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Abstract  Due to their characteristics, such as powerful regeneration capability, high 
susceptibility to xenobiotics, wide distribution and weak dispersion ability, planarians are used 
as ideal test animals in several research fields, and planarianology has become a more and more 
active subject. This paper reviews the research progress of planarians from the aspects of 
molecular phylogeny, molecular taxonomy, population genetics and phylogeography, and also 
summarizes the corresponding molecular markers applied. Moreover, the future direction and 
tendency in this field is briefly analyzed and prospected.  
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1  Introduction 

Planarians, known in scientific literature as Platyhelminthes, are a phylum of relatively simple bilaterian, unsegmented, 
soft-bodied invertebrate animals. They are numerous, diverse and globally distributed, occurring in marine, limnetic and 
terrestrial environments. Considering their unique biological characteristics, planarians are used as ideal test animals in 
several research fields, and planarianology has become a more and more active subject. First of all, planarians possess the 
amazing ability of regeneration and have been considered being "immortal under the edge of knife" (Randolph, 1897). 
Therefore, they have been traditionally used as an ideal model system for regeneration and developmental biology (Mogan, 
1898; Reddien & Alvarado, 2004; Elliott & Alvarado, 2013). Schmidtea mediterranea is often used in the European and 
American countries while Dugesia japonica is usually used in the Asian countries as the model organism to carry out 
researches on regeneration, development, tissue homeostasis and stem cells (Wagner et al, 2011; Tasaki et al, 2016; Reddien, 
2018; Levin et al., 2019). Secondly, planarians can grow or de-grow depending on the nutritional status. When food is scarce, 
planarians can endure starvation for several months by digesting and absorbing their own reproductive organs and present 
de-growth. Thus planarians are also a good model for studying cell autophagy (Newmark & Alavarado, 2002). Thirdly, due 
to their high susceptibility to xenobiotics, ease of acquisition and low maintenance cost, freshwater planarians are ideal test 
animals in toxicological research. More and more literature has verified that they can serve not only as alternative models 
for chemical toxicity screenings in laboratories but also as potential bioindicators for the quality of freshwater environments 
(Horvat et al., 2005; Wu & Li, 2018; Zhang et al., 2017, 2018, 2019). Last but not the least, with the development of 
molecular marker technology and next generation sequencing methodology, planarians, which are widely distributed and 
have low dispersion capacity, gradually become an ideal model for the study of population genetic and phylogeography 
patterns (Álvarez-Presas & Riutort, 2014). In view of their biological importance in so many fields, a robust phylogenetic 
scheme for the planarians is required for both taxonomic and comparative purposes. In this review, researches on the 
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molecular systematics, population genetic structure and phylogeography of planarians and the corresponding molecular 
markers applied (Table 1) are summarized.  

Table 1. The molecular markers applied in researches on planarians. 

Molecular Marker  Type Usage Reference 

Microsatellite loci Nuclear DNA Population genetics  Pongratz et al., 2002 

18S rDNA Nuclear DNA Molecular phylogeny Baguñà et al., 2001;  
Carranza et al., 1998;  
Álvarez-Presas et al., 2008; 
Yang et al., 2018 

28S rDNA Nuclear DNA Molecular phylogeny Álvarez-Presas et al., 2008 

ITS-1 Nuclear DNA Molecular taxonomy; 
Phylogeography 

Baguñà et al., 1999; 
Lázaro et al., 2009; 
Solà et al., 2013; 
Álvarez-Presas et al., 2011, 2012, 2014 

ITS-2 Nuclear DNA Phylogeography Riesgo et al., 2017 

N13 Nuclear DNA Phylogeography Lázaro et al., 2011 

COI Mitochondrial DNA Molecular phylogeny; 
Molecular taxonomy; 
Population genetics; 
Phylogeography 

Baguñà et al., 2001;  
Álvarez-Presas et al., 2008, 2011, 2012, 2014;  
Pongratz et al., 2003; 
Lázaro et al., 2009, 2011;  
Lázaro & Riutort, 2013;  
Solà et al., 2013 

CYB Mitochondrial DNA Phylogeography Lázaro et al., 2011 

Transcriptome RNA Molecular phylogeny Egger & Noreña, 2015 

18S rRNA Nuclear RNA Molecular phylogeny Carranza et al., 1998 

16S rRNA Mitochondrial RNA Phylogeography Riesgo et al., 2017 

2  Molecular systematics of planarians 

Molecular systematics refers to the study of the evolution of biological macromolecules (proteins, nucleic acids, etc.) 
to clarify the genealogical relationships among various groups of organisms. With the application of molecular biological 
technology in the study of systematics, molecular systematics has rapidly developed into a hot research field, and the 
corresponding techniques and analysis methods have also been widely used in the study of planarian systematics.  

