welch & Meselson, 2000) (Fig. 6A). However, in 

lineages that combine both reproductive strategies, the pattern shown by sexual and 

asexuals is different. In this case, the intraindividual divergence (ID) of alleles in 

sexuals will be shorter than the ID of asexual ones, which coalesce back in time (Fig. 

6B). 
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In the case of planarians, the fissiparity implies the expansion of clonal 

lineages in the population through time. After long evolutionary time without 

recombination, every clonal lineage will be differentiated, drawing their own genetic 

diversity. To demonstrate this effect under long term fissiparity, we calculated the pair-

wise distances based on transciptomic data in sexual populations of D. etrusca and D. 

liguriensis and asexual population from Berga and Font de La Trilla. The genetic 

Figure 6. Theoric framework to explain the ladder-pattern topology of asexual individuals in 
phylogenetic trees and the complexity of species assignment of asexual populations. (A): Figure 
reproduced from Schawander et al., (2011) showing the expected topologies under both 
reproduction mode and the Meselson effect. (B): Scheme showing the expected topologies when 
both reproduction modes are combined. (C): Scheme representing the evolutionary path of sexual 
and asexual lineages descendants from a common ancestor. The sexual lineages evolve until 
become differentiated species. However, in the asexual lineage the alleles are no homogenised by 
recombination. Therefore, the Meselson effect is plausible at intraindividual level. After a very long 
time without recombination, different fissiparous lineages go to coexist in the population, every one 
with a differentiated alleles pull. Individuals belonging to differentiated fissiparous lineages coalesce 
very back in the time, showing the ladder-like pattern. In addition, the asexual population also acts 
as reservoirs of ancient haplotypes that shared with the sexual populations. Because that, the 
asexual fissiparity lineages split earlier than the sexual differentiated lineages in the tree, and their 
species assignation is doubtful. 
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distances, calculated from 1984 SC, between asexual individuals were higher than 

between sexual individuals (Fig. 4C; Fig. S4), supporting that under long term 

asexuality the recombination does not homogenize the pool of alleles within 

individuals, and neither within the population, leading to the existence of independent 

lineages of fissiparity. 

Under the scenario where sexual and fissiparous lineages evolve from the 

same ancestor, the species tree will show the footprint of both reproductive strategies 

(Fig. 6C). While sexual lineages evolve becoming differentiated species, in asexual 

lineages the lack of recombination produces Meselson effect at an intraindividual level. 

Under longer asexuality without genetic crossing, distant fissiparous lineages 

accumulate high amounts of divergence between them. Therefore, individuals 

belonging to ancient divergent fissiparous lineages coalesce very back in the time. 

Then, the phylogenetic trees show the descendants of divergent ancient lineages in a 

ladder-like pattern. The probability to find representatives of these lineages will depend 

on the population size. Thus, in a random sampling it is possible to find also related 

individuals belonging to the same lineage, whose coalescence point is more recent in 

the time (Fig. 6C). 

Additionally, these asexual “independent lineages” split earlier than the sexual 

differentiated lineages in the tree because the asexual populations also act as reservoir 

of ancestral polymorphisms, attracting the related sexual lineages. This ancestral 

relationship, conserved by asexuality masks the diversification process of the group 

and made unachievable the species assignation of asexual populations, since asexual 

lineages coalesce with those sexual ones far back in time, when the sexual lineages 

were not differentiated yet. 

Systematics of asexual taxa constitute a challenge for taxonomist specialists 

(Fehrer, Krak, & Chrtek, 2009; Hörandl, 2018; Martens, Rossetti, & Baltanás, 1998), 

and the taxonomy and systematics of asexual lineages have been belittled due to the 

evolutionary constrains of asexuality (Fontaneto et al., 2007). Following the definition 

that establishes the species as separately evolving metapopulation lineages (De 

Queiroz, 2007), it could be plausible to describe the asexual populations from the 

Iberian Peninsula as different species. However, this group would not meet the 

monophyly principle to be considered a clade because the individuals are grouped in 

a ladder-like topology. In the case of the Berga population the species assignment is 
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more confused, due to the grouping with both species. Therefore, we decide to 

continue using sensu estricto as reference to sexual populations and sensu lato as 

reference to the two lineages including asexual populations. Since no morphological 

characters are available for systematic studies in asexual freshwater planarians, and 

the genetic diversity of asexual populations is shaped by the fissiparity, new theoretical 

frameworks are necessary to include the diversity of reproductive strategies in our 

taxonomic system of classification. 

