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Introduction 
After the arthropods, molluscs represent the second largest phylum in the animal kingdom. Beyond the 

ice-covered plains of the polar caps, this megadiverse and significant group occupies almost every biome 

on the planet: from black smokers in the deep sea to estuaries, rocky and sandy shorelines, deserts and 

rainforests, freshwater lakes and rivers and at the tops of high mountain ridges. The earliest molluscan 

records date back to the turn of the Ediacaran Period to the Cambrian about 540 million years ago 

(Maloof et al. 2010). Though frequently debated in the last decades, the current species estimate is about 

90,000 valid living species, with an equal number of fossil species (MolluscaBase, Jan. 2022). Molluscs 

have impacted human history, art and culture and have been enriching our diet since prehistoric times 

(Khan & Liu 2019). Mollusc consumption and export rates vary with different populations and customs. 

For example, the Food and Agriculture Organization of the United Nations (FAO) reported for the year 

2018 a worldwide production of 17.3 million tonnes of shelled molluscs, which represents 56.3 percent 

of the production of marine and coastal aquaculture. In medicine, the toxins of the Conoidea 

superfamily, the conopeptides (conotoxins) and teretoxins, have revealed to possess a remarkable 

diversity of pharmacological function and utility: they circumvent the known abuse of opioids in pain 

therapy (Bingham et al. 2010, 2012; Olivera & Teichert 2007; Verdes et al. 2016). On the other hand, 

snail-borne parasitic diseases (SBPDs) such as schistosomiasis, are still a great concern in Sub-Saharan 

Africa and in tropical and sub-tropical regions of Southeast Asia as well as in the Caribbean and South 

America (Peters & Pasvol 2002, Morgan et al. 2005). Research is ongoing regarding vector dispersal 

and the geographical distribution of these diseases (Lu et al. 2018).  

Due to their limited vagility, terrestrial molluscs are a fitting model for studies addressing colonization 

and distribution patterns (Scott, 1997). Ecologically, saprophagous terrestrial snails are significant 

decomposers of organic matter and are thus, vital for the ecological balance of the soil biome (De 

Oliveira et al. 2010). Molluscs act as bioindicators in health and quality assessments of forests (Gheoca 

et al. 2021) as well as in water quality assessments of rivers and lakes, with filtering bivalves as the 

performing indicators (Shevchuk et al. 2021). In addition, molluscs are known for their often bizarre 

and acrobatic mating practices (Chase & Blanchard 2006; Nitz et al. 2010) as well as for their 

remarkable acts of self-decapitation and regenerative abilities (Mitoh & Yusa 2021). To understand and 

benefit from these far-reaching dynamics, sound taxonomy and knowledge of phylogenic relationships 

is requisite to all endeavors concerning molluscs and mollusc – human interactions.  

Traditionally, the study of molluscan phylogeny was based on anatomical and conchological characters 

such as shell size and shell shape. Usually, bodies and shells are scrutinized for character states, i.e. 

character states are identified and appraised for their synapomorphic or symplesiomorphic value. This 

methodology led to the first revision of molluscan taxonomy and phylogeny (see for example 

Haszprunar, 1988). The now standard use of new generations of DNA sequencing techniques has 

boosted the quality of molluscan systematics in phylogenetic research (Korábek et al. 2019; Neiber et 

al. 2021) The aim of my dissertation is to investigate phylogeographic variation and to study the 
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dispersal pathways of some of the up to now neglected taxonomic groups (see chapters 1, 2, and 4) as 

well as to complete gaps in the phylogeography of other groups (see chapter 3). 

Museums host large collections of both, dry and ethanol-preserved molluscan specimens whose 

scientific potential is often underestimated. Increasing quality of DNA capture and the following 

bioinformatics of DNA fragments convert not only new, but especially old museum samples (given 

these had been properly curated) to precious research components (Miller et al. 2013; Puillandre et al. 

2012). For example, mummified bodies are proven to be an excellent source for DNA extraction (see 

chapter 2) while shells can yield enough DNA when sensitive extraction methods are applied (Andree 

& López 2013; Der Sarkissian et al. 2017; Geist et al. 2008; Villanea et al. 2016). When trying to 

identify polymorphic species (Rosin et al. 2011; Surmacki et al. 2013) or species with very few 

characteristics as in semislugs (Giusti et al. 2011) or subterranean microgastropods (Inäbnit et al. 2019; 

Kneubühler et al. 2021) conchology has limited power in species delimitation or identification. Mollusc 

DNA on the other hand, may be difficult to handle, and extraction is paved with numerous obstacles 

such as the inhibitory effect of mucus-derived polysaccharides on DNA polymerase activity (Sokolov 

2000). The composition of mucopolysaccharides may vary from family to family, therefore extraction 

methods must be thoroughly tested before application. A further problem is caused by the very popular 

way of euthanizing mollusc specimens by drowning in water, which has proven to be an inappropriate 

method for later DNA extraction (Kruckenhauser et al. 2010; Schander & Hagnell 2003). Other 

problems include the age of preserved vouchers in museum collections (Jaksch et al. 2016), where 

degradation over time and unsuitable preserving agents damage tissues and fragmentize the DNA. This 

“highly fragmented DNA” is also known as ancient DNA (aDNA) (Der Sarkissian et al. 2017; Pääbo et 

al. 1988; Villanea et al. 2016).  

In my doctoral work here, I applied DNA sequence data derived from museum specimens of the family 

Vitrinidae to unravel some taxonomical conundrums in a hitherto neglected group within the 

malacological community (Chapters 1 and 2). In addition, I resolve phylogenetic problems in Swiss 

freshwater bivalves (Chapter 3) and introduce new and inexpensive laboratory protocols in conjunction 

with bioinformatic techniques for recent and ancient mollusc DNA investigations (Chapter 4). 

