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A B S T R A C T   

The Mediterranean is one of the most biodiverse areas of the Paleartic region. Here, basing on large data sets of 
single copy orthologs obtained from transcriptomic data, we investigated the evolutionary history of the genus 
Dugesia in the Western Mediterranean area. The results corroborated that the complex paleogeological history of 
the region was an important driver of diversification for the genus, speciating as microplates and islands were 
forming. These processes led to the differentiation of three main biogeographic clades: Iberia-Apennines-Alps, 
Corsica-Sardinia, and Iberia-Africa. The internal relationships of these major clades were analysed with 
several representative samples per species. The use of large data sets 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, our results support the differentiation of D. benazzii in two 
lineages which could represent two species. Finally, we analysed here for the first time a comprehensive number 
of samples from several asexual Iberian populations whose assignment at the species level has been an enigma 
through the years. The phylogenies obtained with different inference methods showed a branching topology of 
asexual individuals at the base of sexual clades. We hypothesize that this unexpected topology is related to long- 
term asexuality. This work represents the first phylotranscriptomic analysis of Tricladida, laying the first stone of 
the genomic era in phylogenetic studies on this taxonomic group.   

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 geological changes as has been demonstrated for the genus 
Dugesia (Leria, et al., 2022; Solà et al., 2013; Solà et al., 2022). This 
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genus has a broad distribution covering Eurasian, African and Austral
asian regions. Based on molecular data and biogeographic analyses it 
has been proposed that Dugesia arrived in Western Europe from Africa 
through terrestrial connections in the Eocene, 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., 2022). 

Thirteen species of Dugesia are described as endemic from the 
Western Mediterranean and belonging to the molecularly defined 
Western Mediterranean clade (Leria et al., 2022; Solà et al, 2022); being 
D. gonocephala (Dugès, 1830), 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 (Leria et al., 2022). On the other hand, D. sicula Lepori, 1948 
and D. maghrebiana Stocchino et al., 2009, also present in the Mediter
ranean region, belong to a different and very distant African lineage 
(Solà et al., 2022); although there are no molecular data for the latter 
species, its chromosome number and anatomy clearly point to its 
belonging to the African clade (Stocchino et al., 2009). 

Despite its diversity, the evolutionary history of Dugesia in the 
Western Mediterranean is still not resolved. Morphological studies have 
been limited principally because of the presence of several asexual 
populations in the region (Fig. 1). Asexual reproduction prevents the 
assignment of populations to species due to their lack of reproductive 
structures, which are the principal source of evidence for taxonomic 
assignment. Thus, for many years most Mediterranean Dugesia pop
ulations 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 (Baguñà et al., 
1999, Lázaro et al., 2009), demonstrating that DNA sequences facilitated 
the assignment of individuals to its species, and also could yield infor
mation to envision their phylogenetic relationships. In that initial work, 
a basic scheme of major relationships within the group 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 molecular markers 
(Leria et al., 2022). They put the evolution of the genus in this area on 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., 2022). However, in 
their phylogeny non-supported nodes remained, and only one or two 
representatives per species were included, so the species’ internal re
lationships and evolutionary history were not analysed. 

In this respect, one of the most diverse and extended lineages in the 
Western Mediterranean Dugesia group is D. subtentaculata (Draparnaud, 
1801). This nominal species was considered one single species in the 
Iberian Peninsula, South of France, Balearic Island, and Africa for a long 
time (De Vries, 1986, 1988). However, an integrative taxonomic study 
divided it into four species: D. vilafarrei Leria, 2020, D. corbata Leria, 
2020 and D. aurea Leria, 2020, 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 distri
bution of D. subtentaculata makes the study of its population structure 
essential to understanding 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 and the noise introduced by the 
Mosaic-Meselson effect, a genetic consequence of asexuality described 
just for this species (Leria et al., 2019). 

Another interesting question regarding the species D. etrusca 
Benazzi, 1944 and D. liguriensis De Vries, 1988 has arisen recently. These 
species were considered endemic to the Tuscany and Liguria regions 
respectively (Benazzi, 1946; De Vries, 1988) and were described as 
strictly sexual. Even so, in the last decades new fissiparous reproducing 
populations from the Catalonian region in the Iberian Peninsula have 

Fig. 1. Distribution map of all Dugesia species belonging to the Western Mediterranean clade and their reproductive strategies. The locations of the sampling points 
included in this study are shown with an icon that also indicates the reproductive strategy of the sampled population (red for sexual reproduction and blue for asexual 
reproduction). The species list and distribution are based on Leria et al., (2022). *: candidate new species in Leria et al., (2020, 2022). (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.) 
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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 pop
ulations. In the Southern region of France situated between both groups 
of organisms no other population that could be assigned to one of these 
species has been found. 

A new approach is now necessary to solve the remaining un
certainties in the evolutionary history of Dugesia in the Western Medi
terranean. Nowadays, access to whole-genome information has opened 
the door to a new era in phylogenetic studies with a substantial increase 
in the informative regions to be analysed. Phylogenomics has been 
demonstrated to be a powerful approach to reconstruct molecular phy
logenies and has aided to resolve old questions about the evolution of 
life (Fernández & Gabaldón, 2020; Guijarro-Clarke et al., 2020; Li et al., 
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 et al., 
2017; Foley et al., 2019; Laumer et al, 2015) and its correct performance 
compared to genomic data has been demonstrated (Cheon et al., 2020). 