4.4. Ancient asexual lineages confound phylogenetic inference. A new challenge 
for evolutionary studies in freshwater planarians 

The inclusion of asexual individuals in phylogenetic analyses also affect the 

relationship with closer related groups. Figure 5 shows the analysis of different 

datasets and how the support of species trees increases with the elimination of asexual 

individuals. Full dataset 1 (Fig. 5A) shows the lowest FNQS, indicating highest 

discordance among gene trees. Unexpectedly, when all asexual representatives are 

excluded, the tree shows D. ilvana as the sister group of D. etrusca s.s, instead of 

being sister to the clade formed by D. etrusca s.s and D. ligurienses s.s (Fig. 5C). This 

topology was not recovered in any analysis performed in Chapter IV, which always 

included representative samples of the asexual lineages in the datasets. However, 

Lázaro et al (2009), recovered a low supported relationship between D. etrusca and 

D. ilvana. Moreover, this topology is highly supported here by the MSC method (Fig.

5C; Fig. S5 C), ML method (Fig. S6) and topology tests (Table 2).

These results point to new biogeographic hypotheses to explain the 

diversification of the Iberia-Apennines-Alps-plus clade. Based on the results obtained 

in Chapter IV was proposed that the ancestor of D. ilvana split first from D. etrusca-D. 

liguriensis ancestor. However, they already pointed that the timing for this split based 

on the dating analysis in Leria et al (in press) did not support such an ancient split. 

Additionally, taking into account that Elba Island was formed by Apennines outcrops 

(Bortolotti, Fazzuoli, et al., 2001; Bortolotti, Pandeli, & Principi, 2001), it is more 

plausible that D. ilvana shared a common ancestor with the Apennines species D. 

etrusca s.s. Biogeographical studies have demonstrated that Elba Island was 

connected with Tuscany by a natural land bridge during the Pleistocene (Dapporto & 

Cini, 2007; Di Nicola & Vaccaro, 2020; Fattorini, 2009). Therefore, several animal 
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groups in the Island show a phylogenetic relationship with the Tuscan archipelago 

fauna (Fattorini, 2009 and references therein; Di Nicola & Vaccaro, 2020; Dapporto & 

Cini, 2007). 

We suspect that the inclusion of the asexual lineages introduced ancestral 

polymorphisms maintained in the different fissiparous lineages shared by D. liguriensis 

and D. etrusca, reinforcing the ancestral relationship against the more recent splitting 

with D. ilvana. Ancestral polymorphisms can lead to incongruent phylogenetic 

hypothesis (Moran & Kornfield, 1993; MacEachern, McEwan, & Goddard, 2009). 

Moreover, the effect of ancestral shared polymorphisms in phylogeographic 

reconstructions based on molecular data has been demonstrated in several taxa 

(Boluda, Rico, Naciri, Hawksworth, & Scheidegger, 2021; Bowie, Fjeldså, Hackett, 

Bates, & Crowe, 2006; Du et al., 2019; B. Wang et al., 2019). Therefore, ancient 

asexual populations acting as reservoirs of ancestral polymorphisms will introduce 

noisy information that the phylogenetic inference methods incorporate as support of 

alternative phylogenetic hypotheses, which do not reflect the real species tree. 

Summarizing, here we demonstrated that ancient asexuality in agametic 

organism can lead to a ladder-like topology showing the descendants of differentiated 

clonal lines as independent lineages that split earlier than the sexual clades in the tree. 