Chapter 1 
A first revision of several African vitrinid species is presented. This study was based on the examination 

of 46 specimens of Vitrinidae Fitzinger, 1833 mainly from Northeast Africa, the Arabian Peninsula, and 

the Macaronesian Islands. A specimen collected in the Ethiopian highland of previously unknown 

species status, turned out to be a relic species of a group that presumably had gone extinct during the 

late Neogene of Africa. However, this group appears to have evolved to the speciose radiation of 

Vitrinidae on the Macaronesian Islands. This paper applies genetic methods for the first time in a larger 

group within this rather neglected family of terrestrial semislugs. The Vitrinidae is characterised by an 

ongoing tendency towards reduction of the shell. These highly reduced morphological traits constituted 
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a major problem when resolving the taxonomy and phylogenetic relationships of the included species. 

Earlier attempts to uncover the relationship of taxa within Vitrinidae by using morphological character 

states of the shell and soft body anatomy (mainly genital organs) are evaluated and discussed in this 

paper. The phylogenetic hypotheses hitherto considered valid were tested and refuted by the results of 

the molecular research. Since they formed the basis of the current phylogenetic system, morphological 

traits of the genital organs of all available specimens were specifically studied. The main result is that 

the genital organs of some groups within the Vitrinidae do not show synapomorphic characters 

especially since many superficially similar traits have evolved in parallel and thus, must be considered 

homoplasies. Due to low extraction yield and partly fragmented DNA, non-destructive DNA extraction 

and a redesign of commonly used primers were implemented to assure a yield of highly concentrated 

DNA with low fragmentation. 

Chapter 2 

In this work, the genus Vitrina Draparnaud, 1801, from the family Vitrinidae is addressed. Vitrina 

pellucida (O. F. Müller, 1774) has up to now been considered the Central European representative for 

this genus while Vitrina shows a Holarctic distribution pattern with several morphologically very similar 

species, a problem already pointed out by earlier authors: Hesse (1923) already suspected that the 

Siberian Vitrina species could be conspecific with the European V. pellucida, and Forcart (1944) 

considered the described variants as ecotypes. The result of the investigation is striking in that all 

specimens from the Holarctic realm revealed almost no genetic differences. The sampling consisted of 

93 individuals spanning Europe throughout Siberia to North America. Although the difficulties of 

conchological and anatomical studies in Vitrinidae prevail, the implication of highly variable genetic 

markers help to distinguish the selected specimens at species level. Pilsbry (1946) described problems 

in separating the species of the Nearctic taxa comprising Vitrina limpida Gould , 1850, Vitrina alaskana 

Dall, 1905 and Vitrina angelicae H. Beck, 1837 from Greenland. Asian taxa were represented by 

individuals from Siberia and the Kuril Islands, which were considered to be close to Vitrina exilis 

Morelet, 1858 from the southern Kamchatka Peninsula. At least four currently accepted species must be 

synonymized with V. pellucida. This is an interesting example of a rapid expansion of a terrestrial snail 

species, that developed extraordinary dispersal abilities helping it to invade the northern hemisphere 

within a few thousands of years, possibly since the Pleistocene. These results suggest that V. pellucida 

uses birds or mammals as vectors for rapid dispersal (Maciorowski et al. 2012; Yu et al. 2021; Zenzal 

et al. 2017). Another consideration includes dispersal via wind, particularly during strong storms (Ożgo 

et al. 2016). Replication of long gene fragments was challenging in this study, particularly the highly 

variable ITS1 and ITS2 sequences from very old and mummified material. The morphological study 

was confounded by shattered shells and hard to access mummified specimens. Designed for this study, 

a combination of a series of overlapping primer pairs facilitated the production of long gene fragments 

for the analyses. 
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Chapter 3 
In this study, selected species of Swiss freshwater bivalves of the family Unionidae Rafinesque, 1820 

were investigated and aligned into the modern phylogenetic system of the European unionid fauna. 

Switzerland possesses a vast hydrological network, providing three major European river basins, the 

Rhône, the Rhine and the Po with freshwater. Three questions were addressed. First, the distribution 

pattern of Anodonta exulcerata Porro, 1838 in Switzerland. This species was recently recorded in the 

Swiss part of Lago Maggiore (Froufe et al. 2017) and reconstituted as a valid species by Riccardi et al. 

(2020). I show that shell morphology is impossible for distinguishing Anodonta anatina (Linnaeus 1758) 

from A. exulcerata while molecular methods work flawlessly for identifying the taxa. Secondly, the 

identity of the southern and western populations of Swiss Unio species has been debatable (Prié & 

Puillandre 2014). By applying genetic markers, the southern population could be reliably identified as 

Unio elongatulus C. Pfeiffer, 1821 and not Unio mancus Lamarck, 1819 as was often purported. This 

species used to live in north-west Switzerland but has since become recently extinct. This leads to the 

third question which investigates possible living populations of U. mancus in the great lakes and river 

systems of Switzerland. The genetic analyses using mitochondrial and nuclear markers were performed 

for 128 specimens from 42 sites in Switzerland. For comparing the Swiss data in a broader geographical 

context, a selection of sequences from the latest publications (Froufe et al. 2017; Klishko et al. 2018; 

Lopes-Lima et al. 2021; Marrone et al. 2019) was added to the phylogenetic analysis. The results show 

that U. mancus was not found in the 42 sites. However, there may be cryptic populations in the western 

part of Switzerland such as in the Doubs River drainage system. The dispersal pattern of U. elongatulus 

surprisingly shows that the species overcame the geographical boundaries formed by the Alps and 

advanced north via the Rhine basin. Finally, the population distribution pattern of A. anatina in 

Switzerland shows that this species splits at least into four subpopulations in the concatenated 

phylogeny. The taxonomic position of A. anatina needs further investigation in the future. This finding 

enriches and supports previous works concerning A. anatina (Froufe et al. 2014; Klishko et al. 2018). 