Here, for the first time, we use transcriptomic data to carry out a 
phylogenetic study on freshwater planarians, focusing on Dugesia spe
cies belonging to the West Mediterranean clade. We include represen
tatives 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 phy
logeny 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 to cover all the area. We visited known localities of 
Dugesia species as well as some new localities from April 2018 to March 
2020 (Fig. 1). Two species, Dugesia malickyi De Vries, 1984 from Mexi
ates and a candidate new species from Eleonas (Sluys et al., 2013), were 
collected in Greece to be used as outgroup (Solà et al., 2013, 2022). In 
addition, different localities from Morocco were sampled looking for 
D. tubqalis and the new species reported in Leria et al. (2020). Unfor
tunately, 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). 

Animals were fixed 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 (120 ◦C 20 min). For 
the transport of live animals, we used a 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 recom
mendations 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. 

The sexuality or asexuality of the individuals was assessed by 
observing them under the stereomicroscope and considering previous 

information about known populations. Sexual individuals were recog
nized 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 indi
vidual has taken place. Each population was assigned to one or both 
reproductive strategies. 

The 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 is summarized in 
a diagram highlighting the principal steps of all the procedure (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). 

2.3. DNA-Barcoding identification 

Samples were preliminary assigned to species level according to their 
locality based on information from previous studies (Lázaro et al., 2009; 
Leria et al., 2022). Once in the laboratory, a fragment of approximately 
800 bp of mitochondrial Cytochrome Oxidase I (COI) was used as a 
marker to corroborate the species assignment done in the field. COI was 
amplified by Polymerase Chain Reaction (PCR), using 0.4 μM of the BarT 
(Álvarez-Presas et al, 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, Wis
consin, USA) with its buffer (1X). The amplification conditions were : 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 Multi
Screen 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) to a set of sequences 
downloaded from GenBank database (Table S2), used as references for 
all Dugesia species reported in the area of study. 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. Raw reads were filtered with Trim
momatic (Bolger et al., 2014) to remove low quality reads and universal 
Illumina adapters, as well as reads with low quality bases, and shorter 
than 36 bp. 
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Table 1 
Samples analysed in this study. Are detailed the code used in the trees, taxonomic classification, the reproductive strategy and the locality. For more information see 
Supplementary Table S1.  

Sample Code Species Reproductive Strategy Region, Country Locality 

Daur_1 D. aurea Sexual Mallorca, Spain Soller 
Daur_2 D. aurea Sexual Mallorca, Spain Soller 
Daur_3 D. aurea Sexual Mallorca, 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 Mallorca, Spain Sa Calobra 
Dcorb_2 D. corbata Sexual Mallorca, Spain Sa Calobra 
Dcorb_3 D. corbata Fissiparous Mallorca, 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 
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 M’Hamed 
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 M’Hamed 
Dsp_nov_MorNorth_6 Dugesia sp. nov Sexual Morocco Beni M’Hamed 
Dsp_nov_MorNorth_7 Dugesia sp. nov Sexual Morocco Beni M’Hamed 
DspF.US_3 Dugesia sp. Fissiparous Catalonia, Spain Font de lÚ́s 
DspF.US_4 Dugesia sp. Fissiparous Catalonia, Spain Font de lÚ́s 
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 
DspTrilla_5 Dugesia sp. Fissiparous Catalonia, Spain Font de la Trilla 

(continued on next page) 
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2.4.2. Assembly and clustering 
Paired reads were de novo assembled using Trinity v2.9.1 (Grabherr 

et al., 2011; Haas et al., 2013) following the default options. Some 
samples were selected for a completeness assessment with BUSCO v5.2.2 
(Manni et al., 2021), averaging a completeness value close to 90 % of 
complete + fragmented BUSCOs using the metazoan database (OB10). 
Transcripts were clustered using CD-HIT EST (Fu et al., 2012; Li & 
Godzik, 2006), applying a sequence identity threshold of 0.99, and 
retaining an average of 97 % of the transcripts (Table S3). 

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 (Li & Durbin, 
2009), and the mapping 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 Platy
helminthes in databases). This way, all transcripts matching against 
other groups were dropped out. An average of 98.1 % of all the tran
scripts 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 

Table 1 (continued ) 

Sample Code Species Reproductive Strategy Region, Country Locality 

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  

Fig. 2. Diagram summarizing the methodology followed for data collection, ortholog search, and phylogenetic inference.  
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5.5.0 (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 (Table S3). 

To accomplish our three aims, we used three main groups of samples 
to run three ortholog searches. The first one included representatives of 
all taxa to obtain the phylogeny for the whole Western clade (Data set 1). 
A second group of samples was defined to study the phylogenetic re
lationships 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 group (Data set 4). 
The last group, used to assign the unclassified samples from Font de l’Ús, 
Font de la Trilla, and Berga to species level, includes these samples and 
the representatives of D. etrusca, D. liguriensis, D. ilvana Lepori, 1948, and 
D. gonocephala (the last used as outgroup). We refer to this group as 
etrusca-liguriensis group (Data set 5). 