2.1  Molecular phylogeny 

An independent method to test the current phylogeny of Turbellaria (Platyhelminthes) and to overcome some of the 
present difficulties associated with assessing morphological homology is to employ molecular systematics. Molecular data 
obtained from nuclear ribosomal DNA, mitochondrial genes and even mitogenome or transcriptome data over an important 
new source of informative characters were used for inferring phylogenetic relationships at several levels (Field et al., 1988; 
Riutort et al., 1993; Carranza et al., 1997, 1998; Baguñà et al., 2001; Álvarez-Presas et al., 2008; Eggeret al., 2015; Solà et 
al., 2015).  

The interrelationships of Platyhelminthes are poorly resolved despite decades of morphological and molecular 
phylogenetic studies (Laumer & Giribet, 2014). Egger et al. (2015) sequenced transcriptomes from 18 flatworms and 5 other 
metazoan groups. Together with other published data they reconstructed the phylogenetic tree of flatworms, and the results 
suggested that Platyhelminthes is a monophyletic group while Turbellaria within it is paraphyletic. Coincidently, almost at 
the same time Laumer and his coworkers (2015) drew the similar phylogentic tree and further confirmed the results of 
Egger's group. In order to reassess the taxonomic status and the phylogenetic position of Proseriata and Tricladida within 
Platyhelminthes, Baguñà et al. (2001) constructed a molecular phylogenetic tree of Platyhelminthes based on 18S rDNA. 
The results showed that the Tricladida is a monophyletic group being not related to the Proseriata, but sister group of 
Prolecithophora. Therefore, validity of the taxon Seriata (Tricladida + Proseriata) is rejected, and the suborder Tricladida 
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was promoted to order category with infra-orders within it being promoted to suborders. Carranza et al. (1998) analyzed the 
phylogeny and classification of the Tricladida with additional independent molecular data from complete sequences of 18S 
rDNA and 18S rRNA. The results showed that Maricola is monophyletic and is the sister group to the rest of Tricladida 
(Paludicola + Terricola). The Paludicola are paraphyletic since the Terricola and one paludicolan family, the Dugesiidae, 
share a more recent common ancestor than the dugesiids with other paludicolans (dendrocoelids and planariids). Therefore, 
the authors suggested replacing the Paludicola and Terricola with a new clade, the Continenticola, which comprises the 
families Dugesiidae, Planariidae, Dendrocoelidae and the Terricola. After Carranza et al. (1998) established the monophyly 
of Maricola, a serise of phylogenetic studies on the triclads consistently reveal the Maricola as a monophyletic taxon 
(Charbagi-Barbirou et al., 2011; Harrath et al., 2016; Yang et al., 2018). Also, Baguñà et al. (2001) using COI sequences 
gave further support to the sister group relationship of Terricola and Dugesiidae, as well as the paraphyly of Paludicola. 
However, neither 18S rDNA nor COI based trees have been able to resolve the relationships among species of Terricola and 
Dugesiidae, particularly the monophyly of Terricola. Thus, Álvarez-Presas et al. (2008) presented new molecular data 
including sequences of nuclear genes (18S rDNA, 28S rDNA) and a mitochondrial gene (COI) of a wider sample of 
Dugesiidae and Terricola species. In the end, they concluded that Terricola has a monophyletic origin, and the terrestrial 
planarian is evolved from the freshwater planarian and followed by a likely return of some species to freshwater habitats. 