Chapter 4 
This chapter summarizes my engagement in developing and establishing a wide array of laboratory 

protocols and bioinformatical procedures within the malacology group at the Natural History Museum 

in Bern (NMBE). In Bouaziz-Yahiatene et al. (2017), a five-marker approach was advised by me to 

unravel the phylogenetic relationship between Massylaea Möllendorff, 1898 and Eobania P. Hesse, 

1913. A newly modified ITS2 primer pair was developed to molecularly process these North African 

Helicidae. Consequently, the node values in the phylogenetic tree supported the phylogenetic hypothesis 

suggested by the anatomical studies. In Ezzine et al. (2018), I to analysed species boundaries of 

Marmorana (Murella) muralis (O. F. Müller, 1774) by using Bayesian Inference with MrBayes. In 

Kneubühler et al. (2019), I oversaw MrBayes analyses performed in the HPC cluster at the University 

of Bern (http://www.id.unibe.ch/hpc). 
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The family Vitrinidae Fitzinger, 1833 exclusively consists of gastro-
pods in the life form of semislugs with reduced, translucent shells, 
too small to shelter the complete body of the animal. The family be-
longs to the superfamily Limacoidea Lamarck, 1801 which includes 
both snails and slugs (Hausdorf, 2000). The Vitrinidae contains ap-
proximately 120 species, with a few widespread taxa in the Holarctic 
and a considerable number of small-range taxa in the Afrotropics, 
the Macaronesian Islands, and central Europe (Hausdorf, 2002). 
North-eastern Africa harbors almost 50 nominal taxa attributed to 
the family. Their phylogenetic relationships are still insufficiently 

explored. Reasons for the still fundamentally unexplored family 
may lie in the nature of the highly reduced shells of Vitrinidae, from 
which only a few character states can be retrieved for a phylogenetic 
analysis. Furthermore, the anatomy of the genital organs offers a 
number of valuable traits, but due to the fact that in this family no 
spermatophores are produced, the construction of the male copu-
latory organ strongly deviates from the classic stylommatophoran 
bauplan. It also can be misleading if immature specimens were used 
for the analysis, potentially a problem with small-sized specimens of 
poorly known species.

After years of remarkable progress in understanding the phy-
logeny of the Vitrinidae (Alonso et al., 1987; Groh, & Hemmen, 

| |
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A phylogenetic investigation of genera and species of the semislug family Vitrinidae 
from Europe, East Africa, Arabia, and Macaronesia is presented. Two mitochondrial 
markers (COI & 16S) and a set of nuclear markers (H3 & ITS2) were used in maximum 
likelihood (ML) and Bayesian inference (BI) analyses. The synopsis of DNA sequence 
data and anatomical data provide a first insight into the phylogenetic relationships of 
these groups. The existence of major groups comprising European, Macaronesian, and 
Arabian-African genera is proven, however, their relationship remains unresolved. The 
sister-group relationship between the Macaronesian radiation and a newly discovered 
East African genus Sanettivitrina nov. gen., perhaps a relic of this radiation, is demon-
strated. The separation of the remaining East African Vitrinidae into two clades as 
hypothesized by earlier authors, viz. Arabivitrina Thiele, 1931 and Calidivitrina Pilsbry, 
1919 could not be confirmed. The hitherto used generic definitions based on geni-
tal morphology are not able to explain the existence of at least five lineages in East 
Africa. Apparently, Arabivitrina and Calidivitrina morphotypes experienced several 
parallel losses of genital organ appendices.

Africa, anatomy, Macaronesia, molecular phylogeny, Vitrinidae
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1986; Morales et al., 1988; Schileyko, 1986; Valido et al., 1990, 
1993), little has been contributed after the latest hypotheses on 
Vitrinidae taxonomy (see Alonso et al., 2000; Giusti et al., 2011; 
Hausdorf, 2002; Schileyko, 2003). The morphological charac-
ters used in these leading works could be crucial for any later 
topology resolution but harbors a potential source of error if 
characters are not informative or wrongly interpreted. Alonso 
et al. (2000) evaluated nine morphological characters and their 
respective states and performed a cladistic analysis of the re-
sulting data matrix. However, they restricted their analysis to 
five Macaronesian vitrinid taxa, and used another four genera 
as outgroups. Thus, their results lag behind the broader taxon 
sampling of the other studies. Schileyko (2003) published a tax-
onomic treatise over all existing genera, and based his system on 
an assessment of characters, which did not necessarily follow an 
evaluation of characters and character states. He subdivided the 
family into three subfamilies, viz. Plutoniinae, Semilimacinae, and 
Vitrininae. The phylogenetic hypotheses of Hausdorf (2002) and 
Giusti et al. (2011) differed in the amount of examined morpho-
logical characters (Hausdorf 17 vs. Giusti 25), and the outgroup 
choice, but both used Maximum Parsimony (MP) as method for 
the analyses of morphological characters. Although fewer char-
acter states were coded in Hausdorf (2002), a clean split be-
tween mainland European genera and others was observable. 
In his discussion, Hausdorf compared the results of his phyloge-
netic hypothesis with the findings of Schileyko (1986). The sub-
divisions proposed by Schileyko were not supported: Vitrininae 
including Vitrina (loss of the atrial stimulator) and Calidivitrina 
(loss of the glandula amatoria) was polyphyletic, one taxon fall-
ing in a European clade and one in an African clade. Giusti et al. 
(2011) included more data and varied the outgroup composition 
resulting in defined data partition sets (DP). In their polytomous 
DPIII topology, most of the previously accepted groups did not 
cluster together. Finally, Giusti et al. (2011) rejected all previ-
ous classifications of Alonso et al. (2000), Hausdorf (2002), and 
Schileyko (2003) based on the MP analyses of the DPII and DPIII 
data trees. It also should be mentioned that neither Hausdorf 
(2002) nor Giusti et al. (2011) divided the Vitrinidae into subfam-
ilies. The phylogeny of the group is evidently difficult to resolve 
on morphological grounds alone.