OrthoFinder v 3.6 (Emms & Kelly, 2019) was used to perform the 
ortholog search using the longest isoforms. Three searches were per
formed, one for every group of samples (Tables S4-5). The protein se
quences 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 data sets were analysed independently 

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

The single-copy genes obtained for each of the three orthologs’ 
searches were independently 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 
et al., 2009) using the automated trimming heuristic option, which is an 
optimised option for Maximum Likelihood phylogenetic tree re
constructions. The files of concatenated genes were obtained with the 
software AMAS (Borowiec, 2016). 

To perform the analyses to respond the three main questions in our 
study, six data sets were built using the output from the three ortholog 

searches with different compositions of samples and 100 % of gene oc
cupancy (Table 2, Table S5, Fig. 3): 1) data sets 1–3 constructed from 
ortholog search 1, 2) data set 4 constructed from ortholog search 2, and 
3) data sets 5 and 6 constructed from ortholog search 3. Data sets 2 and 3 
were obtained after extracting samples from data set 1, and data set 6 
was obtained after extracting samples from data set 5 (Table S5). These 
reduced data sets were re-aligned and re-processed after removing 
samples. For all data sets the protein and nucleotide information were 
analysed (Table 2, Table S6). 

2.4.6. Phylogenetic inference 
Maximum Likelihood (ML), Bayesian Inference (BI), and Multispe

cies Coalescence Model (MSC) were performed in IQ-TREE (Minh et al., 
2020), PhyloBayes (Lartillot & Philippe, 2004), and ASTRAL-pro (Zhang 
et al., 2020) respectively. The parameters to carry out every analysis are 
detailed in Table S6, and a summary of performed analyses by data set is 
shown in Table 2. 

2.4.6.1. 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 
et al., 2017) and 1,000 to 10,000 replicates of ultrafast bootstrap (Hoang 
et al., 2018) depending on the analysis (Table S6). 

2.4.6.2. Maximum Likelihood Trees: Mixture models. We obtained ML 
trees with nucleotide and protein data using mixture models in IQ-TREE 
(Wang et al., 2018). For the protein data, we used the non-partitioned 
tree obtained previously as starting tree, and the following parame
ters: 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 et al., 1985), and GTR (Tavaré, 
1986), four Gamma categories (+G4), and 1,000,000 ultrafast bootstrap 
replicates. 

2.4.6.3. Bayesian inference Trees: Mixture models. Only the data set 2, 

Table 2 
Data sets used in the study and analysis performed with everyone of them. Samples included in data sets in bold font were used for ortholog search. See Supplementary 
Table S5 for further information on data set composition.  

Datasets Number of 
samples 

Number 
of SC 

Number of Positions Analyses 

Name Composition   Protein Nucleotide ML Exp. 
Prot/ 
Nuc 

ML-Mixt 
Prot/ 
Nuc 

BI-Mixt 
Prot/ 
Nuc 

ASTRAL 
Prot/Nuc 

DensiTree 
Prot/Nuc 

ARC 
Nuc 

Data 
set 1 

All samples retained 
after filtering 

82 717 274,960 839,555 X X     

Data 
set 2 

Reduced Dataset 1 to 
infer tree 1 

29 717 276,745 841,425 X X X X X  

Data 
set 3 

Reduced Dataset 1 to 
infer tree 2 

12 717 – 831,918      X 

Data 
set 4 

Subtentaculata group 23 4175 1,764,320 5,376,224 X X     

Data 
set 5 

Etrusca-liguriensis 
group 

36 1984 742,966 2,283,579 X X  X   

Data 
set 6 

Dataset 5 without 
samples from Berga 

31 1984 744,252 2,255,464 X X  X   

Abbreviation. 
ML Exp. Prot/Nuc Maximum Likelihood without partitions. Protein and nucleotide data. 
ML-Mixt Prot/Nuc Maximum Likelihood using Mixture Models. Protein and nucleotide data. 
BI-Mixt Prot/Nuc Bayesian Inference using Mixture Models. Protein and nucleotide data. 
ASTRAL Prot/Nuc Species Tree using individual gene trees. Protein and nucleotide data. 
DensiTree Prot/Nuc Visualization of individual gene trees. Protein and nucleotide data. 
ARC Nuc Ancestral Reconstruction Character. Nucleotide data. 
SC Single Copy Orthologs. 
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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 10,368 and 
20,807 iterations respectively and applying a burnin of 20 %. The 
effective sampling size (ESS) was over 1,000 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 18,926 and 18,771 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 data 
sets are analysed. If we take into account that the largest and mean 
discrepancy observed across all bipartitions are zero (maxdiff = 0, 
meandiff = 0) we can consider this run pretty acceptable (Lanfear et al., 
2016; Schrempf et al., 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 data set 2, we decided to use only 
Maximum Likelihood approximation in the next analyses. 

2.4.6.4. 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 data sets 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 (Team, 2021). 

2.4.8. Ancestral character reconstruction (ACR) 
We inferred the probability of ancestral character states for the 

reproduction mode on the internal nodes of the ML tree obtained from 
the data set 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, Table S5). We set three states for the 
reproduction mode: Sexual (species with strictly sexual populations), 
Sexual + Asexual (species with sexual and asexual populations), and 
Asexual (species with strictly asexual populations). The current states 
were assigned to the terminals 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 Mediterra
nean 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 10,000 simulations on Markov Chain 
Monte Carlo (MCMC). 