2.2  Molecular taxonomy 

A general characteristic of planarians is their simplicity in morphology, which has, from the beginning, made the 
planarian taxonomists' work difficult and tedious. Firstly, because they are all similar in appearance, histological sections of 
individuals must be made to identify species by observing the anatomical characteristics of their reproductive structures, 
which is time-consuming. Secondly, the lack of a taxonomic index and loss of type specimens of many species made the 
work more difficult (Leal-Zanchet & Carbayo, 2000). In addition, there are many asexual populations in planarians and they 
reproduce asexually without developing the reproductive system or the copulatory apparatus. Therefore, the lack of both 
external and internal taxonomic features makes traditional taxonomy even more powerless. Molecular taxonomy based on 
genetic tools brings a new opportunity for planarian identification. The use of ITS-1 in the 1990s demonstrated that this 
sequence could help identify asexual populations in a DNA barcoding style shortly before this methodology was formally 
proposed. In the study of Baguñà et al. (1999), they used ITS-1 of rDNA to study 20 populations in western Mediterranean, 
sexual and asexual, of the genus Dugesia. All asexual populations clearly clustered with individuals from a diploid identified 
species, which allows them to be unambiguously assigned to a known sexual species. In 2002, Tautz et al. advocated the 
establishment of an identification system based on the analysis of sequence diversity in small segments of DNA. A fragment 
of the COI sequence was proposed as a universal marker in what has since been called the DNA barcoding system for all 
animal life (Hebert et al., 2003; Hebert & Gregory, 2005). Lázaro et al. (2009) extended the analysis based on ITS-1 
sequences (Baguñà et al., 1999) and developed a DNA barcoding method, based on COI and ITS-1 sequences, which allows 
the assignment of the fissiparous asexual population of the genus Dugesia in the western Mediterranean to sexual species. 
Solà et al. (2013) identified three new species through both morphological and molecular markers. Overall, molecular data, 
especially mitochondrial genes, are highly effective as DNA barcoding tools to identify species, even from fragments, eggs 
or immature individuals. Thus this methodology is a breakthrough that could greatly speed up the description of planarian 
species and allow for the rapid identification of individuals, thus facilitating taxonomic work.  

3  Population genetics and phylogeography of planarians 

With the development of molecular marker technique and the next generation sequencing methodologies (NGS), 
planarians with wide distribution and low dispersal ability has become an ideal model on population genetics and 
phylogeographic pattern studies (Álvarez-Presas & Riutort, 2014). Population genetics mainly studies the genetic evolution 
of a population, including selection, gene flow, mutation and genetic drift. Population genetic structure is the main content 
of studies on population genetics, which refers to the distribution of genetic variation within and between populations. The 
study of population genetic structure is helpful to clarify the relationship between biological variation and environment under 
natural conditions and the mechanism of speciation. In addition, it can also deepen the understanding of biological evolution 
process, thus providing an important scientific basis for the protection of species. Phylogeography is a branch subject that 
studies the evolutionary process and historical reasons for the formation of the current distribution pattern of different 
populations within or among species. In the study of phylogeography, the genetic diversity of populations is often measured 
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by the nucleotide diversity and haplotype diversity of different geographical populations or whole populations.  

3.1  Population genetics of planarians  

Dispersal of individuals is an important factor that can influence genetic differentiation between populations. Genetic 
structure within, and gene flow between populations have been studied in many different freshwater species (Pongratz et al., 
2002). The evolutionary significance of gene flow can be seen from different viewpoints: on the one hand, restricted gene 
flow may allow local adaptation and micro-evolutionary changes that increase fitness of local populations, while on the other, 
gene flow can be necessary to maintain genetic variation when population size is small (Slatkin et al., 1985; Slatkin, 1987). 
The extent to which genetic variation and differentiation among populations can be observed, strongly depends on the 
markers used. Microsatellite DNA, also known as simple sequence repeats (SSR), is the most revealing and widely used 
nuclear DNA marker available so far for inferring population structure and dynamics, even though it has important and 
unavoidable limitations (Zhang & Hewitt, 2003). SSR has been developed in planarians and has been widely used in 
population genetic structure, intraspecies genetic distance, reproduction and other aspects (Ramachandran et al., 1997; 
Pongratz et al., 2002; Bruvo et al., 2004). Ramachandran et al. (1997) used library enrichment method to screen and isolate 
eight microsatellite loci with rich polymorphism from Schmidtea polychroa. The genus of Schmidtea, together with Recurva, 
forms the sister group of Dugesia, to which D. japonica belongs. This is the first report on the screening and separation of 
microsatellite markers from planarians, laying a foundation for the subsequent study on population structure and mating 
system. 