We combine two mitochondrial and two nuclear marker se-
quences for a deeper understanding of the relationships at the level 
of genera and subfamilies.

|

The sample consisted of 46 individuals from museums’ collections 
and fresh sampled individuals, preserved in 80% EtOH for later 
anatomical and genetic analyses. Voucher numbers and GenBank 
accession numbers are presented in Table 1. Marker sequences are 
presented in Table 2. The distribution of sampled taxa is displayed 
in Figure 6.

|

We sampled as many genera as possible from each biogeographi-
cal area, using the nomenclatural type species for each genus where 
possible. An exception had to be made for Semilimax semilimax (J. 
Férussac, 1802) due to poor preservation, so Hessemilimax kotulae 
(Westerlund, 1883) was used instead. As shown in Table 1 a selec-
tion of Macaronesian and mainland European species were chosen 
from preserved vouchers from the Naturhistorisches Museum der 
Burgergemeinde Bern (NMBE), the Senckenberg Museum Frankfurt 
(SMF), the Zoological Collection of the Biology Department, 
University of the Azores (DBUA), the National Museum of Wales 
(NMW), the Carnegie Museum of Natural History (CM); the majority 
of African specimens were also from NMW. To complement main-
land Europe and enlarge the test batch, freshly collected specimens 
from private donors and own collecting trips in the surroundings 
in Bern, Switzerland were added. Outgroup selection embraced 
members of other families in the Limacoidea in order to avoid ex-
cessive contrasts in the tree resolutions. The selection consisted of 
Daudebardia rufa (Draparnaud, 1805), Boettgerilla pallens Simroth, 
1912 and Limax maximus Linnaeus, 1758.

A GenBank search for previously published Vitrinidae se-
quences ended with the decision not to use database derived data 
in this study. Misidentification of species in GenBank can seri-
ously jeopardize the outcome of any phylogenetic analyses. It was 
preferred to sequence accessible voucher specimens identified 
by experts in their field in order to guarantee the quality of the 
results.

In this study, the problem arises that the African vitrinid species 
have not recently or completely been revised taxonomically. African 
vitrinid shells cannot be discriminated with certainty from shells 
of semislugs of the sympatrically existing families Helicarionidae, 
Ariophantidae, Urocyclidae etc. Thus, several nominal taxa, which 
even now are only known from shells, are difficult to assign to a 
family or genus even when they can be identified to species level 
by comparison to type specimens. In the past, species identified by 
shells were often allocated to either Arabivitrina or Calidivitrina, but 
our results suggest this was often incorrect.

|

Preserved animals were dissected under a LEICA stereomicroscope 
using F.S.T. thin tweezers, and animal and shell (if intact) were stud-
ied and compared to all information available from recent literature. 
The genitalia were removed from the body, the position of the right 
ommatophore relative to the penial retractor (Giusti et al., 2011) was 
noted, and afterward the genital situs and further morphological de-
tails were investigated. After that, shells, genital situs, and details 
of the genital organs were photographed under a LEICA M205 C 
equipped with a LEICA MC190 camera. The multifocal images were 
processed by using a Leica's in- house software LAS X EDOF (Leica 
Microsystems).
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|

Foot muscle snippets, approximately 2 to 5 mm3 were taken from the 
specimens with sterile surgical blades in a remote laboratory away 
from the PCR laboratory under clean conditions. For total genomic 
DNA extraction, a Qiagen Blood and Tissue Kit (Qiagen cat nr. 69506) 
in combination with a QIAcube extraction robot (DNeasy Blood Tissue 
and Rodent tails, standard protocol) was used. A manual extraction in 
a DNA clean environment by using components of the Qiagen Blood 
and Tissue Kit were necessary for older specimens. Degradation over 
time is a persistent concern when working with museum specimens 
(Jaksch et al., 2016), as was shown by DNA concentration measure-
ments on study specimens by a Qubit 4 Fluorometer (Thermo Fisher 
Scientific) (Brzobohatá et al., 2017). The decision of including museum 
specimens is evident: first, expensive collecting trips can be avoided 
and second, rare or even extinct species can be added to the analysis 
given that mitochondrial sequences can still be extracted even from 
old museum specimens (Elias et al., 2007; Puillandre et al., 2012b). 
Museum voucher specimens also remain accessible to future workers.

|

For this study, the following markers were analyzed. Partial se-
quences of two mitochondrial genes were as follows: (1) the cy-
tochrome c oxidase subunit I gene (COI; 710 bp amplicon length); (2) 
the 16S ribosomal RNA gene (16S; 480 bp amplicon length). The two 
nuclear marker sequences were as follows: (1) a part of the rRNA 
cluster including part of the 5.8S rRNA gene, the complete inter-
nal transcribed spacer 2 and a part of the 28S rRNA gene. The am-
plicon length of this fragment (hereafter named ITS2) was 900 bp. 
(2) a partial sequence of the histone 3 gene (H3; 320 bp amplicon 
length). (Carmona et al., 2013; Colgan et al., 2007; Gomes et al., 
2010; Hausdorf & Sauer, 2009; Neiber et al., 2016; Nekola et al., 
2009; Pfenninger et al., 2010; Schultz et al., 2005; Uit de Weerd & 
Gittenberger, 2013; Wade & Mordan, 2000; Williams & Reid, 2004).

The chosen markers are well known in works covering malacol-
ogy and possess a useful bandwidth of phylogenetic information 
(Bouaziz- Yahiatene et al., 2017; Ezzine et al., 2017, 2018). Various 
primers for each marker gene needed to be used for amplification 
due to the initial lack of specific Vitrinidae primers and the nature 
of old museum specimens. LSU1 and LSU3 were slightly modified for 
this work. See Table 2 for primer pairs used in the PCR and sequenc-
ing. New primers were designed with the Primer3 V.2.3.4 (Koressaar 
& Remm, 2007; Untergasser et al., 2012) plugin in Geneious Ver.9.1.8 
(Biomatters Ltd.) software package, with additional manual editing.

|

PCRs were conducted with a mix of 12.5 l of GoTaq G2 
HotStart Green Master Mix (Promega M7423), 6.5 l nuclease 
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free H2O (Sigma- Aldrich, W4502), 1 l of each primer, and 2 l 
template DNA.