Fig. 3. Scheme summarizing the composition of the data sets. Considering the three main objectives of the present work were created three sample groups to perform 
the orthologs searches. The final data sets from each search are constituted by all the data or pruned sample compositions. For more details see Table 2, Table S4, 
and Table S5. 
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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 De Vries & Benazzi, 1983 and D. leporii Pala, Stocchino, Corso 
& Casu, 2000 have not been found since their initial description. In the 
case of D. tubqalis Harrath & Sluys, 2012, 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 it was not possible to sample in Afaska, 
Morocco, the locality of the candidate new species Dugesia sp. (1) re
ported in Leria et al., (2020; 2022). However, in a close locality, Beni 
M’Hamed, 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; 2022), 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’Ús, 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 data sets 

We obtained transcriptome data from 83 specimens (Tables S1 and 
S3) representatives of 13 species (including the two outgroups from 
Greece) and 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), sub
tentaculata samples group (search 2), and etrusca-liguriensis samples 
group (search 3) respectively. 

Six data sets were built from the three ortholog searches (Table 2, 
Fig. 3). Data set 1 included all specimens retained after filtering (82) and 
717 SC. Data set 2 is a reduced version of data set 1 including 29 
specimens to have 2 representatives for each species to perform the 
phylogenetic analyses for the whole Western Mediterranean clade. Data 
set 3 is a reduced version of data set 2 to include only one representative 
per species to run the Ancestral Reconstruction of Characters. Data set 4 
is made of the concatenation of SC obtained in the ortholog search 2 to 
perform the phylogenetic analyses of subtentaculata samples group. 
Data sets 5 and 6 are made from ortholog search 3 to analyse the re
lationships of the etrusca-liguriensis samples group and the adscription 
of the Iberian Peninsula asexual populations, in data set 6 the specimens 
from Berga were removed. 

3.3. Phylogeny of Dugesia in the Western Mediterranean 

The phylogenetic trees obtained from data set 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. Two samples of the five ana
lysed samples from this locality group with D. etrusca and three with 
D. liguriensis. 

To eliminate the possible noise introduced by the intraspecific di
versity and relationships, two representative samples by species were 
selected to build the data set 2. 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 data set 2 yielded the same topology for 
nucleotide and protein data. However, regarding the information con
tent, 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. 4, Fig. S2, 
Appendix A). 

To visualize gene tree discordance the trees used in MSC analyses 
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 per cent of 
quartet trees in the input gene trees agree with the output trees obtained 
with these data sets. For this reason, we will describe only the results 
obtained from analyses done with nucleotide data. 

The results from the three phylogenetic inference methods based on 
data set 2 have been summarized on the ML tree (Fig. 4). Three main 
clades have been differentiated. The first divergent clade including 
D. gonocephala, D. ilvana, D. etrusca, D. liguriensis, and Iberian pop
ulations 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 and D. liguriensis sensu lato (s.l.) when they include 
fissiparous individuals, and use sensu stricto (s.s.) when only sexual 
populations are referred. We have named this lineage the Iberia- 
Apennines-Alps clade since it mostly includes populations from these 
geographic regions as well as D. ilvana from Elba island and 
D. gonocephala, distributed also 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 Pala, Casu & Vacca, 
1981 and D. benazzi Lepori, 1951 species. The second clade, Iberia- 
Africa clade, includes a complex species group formed by: a) D. aurea 
and D. corbata, endemic from the 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. 4). 

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. 4, 
Appendix A). 

3.4. Phylogeny of D. subtentaculata in the Iberian Peninsula 

The ML tree obtained from the analysis of data set 4 (Table 2) shows 
a clear structure in this species (Fig. 5). 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 differ
entiation by reproductive strategy was shown. The next group to diverge 
includes samples from the North of Catalonia (Santa Fe) and South of 
France (Montpellier) to constitute the Northeast clade, followed by a 
Southwestern clade, including a population from South of Portugal 
(Monchique), that is the sister group of the Southern clade formed by 
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samples coming from the South of Spain (El Bosque) and two differen
tiated populations from Africa (Magoo in the North and Imlil in the 
South of Morocco). 

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

The ML tree obtained from data set 5 (Table 2) shows an unexpected 
topology (Fig. 6A). D. etrusca s.s. is monophyletic (red in Fig. 6). How
ever, D. liguriensis s.s. is divided in two clades and results in a para
phyletic group, since samples from Sasello and Bisagno group with 
D. etrusca s.l.. The unclassified samples from Font de l’Ús, Font de La 
Trilla, and Berga occupy an intermediate position within this group, 
showing a very strange branching pattern, where several individuals 
constitute each an independent lineage resulting in a ladder-like pattern 
(Fig. 6), different to the monophyletic grouping expected for a popula
tion that has evolved independently under panmixia. In addition, the 
bootstrap supports are low for many nodes (bs < 97, grey circles in 
Fig. 6A). 

The species trees obtained with Astral-pro using the MSC method 
show a different topology (Fig. 7A). In this case, D. liguriensis s.s. and 
D. etrusca s.s. form both monophyletic groups highly supported. The 
samples from Font de l’Ús 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 
Berga group with D. liguriensis s.s., also with a high support. 