Genetic differentiation occurs when there is restricted gene flow between populations. Several studies of different taxa 
reported stronger genetic differentiation of populations for species with limited dispersal abilities, and a negative relationship 
was found between dispersal ability and genetic differentiation (Bohonak, 1999). Schmidtea polychroa is a freshwater 
planarian with a Europe-wide distribution. It is a simultaneous hermaphrodite with sexual and parthenogenetic biotypes 
(Weinzierl et al., 1999; Michiels et al., 2001). Pongratz et al. (2002) used three highly polymorphic microsatellite markers 
for analyzing small-scale and large-scale genetic structure within one, and between four natural lake populations of S. 
polychroa. Genetic differentiation could already be observed between samples collected at least 13 m apart, but not between 
neighbouring samples, and was most pronounced between samples from different lakes. These results showed that individual 
dispersal of S. polychroa was limited, but that there was gene flow between subpopulations from the same lake. The next 
year, also Pongratz's group studied the phylogenetic relationships of sexual and parthenogenetic S. polychroa collected at 38 
sites, a phylogenetic relationship between 36 populations based on partial sequence of mitochondrial gene COI revealed that 
haplotypes were often similar over large geographic distances. Combining these results with those based on nuclear markers, 
the data suggest that repeated hybridization between sexuals and parthenogenetic lineages in mixed populations maintains 
high levels of genetic diversity in parthenogens (Pongratz et al., 2003). 

3.2  Phylogeography on planarians 

Due to their relatively high abundance and broad distribution, planarians are often selected as ideal organisms for 
phylogeographic study. At present, the phylogeography has been widely used to explore the distribution pattern, migration 
and dispersion of planarians. Although relevant reports haven't been seen in China, studies in some European and American 
countries and regions have revealed the genealogy differentiation pattern of different geographical populations and the 
possible source of the genealogy differentiation (Pongratz et al., 2003; Lázaro et al., 2009, 2011; Álvarez-presas et al., 2011, 
2012; Lázaro & Riutort, 2013). The Mediterranean basin, located between Asia, Europe and Africa, has become a hotspot 
of biodiversity in the world and played an important role in the study of biodiversity and lineages due to its complex and 
long geological history (Myers et al., 2000). Although Schmidtea mediterranea is a model species for regeneration and 
development research, little is known about its evolutionary history and demographics. S. mediterranea is found in scattered 
localities on a few islands and in coastal areas of the western Mediterranean. Lázaro et al. (2011) analyzed the genetic 
variability and demographic parameters on 11 populations from across its distribution area based on mitochondrial COI, 
CYB and a nuclear intron N13. The results indicated that S. mediterranea have formed an obvious pedigree pattern in the 
whole distribution area, namely the west, middle and southeast branches, and there is no haplotype shared among the 
branches. Therefore, the hypothesis that the present distribution pattern of this species was formed by ancient geological 
events was verified. It also illustrates the antiquity of the Mediterranean planarian species. In contrast with the restricted 
distribution of S. mediterranea, Dugesia sicula is the only cosmopolitan species of its genus within the Mediterranean area. 
Most populations of it are asexual populations with fissiparous reproduction. Lázaro & Riutort (2013) estimated haplotype 
and nucleotide diversity of COI on 58 D. sicula populations across the whole Mediterranean coast and found that the 
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distribution of haplotypes is not geographically structured. Based on the phylogeographic pattern, the authors inferred the 
origin and the disperse route of D. sicula in the past and also predicted the population expansion in the future. The 
northeastern Mediterranean region has been subjected to tectonism, volcanism and sea level changes since the Miocene, 
resulting in a complex geological history (Perissoratis & Conispoliatis, 2003). This area is well suited for phylogeographic 
studies to unravel the historical processes that underlie present-day species distributions and current levels of diversity and 
endemism (Sfenthourakis & Legakis, 2001). Based on two molecular markers COI and ITS-1, Solà et al. (2013) analyzed 
the phylogenetic relationships of eastern Mediterranean freshwater planarians of the genus Dugesia, estimated divergence 
times for the various clades, and correlated their phylogeographic patterns with geological and paleoclimatic events. They 
found that a clear phylogeographic pattern was present for Dugesia lineages in the Eastern Mediterranean, and Dugesia 
species present distribution in the Eastern Mediterranean had been shaped mainly by vicariant events but also by dispersal. 