The condition for the PCRs were as follows: for COI, the cycling 
protocol begins with 3 min at 95 , followed by 35 cycles of 1 min at 
95 , 1 min at 40  (45  for FCOI/RCOI) and 1 min at 72  and fi-
nally, 5 min at 72 . For 16S, the amplification conditions were 3 min 
at 95 , followed by 35 cycles of 1 min at 95 , 1 min at 50  and 
1 min at 72 , and finally, 5 min at 72 . For the 16Sar/br primer pair, 
the conditions were 5 min at 95 , followed by 34 cycles of 30 s at 
95 , 25 s at 52  and 45 s at 72 , and finally, 5 min at 72 . For 
ITS2, the cycle conditions were 1 min at 96 , followed by 35 cycles 
of 30 s at 94 , 30 s at 55  and 1 min at 72 , and finally, 10 min at 
72 . The PCR conditions for the H3PulF/R were 3 min at 94 , fol-
lowed by 35 cycles of 15 s at 94 , 30 s at 57  and 40 s at 72 , and 
finally, 1 min at 72 . For the H3AD/BD pair, 3 min at 95 , followed 
by 45 cycles of 45 s at 95 , 45 s at 50  and 45 s at 72 , and finally, 
10 min at 72 . The PCR condition for the new primer pair ITS2ModA 
and ITS2ModB are virtually the same as for the LSU- 1/3 and varies 
only in the annealing temperature of 43 .

PCR products were displayed together with a negative control 
and a 1,000 bp ladder (BenchTop 100 bp DNA Ladder, G8291) in 
an agarose 1% gel for assessment of quality and primer efficiency. 
Failures were repeated by applying higher volumes of template and/
or changing slightly PCR parameters like temperature or increasing 
cycles. PCR product purification and sequencing were performed 
by LGC (LGC Genomics Berlin). Sensitive and old museum speci-
men sequences were sent for single tube sequencing to Microsynth 
(Microsynth Balgach Switzerland). A number of unexpected se-
quence results were checked by reamplification and sequencing or 
from additional specimens.

|

Raw sequences were processed and trimmed in Geneious Ver.9.1.8 
(Biomatters Ltd.). The MAFFT v.7.222 plugin of Geneious (Katoh & 
Standley, 2013) was implemented with the L- INS- i algorithm and the 
1PAM/k = 2 matrix for alignment of the processed marker sequences. 
Every generated gene alignment was verified and when needed 
improved by eye. We excluded positions of unreliable parts of the 
alignment. Alignment length after editing was as follows (original first 
MAFFT alignment length in brackets): COI 653 bp (653 bp), 16S 437 bp 
(462 bp), H3 278 bp (278 bp), and ITS2 with 623 bp (956 bp), summing 
up to a total of 1991 bp in the concatenated alignment block. The 
data are downloadable from TreeBASE http://purl.org/phylo/ treeb 
ase/phylo ws/study/ TB2:S28034 (Piel et al., 2009; Vos et al., 2012). 
Test of substitution saturation was assessed by using by Xia's test 
in DAMBE v.7.058 with default settings (Xia, 2017, 2018; Xia et al., 
2003). An editing by applying Gblocks V.0.91b (Castresana, 2000) 
was suggested with standard settings, which resulted in a reduced 
size of the alignment: 648 positions, 27% of the original 2349 bp (see 
Alignment S2). The resulting ML tree (Figure S1) is deposited together 
with the Alignment S2 in in the supporting information section.

The partition of the 16S and ITS2 fragments was defined for each 
as a single partition. The protein coding genes COI and H3 fragments 
were defined each in two partitions: the first two codon positions as 
one block and the third codon position as a second. Partitionfinder Ver. 
2.1 (Lanfear et al., 2016) searched the optimal evolutionary models for 
the partitions using the corrected Akaike Information Criterion (AICc).

The results of Partitionfinder2 for the assumed partitions sug-
gested GTR+I+G as best fitting model for the analysis in RAxML 
(Stamatakis, 2006). ML was computed with RAxML by performing 

COI LCO1490 GGTCAACAAATCATAAAGATATTGG 710 Folmer et al. (1994)

HCO2198 TAAACTTCAGGGTGACCAAAAAATCA

FCOI ACTCAACGAATCATAAAGATATTGG Gittenberger et al. (2004)

ROCI TATACTTCAGGATGACCAAAAAATCA

16S 16sF CGGCCGCCTGTTTATCAAAAACAT 480 Palumbi et al. (1991)

16sR GGAGCTCCGGTTTGAACTCAGATC

LR- N- 13398 (16Sar) CGCCTGTTTATCAAA AAC AT Weigand et al. (2013)

LR- J- 12887 (16Sbr) CCGGTCTGAACTCTGATCAT

5.8S- ITS2- 28S LSU- 1 CTAGCTGCGAGAATTAATGTGA 900 Wade and Mordan (2000)

LSU- 3 ACTTTCCCTCACGGTACTTTG

ITS2ModA GCTTGCGGAGAATTAATGTGAA This work

ITS2ModB GGTACCTTGTTCGCTATCGGA

H3 H3PulF GGAGGCAAGGCCCCACGTAARCA 320 Uit de Weerd et al. (2013)

H3PulR TTGGCGTGGATGGCGCACARG

H3AD ATGGCTCGTACCAAGCAGACVGC Carmona et al. (2013)

H3BD ATATCCTTRGGCATRATRGTGAC

10
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the search for the ML tree and a rapid Bootstrap analysis with 2000 
replicates in one single run. Bayesian inference (BI) was performed 
using Mr Bayes v3.2.2 x64 (Huelsenbeck & Ronquist, 2001; Ronquist 
& Huelsenbeck, 2003; Ronquist et al., 2012). Partitionfinder2 pro-
posed as optimal evolutionary model GTR+I+G as best fitting model 
for CO1, 16S, and ITS2 with the exception for the first two codons 
positions of H3, which was HKY+G and GTR+I for the third codon 
position of H3, respectively. The Monte Carlo Markov Chain (MCMC) 
parameter was set as follows: starting with four chains and four sepa-
rate runs for 20 × 106 generations, the temperature set to 0.15, with a 
tree sampling frequency of 1000 and a burn in of 25%. The effective 
sample size (ESS) was analyzed by Tracer (Rambaut et al., 2018). The 
topologies were later displayed on FigTree v1.4.3 (Rambaut, 2012). 
Both analyses, maximum likelihood and Bayesian inference, were cal-
culated through the UBELIX (http://www.id.unibe.ch/hpc), the HPC 
cluster at the University of Bern.

|

|

The substitution saturation assessment for the sequences using Xia's 
test showed no signs of substantial saturation (p = 0.00). Tracer anal-
ysis of the separate BI runs showed no anomaly in the ESS scores.

|

The Bayesian inference tree (BI, Figure 1) shows a similar topology 
to the Maximum Likelihood tree (ML) (Figure S1). The only differ-
ences are to be found in the “Calidivitrina” clade where the position 
of the three main clusters is switched, indicated by asterisks in the 
nodes.