The samples from Font de l’ÚS and Font de La Trilla grouped with 
D. etrusca s.s. in all analyses (Fig. S1. Fig. 6, and Fig. 7), while the 
samples from Berga in some cases split into the two species (Fig. S1, 
Fig. 7A). Thus, 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 data set 6 (Table 2, Fig. 3). From this data set, resolved 
trees were obtained, showing two monophyletic groups (Fig. 6B, 
Fig. 7B). Nonetheless, although the samples from Font de La Trilla 
grouped in D. etrusca s.l., they continued showing the ladder-like 
pattern. 

3.6. Ancestral character reconstruction 

We assigned a sexual + asexual reproductive strategy to D. etrusca s.l. 
and D. liguriensis s.l., because in some of the analyses both lineages 
include fissiparous individuals (Fig. S1, Fig. 7A). This assumption, 
nonetheless, must be taken with caution, since the evolutionary history 
of the Iberia-Apennines-Alps clade is complex and future analyses may 
show a different situation. 

The ancestral character reconstructed for the reproductive mode of 
ancestors along the evolutionary tree of the Western Mediterranean 
Dugesia and their probability are shown in Fig. 8 and Fig. S3. The hy
pothesis 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 a facultative ancestor for this lineage. 

4. Discussion 

4.1. Phylotranscriptomics applied to the phylogenetic study of Dugesia 

Two previous studies based on molecular data have tried to ascertain 
the phylogenetic relationships of Dugesia from the Western Mediterra
nean. The first (Lázaro et al., 2009) was based on only two markers 
while the second increased the markers to six (Leria et al., 2022) 
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 et al., 2015; 
DeSalle & Goldstein, 2019; Phillips et al., 2018; Vu et al., 2019) and 
particularly in planarians (for review articles see Álvarez-Presas & 
Riutort, 2014; Baguñà et al., 1999; Riutort et al., 2012), for Western 
Mediterranean Dugesia the use of 1,039 positions in a concatenated 
alignment did not yield enough information to obtain a completely 
resolved phylogeny. The addition of four markers (Leria et al., 2022) 

Fig. 4. Phylogenetic tree of Dugesia species 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 in
formation of data set 2 (13 species, 29 samples, and 717 single copy orthologs). All approaches yield the same topology, shown here with the ML tree. Circles at nodes 
show the bootstrap value (ML-bv), the posterior probability (BI-pp), and the branch support (MSC-bs) in a grey scale as indicated in the legend. Scale bar: sub
stitutions per site, s.s.: sensu stricto (the group does not include asexual representatives), s.l.: sensu lato (the group includes asexual representatives). 
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increased the compared positions to 5,439 combining ribosomal and 
protein-coding genes from the nuclear 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 rates 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 phylotran
scriptomics 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 regions. The transcriptomic strategy has the 
advantage of increasing to hundreds of thousands the positions ana
lysed, 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 established, it can be repeated including any new data. 
The development of these large data sets has moreover stimulated the 
improvement of the ways to implement the evolutionary models needed 
in the probabilistic based methods (Holder & Lewis, 2003) which 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 data sets, 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 et al., 2008) making it unnecessary to give be
forehand any partition scheme. Overall, the good performance of this 
method when applied to phylogenetic inference has been demonstrated 
(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 phyloge
nomics demonstrating its high performance against the traditional 
concatenation methodology (Liu et al., 2019), even using transcriptomic 
data (Edwards et al., 2016 and references therein). This methodology is 
especially recommended when deep coalescence processes take place in 
the evolutionary process of the studied species group (Mirarab et al., 
2021). 

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

Fig. 5. Diversification of D. subtentaculata in the Iberian Peninsula and Africa. ML tree of D. subtentaculata obtained with IQ-TREE from Data set 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 schematic maps represent the biogeographical events that gave rise to the split of D. subtentacula from its sister 
species (node 1), and the pass of the species to Africa with its diversification in the Southern and Northern regions (nodes 5 and 6). 
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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 bottom), which explains that nucleotide 
sequences rendered more maximum supported nodes with all methods. 
These results indicated that the amino acidic 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 on a broad scale of time (Nei & Kumar, 2000), 
while the diversification of Dugesia in the Western Mediterranean is 
relatively recent (Sola et al., 2022). For 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 data set, and the 
assignment of some Iberian asexual fissiparous populations to 
geographically distant clades. Nonetheless the results obtained with this 
new data set open new questions about the complex evolutionary history 
of Dugesia in the study area. 

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) included a few in
dividuals 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, 

Fig. 6. ML trees of Iberian-Apennines-Alps clade obtained with IQ-TREE using nucleotide data from (A): Data set 5 (etrusca-liguriensis samples group: 4 species, 36 
samples, 1984 SC) and (B): Data set 6 (Data set 5 without Berga representatives: 4 species, 31 samples, 1984 SC). Circles at nodes show bootstrap values (ML-bv) in a 
grey scale as indicated in the legend. Scale bar: substitutions per site. The representatives of D. etrusca s.s, D. liguriensis s.s and asexual populations from the Iberian 
Peninsula are highlighted in different font colours; red, blue, and purple respectively. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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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). 