In addition, the asexual populations retain ancestral polymorphisms shared by the 

sexual ones, reinforcing the ancestral relationship against more recent splittings. Since 

the reproductive strategies shape the genetic diversity of populations and lead to 

differentiated genetic backgrounds between sexual and asexual lineages, the 

discordance between gene trees and species trees can increase and affect the 

phylogenetic inference. Therefore, we recommend the use of MSC methods against 

concatenation methods for species tree estimation with large datasets, especially in 

cases with putative ancient asexuals. These methods offer a framework based on 

Coalescent Theory that reconstruct in a better way the ancestral relationship between 

sexual and asexual lineages. Additionally, is highly recommendable to test different 

phylogenetic hypothesis with different datasets to study the effect of the inclusion of 

asexual representatives on the trees. Unfortunately, the inference methods and 

evolutionary models are designed based on sexual reproduction premises, and do not 

contemplate the effects of the lack of recombination or different ploidies. New 
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frameworks including these issues are necessary to reconstruct the evolutionary 

history of asexual lineages in the Tree of Life. 
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Supplementary Material 

Supplementary tables S1, S2, and S4, are available at Riutort´s Lab site 
 
 

Table S3. Intraindividual diversity parameters calculated in individuals belonging to two 
different asexual lineages. Haplotype and nucleotide diversity were calculated from a 
Dunnuc12 region of 691 positions in subtentaculata lineage and 690 positions in etrusca-
liguriensis lineage. The proportions of non-synonymous and synonymous mutations were 
calculated from the same coding region of 120 positions in both lineages. 

Individual Lineage 
Haplotype 
Diversity 

(Hd) 

Nucleotide 
Diversity 

(Pi) 

Proportion of 
Non-

synonymous 
mutations (Ka) 

Proportion of 
Synonymous 

mutations 
(Ks) 

Ka/Ks 

Estella1A subtentaculata 0,909 0,0086 0,0018 0,0281 0,0624 
Estella2A subtentaculata 0,872 0,0069 0,0016 0,0132 0,1225 
Estella3 subtentaculata 0,838 0,0077 0,0028 0,0230 0,1213 
SantaFe1A subtentaculata 0,894 0,0129 0,0008 0,0458 0,0164 
SantaFe2A subtentaculata 0,885 0,0117 0,0000 0,0453 0,0000 
SantaFe3A subtentaculata 0,929 0,0123 0,0000 0,0378 0,0000 
Truchas1A subtentaculata 0,901 0,0106 0,0030 0,0346 0,0871 
Truchas2 subtentaculata 1 0,0146 0,0018 0,0496 0,0353 
Truchas3 subtentaculata 0,824 0,0080 0,0015 0,0188 0,0799 
Berga_2 etrusca-liguriensis 0,6820 0,0165 0,0018 0,0000 NA 
Berga_3 etrusca-liguriensis 0,9640 0,0221 0,0053 0,0107 0,4907 
Berga_5 etrusca-liguriensis 0,8900 0,0190 0,0015 0,0000 NA 
Trilla_3 etrusca-liguriensis 0,6000 0,0173 0,0000 0,0000 NA 
Trilla_5 etrusca-liguriensis 0,7270 0,0152 0,0000 0,0000 NA 
Trilla_6 etrusca-liguriensis 0,8890 0,0189 0,0000 0,0000 NA 
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Figure S1. Phylogenetic trees obtained in Chapter IV.1 using Maximum Likelihood (ML) and 
Multispecies Colaescent (MSC) model from two data sets of single copy orthologs. Dataset 1 contains 
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Figure S5
Per branch quartet support (q) and branch support (local posterior probability: pp) for the main (1) and the 
alternatives topologies (2, 3) for MSC trees obtained in ASTRAL-pro. The trees have been obtained in 
AstralPlane using ASTRAL-pro output and the blue circles indicate a numeric code for the nodes. The red 
arrows indicate discordant topologies and the correspondent values are highlated in grey on the tables. 
(A): Dataset 1: contains all samples belong to the Iberian-Apennines-Alps-plus clade. (B): Dataset 2: 
Samples from Berga locality have been removed. (C): Data set 3: Samples from Iberian Peninsula have 
been removed. See Supplementary Table S4 for more information.
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Figure S6. ML tree obtained from dataset 3 in IQ-TREE for nucleotide data. Bootstrap 
values are shown on the nodes. The black dots represent the maximum value (100). Scale 
bar: substitutions per site.
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Supporting Information Text S1  

Methodology to search for Dunuc12 in the transcriptomic data 

Dunuc12 (Dugesia nuclear 12) is a fragment of the nuclear gene Transmembrane p24 

trafficking protein 9 (TMED9), which is a transport protein transmembrane domain. This 

nuclear marker was identified from low coverage genomic sequences of Dugesia sp 

blasted against the genome of Schmidtea mediterranea SXl v4.0 (Leria et al., 2020) 

and subsequently used for species delimitation and intraindividual genetic diversity 

analyses in different studies on the genus Dugesia (Dols-Serrate, Leria, Aguilar, 

Stocchino, & Riutort, 2020; Leria et al., 2020; Leria, Vila-Farré, Solà, & Riutort, 2019). 