The family Vitrinidae is monophyletic in both analyses (PP = 1, 
BS = 78%). Of the selected outgroups, the family Limacidae (Limax 
maximus) is found to be most closely related to the Vitrinidae (PP = 1 
BS = 80%). Within the Vitrinidae, there are several major clades of 
genera, each with a strong biogeographic basis.

The clade of the continental European genera (Figure 1, A1) 
Eucobresia H. B. Baker, 1929, Vitrina Draparnaud, 1801, Oligolimax 
P. Fischer, 1878, Hessemilimax Schileyko, 1986, and Vitrinobrachium 
Künkel, 1929 is resolved in both analyses (PP = 1, BS = 74%).

The Macaronesian genera (Figure 1, A2) Azorivitrina Giusti et al., 
2011, Insulivitrina P. Hesse, 1923, Canarivitrina Valido & Alonso, 
2000, Plutonia Morelet, 1864 + Madeirovitrina Groh & Hemmen, 
1986 form a clade strongly supported in both analyses (PP = 1, 
BS = 83%). Within the clade, highly similar topologies from each tree 
support subclades of Azorivitrina +Insulivitrina (PP = 1, BS = 96%), 
and Canarivitrina, Plutonia + Madeirovitrina (PP = 0.98, BS = 79%). 
Thus, Azorean and Canarian genera occur in each of these clades. 
The genera Plutonia + Madeirovitrina show a sister- group relationship 
(PP = 0.92, BS = 75%).

Notably, a new African genus from Ethiopia, described here 
as Sanettivitrina nov. gen., is supported as the sister to the entire 
Macaronesian radiation (PP = 1, BS = 90%). The phylogenetic analy-
ses recovered a clade uniting the Macaronesian + Sanettivitrina nov. 
gen. + the European genera, but without statistic support (PP = 0.75, 
BS = 50%). However, the support is not strong and the branch lead-
ing to this clade is short.

The Arabian and African genera, Arabivitrina, “Calidivitrina” 
and Vitrinidae gen. sp. 1, form a clade strongly supported in both 
analyses (PP = 1, BS = 99%). An African species, “Calidivitrina” kibo-
schoensis (d'Ailly, 1910), forms the sister group (Figure 1, B1) to the 
rest (PP = 0.78, BS = 62%). Neither “Arabivitrina” nor “Calidivitrina” 
are restricted to a single clade. The two Arabian species, 
Arabivitrina arabica (Thiele, 1910) (on which the genus Arabivitrina 
is based) + Arabivitrina jansseni Neubert, 1998, are sister to one an-
other (PP = 1, BS = 100%), and are nested in a clade (Figure 1, B2) 
consisting otherwise completely of African taxa (PP = 1, BS = 99%). 
Thus, the Arabian lineage is monophyletic, the whole clade can be 
termed an Arabian- African radiation. The next East African clade is 
presented by the number B3. Differences in position between BI and 
ML are depicted by an asterisk in Figure 1. “Arabivitrina” darnaudi 
sensu Forcart forms a cluster together with Vitrinidae gen. sp. 1 
(Figure 1, B3) (PP = 0.97; BS = 65%), “Calidivitrina” ericinellae (d'Ailly, 
1910) clusters together with “Calidivitrina” lactea (Connolly, 1925) 
and “Calidivitrina” ugandensis (Thiele, 1911) (Figure 1, B4) (PP = 0.87; 
BS = *). Here, we observe a topological change for “Calidivitrina” 
lactea which splits basally causing the asterisk in the ML values. 
“Calidivitrina” nigrocincta (E. v. Martens, 1897) and “Calidivitrina” 
cf. nigrocincta (E. v. Martens, 1897) form an unsupported group 
(Figure 1, B5) (PP = 0.58; BS = 17), a position switch for “Calidivitrina” 
cf. nigrocincta causes the indicated asterisk at (PP = 0.65; BS = *).

|

|

Comparing the phylogenetic topologies of Hausdorf (2002) and 
Giusti et al. (2011) with the phylogenetic trees presented here, 
the molecular tree resolves at least four clades at the base of the 
Vitrinidae. Due to relatively low node values, their interrelationship 
is not sufficiently supported. A separation of mainland European 
genera from the Macaronesian radiation can be found (A subdivided 
as A1 and A2); the Arabian/African clade (B) subdivided in B1, B2 
and B3 is opposite to the European/Macaronesian (A) clade. The 
current subdivision of the Vitrinidae into two subfamilies is not veri-
fied; one alternative could also be a subdivision in three subfamilies. 
More research and more data (i.e. more specimens) is needed to im-
prove the resolution of the tree.

The early split of Eucobresia off the European cluster conflicts 
with the previous hypotheses of Giusti et al. (2011). In Giusti's 
system, Eucobresia diaphana (Draparnaud, 1805) + nivalis + glacia-
lis formed part of a polytomy for their DPIII dataset, and in DPII, 
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CO1, 16S, H3, and ITS2. Posterior 
probabilities (right) from Bayesian inference and bootstrap support values (left) from maximum likelihood analysis are indicated at the nodes. 
Asterisks indicate a topological conflict between BI and ML trees (see main text). A = European/Macaronesian clade, B = Arabian/African 
clade, B1– B3 African lineages
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Eucobresia diaphana splits off early from to all Vitrinidae. In our data-
set, Eucobresia forms part of the European group. Hausdorf's anal-
ysis (Hausdorf, 2002) placed Eucobresia between the European and 
African/Macaronesian clades.