In the study by Leria et al. (2022) the sampling was broadened 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 three main clades of the previous study (Lázaro et al., 2009), 
but with the same topology that we obtained here (Fig. 4), although with 

still low support for the node joining the Iberia-Africa clade with the 
Corsica-Sardinia clade. In the present work, the support values for all the 
nodes have been maximum giving full support to that topology (Fig. 8). 

Leria et al., (2022) also dated their phylogeny and performed 
ancestral range reconstruction and niche modelling analyses that 
allowed them to put forward a biogeographical hypothesis. They 
showed that the evolution of Dugesia has been shaped by the paleo
geological processes that formed the Western Mediterranean as well as 
climatic changes. The good support we give to their topology allows us 
to put our tree in the time frame they proposed. We have summarized 
Leria et al., (2022) hypothesis in Fig. 8B-G over a scheme of our 
phylogenetic tree (Fig. 8A). The scheme shows the divergence times 

Fig. 7. MSC tree of Iberian-Apennines-Alps clade obtained with ASTRAL-pro using nucleotide data and analysing (A): Data set 5 (etrusca-liguriensis samples group: 4 
species, 36 samples, 1984 SC) and (B): Data set 6 (Data set 5 without Berga representatives: 4 species, 31 samples, 1984 SC). Circles at nodes show branch supports 
(MSC-bs) in a grey scale as indicated in the legend. Scale bar: Coalescent Units. FNQS: Final normalized quartet score. The representatives of D. etrusca s.s, D. 
liguriensis s.s and asexual populations from Iberian Peninsula are highlighted in different font colours; red, blue, and purple respectively. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.) 
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obtained by Leria et al., (2022) using a different data set to infer the 
calibrated phylogeny in BEAST. Therefore, the branch length of our 
scheme has small discrepancies to their divergence times, but it shows 
the coincident topology found in both studies, supporting their 
biogeographical hypothesis. The hypothesis locates the ancestor of the 
Western clade arriving in Europe through the Italian Peninsula 30 Mya 
(Fig. 8B), matching the results of a recent biogeographic study of Dugesia 
genus (Sola et al., 2022). This ancestor, could start dispersing 
throughout the continental region, passing also to the Iberian Peninsula 
(Fig. 8C). 

The first diversification event of Dugesia from the Western Mediter
ranean clade occurred around 23 Mya, coinciding with the breakage of 
Eastern Iberia and Southern France from the continent (Rosenbaum 
et al., 2002). This diversification event putatively isolated the ancestor 
of the Iberia-Apennines-Alps 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. 8D). 

4.3. The Corsica-Sardinia clade 

Important facts about the evolution of this clade in the Corsica and 
Sardinia islands arise from our results. 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 maximum support in phylogenetic analysis. Three 
endemic species have been described from the archipelago formed by 
Corsica and Sardinia; D. benazzii, D. hepta, and D. leporii. However, the 
latter has not been found since their initial description, so never been 
included in a molecular study. For D. benazzii and D. hepta, a recent 

study based on two molecular markers and including multiple pop
ulations of both species (Dols-Serrate et al., 2020) along their distribu
tion has shown a very complex evolutionary history characterized by a 
putative process of hybridization, the combination of different repro
ductive strategies, and chromosome rearrangements. In that work it was 
put forward the hypothesis that D. benazzi could be separated into two 
species; one from each island (Dols-Serrate et al., 2020). Our work shows 
D. benazzii representatives from the islands of Sardinia and Corsica 
forming two monophyletic well-differentiated groups (Fig. 4 and 
Fig. S1). Our data hence renders further support to D. benazzii being in 
fact two species, one distributed in Corsica and the other one in Sardinia. 
Moreover, we show a clear differentiation between D. benazzii from the 
South and the North of Corsica, indicating a geographic genetic struc
ture of this lineage in that island. 

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

According to the biogeographic hypothesis of Leria et al., (2022), the 
ancestor of the Iberian Peninsula and Balearic Island representatives 
belonging to the Iberia-Africa clade (Fig. 8, node 7) originated in the 
Betic-Riff plate. Breakage of this plate separated this ancestor from its 
sister group in the North of Africa (Fig. 8F), here represented by a non- 
described species. Later, after the Balearic Islands split, the ancestor of 
D. vilafarrei and D. subtentaculata remained 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. 5). 

Even though not all reported populations have been included, our 
phylogeny is enough to propose a first hypothesis on the colonization 

Fig. 8. Scheme summarizing the evolutionary history of Dugesia from the Western Mediterranean. (A): a forced ultrametric tree obtained from data set 3 (12 species, 
12 samples, and 717 SC) highlighting the three main clades. The divergence times shown on the nodes are extracted from Leria et al., (2022) based on a calibrated 
phylogeny obtained using 6 molecular markers 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., (2022). Circles at nodes show support values on a grey scale and, in color, the ancestral character 
reconstruction as indicated in the legend. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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process of Iberian Peninsula by D. subtentaculata. Based on our tree to
pology (Fig. 5), we hypothesize that the ancestor of this species 
dispersed from the ancient Betic plate to the North of the Iberian 
Peninsula. The population from Montpellier (Southeastern France) may 
be the product of one anthropogenic introduction, since by that time, the 
Pyrenees were fully formed (Dèzes et al., 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 to the south 
of the Iberian Peninsula with the split of the Southwestern populations 
in Portugal, and 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 found for the native freshwater fishes of this 
region (Filipe et al., 2009), which may be related to the hydrographical 
evolution of the Iberian Peninsula (De Vicente et al., 2011). The last 
dispersion of D. subtentaculata concerned its crossing to Africa. Leria 
et al., (2022) dated the divergence between one Iberian and one African 
population 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 Mosaic-Meselson effect generating 
high intraindividual diversity due to its reproductive strategy (fissiparity 
combined with occasional events of sexual reproduction) affecting both 
genes analysed, COI and Dunuc12 (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 restricts 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 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 re
gion. In addition, the methodology used in the present study including 
new strategies for the application of evolutionary models, possibly 
allowed us 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 hypothesis on the 
diversification of D. subtentaculata in the Iberian Peninsula and North of 
Africa. 