In this study, we cloned the Dunuc12 in 8 samples from the etrusca-liguriensis group 

to examine the intraindividual genetic diversity of sexual and fissiparous individuals. 

The obtained length of the Dunuc12 sequences was 680 positions, with an exonic 

region of 120 positions. 

In this section, we describe the methodology used to find the exonic region of Dunuc12 

in our transcriptomic data. We perform the steps as follow: 

 

1. Extract the exonic region: 

We aligned the entire sequences of the obtained clones of D. etrusca  and D. liguriensis 

with sequences of Dunuc12 previously characterized and annotated (Leria et al., 2019) 

to find the exonic regions in the global alignment. We obtained 120 exonic positions of 

every cloned sequence. From the alignment of these 120 positions, we obtained a non 

resolved maximum likelihood tree (Fig. 1A in this text). This result is not rare, since the 

most variable regions in Dunuc12 have been found in the introns (Leria et al., 2019). A 

more resolutive tree was obtained when we included all the entire cloned sequences 

(Fig. 1B) 

 

2. Search for the exonic region in the transcriptomic data: 

We blasted every cloned sequence against the corresponding transcriptome using 

blastn with the script BLASTn_Dunuc.sh. We performed two blast searches, one 

against the transcriptome without filtering, just after the assembling step, and another 

one against the filtered transcripts after the Blobtools step (Chapter IV.1). The results 
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were identical in both cases, demonstrating that we retain Dunuc12, even after the 

filtering steps. 

For every sample, the cloned sequences always matched against the same transcript, 

with very high identity percent, and bitscore, as well as low e-value (Table 1 in this 

text). 

 

3. Transcript identification: 

Taking advantage of the results obtained in the filtering steps with Blobtools, we used 

the Blastn of the transcriptome against the nucleotide database (Chapter IV.1) to 

validate the transcript identification. All the matched transcripts by the cloned 

sequences, yield also, hit against sequences from Dugesia identified as TMED9 in the 

nucleotide database of NCBI identified with the GeneBank accession codes 

MK713132-54 (Leria, et al., 2019). 

 

4. Extract the coverage of the Dunuc12 region in the transcripts: 

Working with the bam files previously obtained for Blobtools filtering, we obtained the 

per-base coverage of the 120 positions of Dunuc12 in the transcripts using samtools 

depth with the -a option, and the media coverage by region with mosdepth tool using 

the -n option (Fig. 2 in this text). 

In addition, we visualized the transcripts in IGV, specifically the region where the cloned 

sequences matched.  We explored these regions in IGV looking for polymorphic 

positions, but any position showed polymorphism; just as we expected taking into 

account the low variability of exonic regions of the Dunuc12. 

 

5. Search for Dunuc12 in the orthogroups: 

To check if Dunuc12 had been assembled in our transcriptome and to corroborate that 

this gene is a Single Copy, we looked for the matched transcripts in all orthogroups 

using the scripts look_Dunuc12_in_OG.sh and 

look_Dunuc12_in_OG_all_samples.sh. The exploration was done in the two orthologs 

search performed; the search with all samples (WM_717) and the search with samples 

from the etrusca-liguriensis group (etru-ligu_1984) (Chapter IV.1). We found that all 

transcripts formed only one orthogroup in the two searches: OG0010797 in etru-
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ligu_1984, and OG0007336 in WM_717. Unfortunately, any of the two orthogroups was 

defined as SC orthogroup by Orthofinder. 