The position of Oligolimax is clarified in both our trees it groups 
with other European genera, while Alonso et al. (2000) postulated 
it to be a member of other groups, where Gallandia (= Oligolimax) 
clustered with Arabivitrina and their Macaronesian clade. The posi-
tion of Oligolimax among non- European genera is also observable in 
the work of Hausdorf (2002), where it was sister group to Plutonia. 
Oligolimax definitely forms part of our European clade, although its 
phylogenetic relationship to Sardovitrina needs further investigation 
when additional species can be sampled.

The Macaronesian clade is represented by two main groups: the 
Madeirovitrina nitida (A. A. Gould, 1847) + Plutonia atlantica (Morelet, 
1860) + Canarivitrina taburientensis (Groh & Valido, 2000) clade ver-
sus the Azorivitrina laxata (Morelet, 1860) + Insulivitrina lamarckii (A. 
Férussac, 1821) clade. Interestingly, Azorivitrina laxata seems to be 
more closely related to Insulivitrina lamarckii than to its geograph-
ical neighbour Plutonia atlantica. Canarivitrina taburientensis, which 
is a local endemic species from La Palma Island, forms a clade with 
Plutonia and Madeirovitrina, representatives of more remote islands 
of the Macaronesian archipelago. These findings are in conflict with 
the results of Guisti et al. (2011) in their DPIII tree topology, where 
Plutonia atlantica and Canarivitrina taburientensis + Canarivitrina di-
anae (Valido & Alonso, 2000) do not form a clade with the rest of the 
Macaronesian taxa at all.

These findings reopen questions on the reclassification of the 
Macaronesian genera made by Alonso et al. (2000). Furthermore, the 
topology suggests two possible independent colonization events for 
the Azores by the Vitrinidae from the older Macaronesian Islands, 
in the last 8 Ma years since the emergence of the Azorean Islands 
(França et al., 2003). To assess the certainty of the relationships, 
colonization and generic classification more data is required, which 
will be implemented in a future publication for the Macaronesian 
Islands. The newly discovered Sanettivitrina scripta nov. gen. nov. sp. 
stands out being currently the sister group to the remaining taxa 
in the Macaronesian clade. The split is remarkably distant from the 
Macaronesian core group, so probably indicates an ancient split- off 
from a proto- Macaronesian lineage in the Neogene. Actually, the 
morphology of the genitalia shows a glandula amatoria with a papilla, 
displaying the genital organs of the Arabivitrina type and additionally 
showing a high anatomical congruency with several Macaronesian 
genera. This similarity may have been the root for the hypothesis 
made by Neubert (1998), who postulated a closer relationship be-
tween Arabivitrina and Insulivitrina. This hypothesis is here rejected. 
Forcart (1959) hypothesized that Arabivitrina, Insulivitrina and 
Phenacolimax developed independently from ancestor forms; thus, 
he already observed the phenomenon of convergent evolution in the 
genital apparatus of the Vitrinidae.

The Arabian/African (B) clade and its subclades B1, B2, and B3 
need further attention. All sequenced and dissected specimens are 
tentatively identified by comparison to the type specimens, where 

available. Surprisingly, we only find two basic types of genitalia in the 
Arabian- African radiation, that is, the Arabivitrina type (a huge glan-
dula amatoria present), and the Calidivitrina type (glandula amatoria 
missing), but at least five genetically rather well supported clades in 
eastern tropical Africa. Unfortunately, we could not include any to-
potypic specimen of the type species of Calidivitrina (Pilsbry, 1919), 
Calidivitrina oleosa (E. v. Martens, 1895) in our study. This means we 
are unable to determine to which of our clades with the Calidivitrina 
type of genital organs the name could be applied. In Africa, the 
genera “Arabivitrina” and “Calidivitrina” are polyphyletic, and yet we 
have not been able to trace any additional character states in the 
genital organs that could serve to resolve this problem. Given the 
fact that we have sequenced only 10 species out of 50 potentially 
valid African vitrinid species in our study, and large areas of northern 
Ethiopia and Eritrea remain unknown, the phylogenetic structure of 
the family in the area seems to be much more complicated than the 
two- type model of genitalia suggests.

These findings require new criteria of classification for these 
genera. Independent losses of the glandula amatoria from their com-
mon ancestor may have led to this situation today. Both BI/ML trees 
show five distinguishable lineages as shown in Figure 1.

Lineage B1: contains “Calidivitrina” kiboschoensis (d’Ailly, 1910). 
(Figure 2a- d) Genital organs of Calidivitrina type, similar to the de-
scription of “C.” kiboschoensis by Hubendick (1953).

Lineage B2: contains the type species of Arabivitrina, Vitrina ara-
bica Thiele, 1910 and the holotype of Arabivitrina jansseni Neubert, 
1998. Both cluster together and define the position of the genus 
Arabivitrina. Many other East African taxa inhabiting the Eritrean and 
Ethiopian area have been allocated to Arabivitrina, usually based on 
anatomical details, and without any genetic data. Lineage B2 is dis-
tinct from the East African taxa included in this study, so we cur-
rently consider the genus Arabivitrina to be restricted to the Arabian 
Peninsula. Arabivitrina genital anatomy is mainly characterized by a 
large glandula amatoria and a penial glandular torus as defined by 
Forcart (1957), which was named the major pilaster by Neubert 
(1998).

Lineage B3: contains several species and is representative for 
the radiation of the High Simien Mountain range in Ethiopia. The 
first species displays genital organs of Arabivitrina type; our speci-
men corresponds to the species identified by Forcart (1957: plate 2, 
Figure 2) as Phenacolimax (Arabivitrina) darnaudi (L. Pfeiffer, 1857); 
he selected a lectotype for this species in the British Museum from 
the Cuming collection (Forcart, 1957: 119) (Figure 3a). This spec-
imen only roughly corresponds to our (and Forcart's specimens) 
(compare Figure 3a and b). The shells differ in the size of the last 
whorl and the subsutural sculpture. Subsequently, this taxon is 
called “Arabivitrina” darnaudi sensu Forcart, 1957, and the original 
picture of the situs of its genital organs is shown (Figure 3f). It orig-
inates from the High Simien area in the Gondar province and dis-
plays genital organs of the Arabivitrina type. Although anatomically 
indistinguishable from Arabivitrina, the phylogenetic analyses sug-
gest the High Simien specimens’ position to be close to the proba-
ble Calidivitrina clades.
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An unidentified species Vitrinidae gen. sp. 1 with the Arabivitrina 
type of genital organs forms the sister species to “Arabivitrina” 
darnaudi sensu Forcart. It shares the basic genital bauplan of an 
Arabivitrina type but has a rather different shell form and genital 
appearance from Phenacolimax (Arabivitrina) darnaudi (Figure 3g- j).