In relation to the evolutionary history of D. subtentaculata in the 
Northwest of Africa, we report two differentiated populations from the 
North and the South of the Atlas in Morocco. The presence of this species 
in Africa has been previously reported (Harrath et al., 2012; Stocchino 
et al., 2012), but no phylogenetic analyses had included representatives 
of D. subtentaculata from this geographical area before. Moreover, it is 
remarkable that the new species from North Morocco analysed here 
(Dsp_nov_Mor North in Fig. 4) is different from the candidate species 
included in previous analyses (Leria et al., 2020, 2022), indicating that 
at least three species belonging to the Western Mediterranean clade are 
present in the Atlas area (D. tubqalis, and the two new candidate spe
cies), apart from the representatives of D. subtentaculata mentioned 
above. This suggests there is a high species richness hidden in the Atlas 
and the Rif region. 

4.5. The Iberia-Apennines-Alps clade: Geographically broader than 
thought 

D. etrusca s.s and D. liguriensis s.s. were described from individuals 
coming from Tuscany (Benazzi, 1946) and Liguria (De Vries, 1988) 
respectively. In a first attempt to infer a molecular phylogeny for Tri
cladida (Baguñà et al., 1999) 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 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 Aragón 
and Catalonia in the Northeastern section of the Iberian Peninsula was 
detected by DNA-Barcoding in posterior samplings of Iberian regions 
(Riutort pers. com.). These findings raised the question of which of both 
species the Iberian Peninsula populations belong to and how bio
geographically we could explain their existence. 

In the present work, we include for the first-time multiple repre
sentatives of several Iberian Peninsula localities harbouring specimens 
belonging to this clade as well as D. ilvana, endemic from Elba Island, not 
analysed in Leria et al. (2022). With this broad representation of the 
species and geographic diversity within the group, we expected to set a 
supported hypothesis on the relationships, species assignations and 
biogeographical history for this group. Nonetheless, the asexuality of the 
Iberian representatives have hampered a part of our aims, opening new 
and interesting questions on the evolution of this group of Dugesia spe
cies 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. The geological history of Elba island (Bortolotti et al., 2001a, 
2001b) sets a geological maximum for the divergence of D. ilvana of 
approximately between 8 and 5 Mya. However, Leria et al (2022) 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 the Tuscany coast (Fattorini, 2009 and references therein; 
Dapporto & Cini, 2007; Di Nicola & Vaccaro, 2020) it is difficult to drag 
a biogeographic scenario 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 Iberia- 
Apennines-Alps clade. 

According to the topology (Figs. 4 and 8) 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., 
2022). However, the new populations found in Catalonia contradict the 
latter hypothesis. 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). This complex geological history led to the 
occurrence of several fauna corridors along the Pyrenees landscape 
(Ninot et al., 2017). Considering these orogenic processes, their 
geological dates, and the broad uncertainty around divergence times 
estimated by Leria et al (2022), the Eastern Pyrenees could have acted as 
the corridor for the ancestors of the populations found in the North of 
Iberian Peninsula (Fig. 8C). Why these species did not expand further in 
the Iberian Peninsula and remained restricted to the localities described 
here, is a question we cannot 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 in more detail the relationships within and among 
the D. etrusca s.l. and the D. liguriensi s.l. clades (Fig. 6, 7, 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 scenario became much more complex, probably due to the 
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evolutionary consequences of asexuality on the distribution pattern of 
genetic diversity in populations and on its effect on phylogenetic 
inference, as we discuss in the following. 

4.6. The Iberia-Apennines-Alps clade: A complex evolutionary history 
driven by asexuality? 

In the species identification analysis with COI, individuals from Font 
de la Trilla and Berga already showed an anomalous ladder-like pattern 
like the one we later found in the transcriptome-based trees (Figs. 6, 7 
and S1). For this reason, a broader number of samples from these pop
ulations were included in the transcriptomic analyses. Despite the 
strange branching pattern, all our trees show that the Iberian fissiparous 
populations belong to the Iberia-Apennines-Alps clade. However, 
regarding their species assignment to D. etrusca or D. liguriensis species, 
our results are more than disquieting, exciting. Based on our phyloge
netic trees, populations from Font de l’Ús 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 to a case 
of hybridization between both species or, alternatively, to the long term 
asexuality of the Iberian populations. We discard the hybrid origin hy
pothesis 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 dwelling 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 (Leria et al., 2020), none
theless the presence of both species in a still unknown locality, cannot be 
completely discarded. In any case, the hybridization between the two 
species would have had to take place a long time ago, so that the hybrid 
lineage could pass through the Pyrenees, with the subsequent extinction 
of its populations in France and Italy, leaving only the Iberian hybrid 
populations. 