In addition, phylogeography can discuss the genetic diversity and genealogical relationship of species from the 
perspective of genetics, so as to provide reference for their protection. Apart from the Mediterranean basin, the Brazilian 
Atlantic Forest (AF) is another one of the world's most important biodiversity hotspots (Myers et al., 2000) and, at the same 
time, one of the most threatened biomes on the planet. The distribution of most land planarians requires the presence and 
good condition of wet forests, suggesting that they may be good indicators of forests health and also an excellent model for 
phylogeographic studies (Sluys, 1999; Carbayo et al., 2002; Sunnucks et al., 2006; Fonseca et al., 2009; Álvarez-Presas et 
al., 2011). With the use of COI and ITS-1, Álvarez-Presas et al. (2011) carried out a population genetics and comparative 
phylogeographic study on two terrestrial planarian species Cephaloflexa bergi and Geoplana goetschi in a national park 
located within the Southern Atlantic Forest (SAF). The results found that both species harbour high levels of genetic 
variability without exhibiting the molecular footprint of recent colonization or population expansions, suggesting a long-
term stability scenario. This study provides new useful information for the origin and pattern formation of biodiversity in 
this region, and also scientific guidance for the formation of biodiversity protection policies in this region. Also based on 
COI and ITS-1, Álvarez-Presas & Riutort (2014) subsequently performed another comprehensive phylogeographic study 
using the low-dispersal land planarian C. bergi in 13 conservation areas within SAF region. They found that most sampled 
localities harbour high levels of genetic diversity, with lineages sharing common ancestors that predate the Pleistocene. In 
addition, they also demonstrated that land planarians are an advantageous biological model for making phylogeographic and, 
particularly, fine-scale evolutionary inferences, and propose appropriate conservation policies. The availability of molecular 
data and up-to-date methodologies to analyze them, has transformed planarians from being mostly of interest to a few 
taxonomists and researchers investigating their regenerative capacity to a cutting-edge model on phylogeographic and 
demographic studies. This is so also because their features, such as their low dispersal ability, make them ideal for providing 
insight into past events and for inferring how biodiversity is generated, the influence of geological, climatic events, and the 
history of populations found in forests and rivers.  

4  Summary and outlook 

Planarians is an excellent model for the study of many scientific problems in biology, and planarianology has become 
an active research field. Many scientists have conducted in-depth studies on different biological problems in different 
research directions and levels. In this review, researches on the molecular systematics, population genetic structure and 
phylogeography of planarians are reviewed. The first part of this article summarizes the molecular phylogeny and molecular 
taxonomy of planarians. Molecular phylogenetic studies have shown that "Turbellaria" is a paraphyletic group. Molecular 
markers applied in planarian phylogeny and taxonomy reveals a great deal of diversity and makes a great contribution to the 
construction of better classification and the increase of taxonomic richness. The second section of this review addresses the 
population genetics and phylogeography of planarians. Many specialists surveyed detailed population genetic structure of 
planarians by using molecular marker technique. And, in the study of the phylogeography of planarians, they found that 
phylogeography can study the evolution of biogeographical patterns of species and the genealogy patterns of population 
genes; it can also compare phylogenetic biogeography and reveal hotspots areas of biological protection from the genetic 
level.  

At present, the phylogenetic relationships within higher categories such as class and order of planarians have been 
relatively clear. The next work will focus on the exploration of phylogenetic relationships of different families and 
subfamilies within orders, especially Tricladida. However, the above phylogenetic problems should be discussed on the basis 
of species classification, and therefore species identification based on morphological, molecular and geographical 
distribution information is still necessary. With the increasing serious environmental pollution, the global warming and water 
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drying up, and the accelerating tourism development, the population genetic structure, phylogeography and conservation of 
planarians should be strengthened in the future, especially in our China. In the current era of omics, NGS-based RNA 
sequencing (RNAseq) and restriction site associated DNA sequencing (RADseq) are expected to help develop new markers 
to achieve a greater understanding of the group evolutionary history and to have a more accurate taxonomy. 
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