In the case of etru-ligu_1984, the sample DliguSas_2 (not included in the cloning 

analysis) did not show any transcript into OG0010797, although one transcript 

matched with Temed9 in the blastn against nucleotide database of NCBI , indicatingthat 

this transcript was lost in the filtering steps. In addition, the sample Dgono_8 

contributes with two transcripts to the orthogroup, being Dgono_8_DN38329_c0_g1_i1 

a very rare sequence, that could be interpreted as a failure of the orthologs search. 

In the case of the WM_717 search, in addition to the two problems explained above,  

we found more problematic sequences: DbenCors_North_3_DN37816_c0_g2_i1 was 

very rare, and Dvila_2_DN7972_c0_g1_i1.p2 was a partial isoform that was not 

eliminated with the filtering. 

 

6. Maximum likelihood trees inference from Dunuc12 orthogroups: 

We eliminated the problematic sequences in OG0010797 (etru-ligu_1984), aligned the 

block, and obtained trees from nucleotide and protein sequences using IQ-TREE (Fig. 

3 in this text). The low resolution of these trees was congruent with the previous results, 

which describe the most variability in the intronic regions of Dunuc12 and not in the 

exons, more exposed to gene regulatory mechanisms. In addition, the trees show the 

topology of a region that has not suffered any duplication event in the evolutionary 

history of the group. 

 

Main conclusion: 

Although the OrthoFinder does not classify Dunuc12 as SC (because of artifacts in the 

assemblies, and failures in filtering or OrthoFinder runs), we have enough proofs to 

corroborate that Dunuc12 is not a paralog and it is a Single Copy gene in the Dugesia 

genome. In the first place, all sequences are grouped only in one orthogroup in every 

orthologue search. As a second point, the trees show the typical topology of Single 

Copy genes. These results validate the intronic region of Dunuc12 as a good marker 

for studies on intraindividual genetic variability in the genus Dugesia. 
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Table 1. Results of the Blastn of cloned sequences against their respective transcriptome. 
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DspBerga_2 1360.2 12 217/222  TRINITY_DN1077_c0_g1_i3 99.167/100 120 1 0 1 120 404 285 2.87E-56

 TRINITY_DN1077_c0_g1_i2 99.17 120 1 0 1 120 404 285 2.87E-56
 TRINITY_DN1077_c0_g1_i4 99.17 120 1 0 1 120 404 285 2.87E-56

DspBerga_3 1360.3 8 217/222  TRINITY_DN3226_c0_g1_i2 99.167/100 120 1 0 1 120 468 349 4.06E-56
217  TRINITY_DN3226_c0_g1_i1 99.17 120 1 0 1 120 468 349 4.06E-56

DetruBerg_5 1360.5 14 217/222  TRINITY_DN6190_c0_g1_i1 99.167/100 120 1 0 1 120 450 569 4.6E-56
DspTrilla_3 1265.3 10 222  TRINITY_DN1320_c0_g1_i2 100.00 120 0 0 1 120 473 592 9.36E-58
DspTrilla_5 1361.3 11 222  TRINITY_DN596_c0_g1_i1 100.00 120 0 0 1 120 590 471 8.57E-58

222  TRINITY_DN596_c0_g1_i4 100.00 120 0 0 1 120 590 471 8.57E-58
DspTrilla_6 1361.4 10 222  TRINITY_DN784_c0_g1_i1 100.00 120 0 0 1 120 402 283 8.6E-58

222  TRINITY_DN784_c0_g1_i2 100.00 120 0 0 1 120 402 283 8.6E-58
222  TRINITY_DN784_c0_g1_i3 100.00 120 0 0 1 120 402 283 8.6E-58

DetruPie_2 1355.2 10 217/222  TRINITY_DN92587_c0_g1_i1 99.167/100 120 1 0 1 120 404 285 3.76E-56
DliguGarda_1 1302.3 14 222/217  TRINITY_DN77494_c0_g1_i1 100/99.17 120 0 0 1 120 450 569 7.2E-58
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Figure 1. Phylogenetics trees obtained from cloned sequences of Dunuc12. (A) Only exonic region 
and (B) total sequenced fragment. 
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Figure 2. Average coverage of identified transcript as Dunuc12 region by sample. See Table 1 
for complete transcripts names. 

Figure 3. Phylogenetic trees obtained from the orthogroup OG0010797 identified as Dunuc12 in 
the ortholog search of etrusca-liguriensis group 
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