In the alternative scenario, that we foresee as more plausible, the 
ancestor of the lineage including both s.s. species and the fissiparous 
Iberian lineages would have crossed to the Iberian Peninsula, this 
ancestor would have been asexual, or would have become asexual 
shortly after the crossing. The asexual reproduction by fission is very 
common in Dugesia genus (Baguñà et al., 1999; Kobayashi, et al., 2012; 
Lázaro et al., 2009; Stocchino & Manconi, 2013). It has been proposed 
that in other species as D. sicula the asexuality has been an advantage for 
the colonization of a broad territory (Lázaro & Riutort, 2013). In addi
tion, 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 of 
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. 8, Fig. S3), which support the idea of an ancestral fissiparous 
lineage arriving to the Iberian Peninsula. 

The long-term asexuality of these ancestral populations could be a 
factor explaining the ladder topology showed by their descendant 
specimens in our trees (Figs. 1, 6, and 7). The pattern observed looks like 
that described for nuclear alleles in asexual populations under the 
Meselson effect, when alleles show high divergence by the accumulation 
of mutations independently of each other (Schwander et al., 2011). 
Under long-term fissiparous reproduction different clonal lines are 
established 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, shows the typical monophyletic 

pattern expected for populations geographically separated (Fig. 5). This 
difference could be explained by a more recent diversification of 
D. subtentacula (Leria et al., 2022) and the alternation of fissiparity with 
sexual periods described in this species. Thus, we suspect that the Ibe
rian populations of the Iberia-Apennines-Alps clade show haplotypes 
derived independently from the haplotypes present in their common 
ancestor with the ancestor of D. etrusca s.s. and of D.liguriensis s.s. before 
the divergence of the two species. When the two species diverged, the 
haplotypes present in the ancestor would have been lost differentially 
and those present within each species would have recombined and then 
accumulated new changes, resulting in the typical monophyletic groups 
with a basal stem. On the other hand, in the asexual Iberian lineages 
since no recombination events took place today haplotypes will have 
derived directly from the ancestral sequences, and hence in the present 
trees branch close to the base of the lineage. The grouping of Berga in
dividuals at the base of both D. etrusca and D.liguriensis lineages, could 
indicate the presence in the Berga population of haplotypes derived from 
the haplotypes present in the ancestor of both sexual lineages, while the 
other Iberian populations would have only conserved haplotypes shared 
with the ancestor of D. etrusca s.s. 

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 research is necessary to demon
strate that the ladder-like branching pattern is real and not an artefact. 
However, in any case, this “artefact” 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 asexu
ality. 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 at 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 phylogenetic inference. 

5. Final remarks 

The study of the processes that shape biodiversity is key to under
standing the evolution of life on our planet. This knowledge is useful not 
only to understand basic evolutionary processes but to apply this in
formation to conserve the diversity and their functions in the ecosys
tems. The Mediterranean region constitutes a hotspot of diversity (Myers 
et al., 2000), and its palaeogeographical history is one of the most 
complex in the world (Allen, 2001). Large mountain systems, unstable 
climate periods, volcanic activity, and plate fragmentation events act as 
modelers 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 on the Western Mediter
ranean region, we help to elucidate the evolutionary history of the 
Dugesia genus using transcriptomic data. Our work represents a step 
forward in the phylogenetic studies in this group, passing from the 
analysis of a few markers to hundreds of them, supporting previous in
formation, and contributing with new valuable data to the knowledge on 
these species. We corroborated, with maximum support for the first 
time, a biogeographic hypothesis that explains the diversification of 
Dugesia in the Western Mediterranean; affected by the tectonic dynamics 
of the region during the Cenozoic. The new transcriptomic data has also 
allowed overcoming the problems generated by mosaicism to solve 
D. subtentaculata internal relationships and show their power to discover 
intraspecific genetic structuring and putative new species, as in the case 
of the species from the Corsica-Sardinia archipelago and those from 
Morocco. Finally, the new data, together with a wider sampling, has 
allowed the unveiling of a complex evolutionary history in the Iberian- 
Apennines-Alps clade, possibly driven in part by fissiparity. 

Future work with transcriptome data, but if possible, also with good 
reference genomes for some of the species, would be key to under
standing the evolution of the asexual populations of the different Dugesia 
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species, and the consequences of this type of reproduction in each spe
cies’ genetic background. It is necessary to use species such as 
D. subtentaculata, D. benazzii, D. etrusca s.l., D. liguriensis s.l., and 
D. sicula, which integrate the asexuality in different evolutionary sce
narios to understand the effect of asexuality in the natural process of 
resistance, resilience, and diversification of life. These studies will also 
allow analysing how the disparity in reproductive modes can affect the 
phylogenetic inference and the species delimitation methods, which are 
based on species concepts that become obsolete under asexuality. Spe
cies concepts and systematic biology frameworks must be reviewed, to 
take into account the asexuality as a recurrent process in the evolution of 
the tree of life, and to understand the effect of the reproduction modes in 
the diversification of the species. In this way, we will begin to contem
plate asexual reproduction as a strategy, more than an evolutionary 
constraint. 
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