The vitrinid radiation of the High Simien was described by 
Forcart (1957), and embraces two other, conchologically clearly 
different species, both with genital organs of the Arabivitrina type. 
Comparison of the preserved genital organs on Forcart's slide (NMB 
5812) (Figure 3f) from the region of Aostagheb on the south slope 
of Ambaras, with our examined specimens showed a high congru-
ency in character states: the conical shape of the penis with a knob- 
shaped tip, the relaxed straight and elongated vagina and the slender 
glandula amatoria.

The next lineages in B3 comprise specimens from central to east 
Africa: Uganda, Kenya, and Tanzania. They all share the Calidivitrina 
genital type as described by Pilsbry (1919) for Calidivitrina oleosa (E. v. 
Martens, 1895): a slender elongated vagina, absence of the glandula 

amatoria, penis large compared to the vagina, bursa copulatrix prom-
inent. The resolution of the clade consisting of “Calidivitrina” cf. nigro-
cincta, “Calidivitrina” lactea, “Calidivitrina” nigrocincta, “Calidivitrina” 
ericinellae, and “Calidivitrina” ugandensis is not deep: a clear distinc-
tion of the species is possible but the short branch lengths might 
indicate recent speciation. This newly found lability in the genital 
morphology may mean that a separation based on morphological 
traits is even more difficult. Giusti et al. (2011: 351, Figs. 88– 90) de-
scribed in detail the genital organs of a Calidivitrina species, which 
they identified with doubts as Calidivitrina oleosa. However, this spe-
cies was described by E. v. Martens (1895) from the summit of the 
Ruwenzori Mts. (Congo), which is ca. 300 km away from the locality 
their specimen came from, Cherangani near Kitale in Kenya. The dis-
sected species may instead be Calidivitrina variopunctata Connolly, 
1931 or Calidivitrina baringoensis E. A. Smith, 1894. Unfortunately, 
we had no topotypical Calidivitrina oleosa available, so the correct 
identification of the Calidivitrina clade remains impossible for the 
moment.

Calidivitrina- type of genital organs. (a) “Calidivitrina” kiboschoensis, NMW.Z.2013.0054.00052, Mt. Kilimanjaro, Erica 
heathland, shell diameter = 10.2 mm, (b) situs of genital organs, (c) female part of genital organs, (d). 1c penis opened to show internal 
structures. Abbreviations used: at = atrium; bc = bursa copulatrix; gr = glandular roll; mp = main pilaster; mrp = musculus retractor penis; 
osd = ovospe miduct; p = penis; vd = vas deferens

Arabivitrina- type of genital organs. (a– f) Calidivitrina darnaudi L. Pfeiffer, 1857. (a) lectotype Vitrina darnaudi L. Pfeiffer, 
1857, NHMUK 1977.58, shell diameter = 15.4 mm, and original label from the Cuming collection reading “Sennaar interior of Africa, Mon. 
Darnaud”; (b) “Arabivitrina” darnaudi sensu Forcart, 1957, High Simien, NMBE 564353, shell diameter = 10.2 mm, (c) situs of genital organs, 
(d) penis opened to show internal structures, (e) female part of genital organs; (f), original anatomical slide of Forcart (1957: Figure 2), NMB
5182a; (g) Vitrinidae gen. sp. 1, Sanetti Plateau (site 2), shell diameter = 8.6 mm, (j) situs of genital organs, no. 3h penis opened to show
internal structures, (i) female part of genital organs. All shells ×5, situs ×10, details not to scale. Abbreviations used: at = atrium; bc = bursa
copulatrix; gr = glandular roll; mp = main pilaster; mrp = musculus retractor penis; osd = ovospe miduct; p = penis; vd = vas deferens
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This topology is explained by insufficient observable character 
states of the genital organs, despite our detailed dissections. We 
hypothesize that the lineages observed represent multiple genera, 
each following the one or the other basic type of genital morphol-
ogy. This means that the reduced Calidivitrina type occurs twice, and 
Arabivitrina type three times in the trees if we consider Sanettivitrina 
as an African example of this genital type. Overall, our taxon sam-
pling is too small to resolve the problems at the moment, and more 
mature and well- preserved specimens collected at the type localities 
of nominal taxa are needed to find differentiating traits.

|

Sanettivitrina new genus.
ZooBank ID: B61A32CD- AE44- 442F- 8C47- 0846AF0FBFEE.
Type species: Sanettivitrina scripta new species.
Diagnosis: As for the type species.
Etymology: From the Sanetti Plateau and the genus Vitrina (the 

“glass” or “vitrine snails”).
Sanettivitrina scripta new species.
Figure 4, Figure 5a- d

Sanettivitrina scripta nov. gen. nov. sp. (a) situs, outer morphology of the genital organs; (b) morphology of 
male and female lumen. Abbreviations of the genital organs: AG = albumen gland; AT = atrium; BC = bursa copulatrix; DV = distal vagina; 
FHD = free hermaphroditic duct; FO = free oviduct; GA = glandula amatoria; GR = glandular roll; MP = main pilaster; MRP = musculus 
retractor penis; OSD = ovospemiduct; OVT = ovotestis; PC = penial complex; PG = penial gland; PGA = papilla of glandula amatoria; VD = vas 
deferens
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Sanettivitrina scripta nov. gen. nov. sp. (a) body of preserved holotype specimen, NMW.Z.2019.022.00002 with mantle lobe covering 
the lower part of the shell; (b) shell of holotype, shell diameter =6.0 mm; (c) actively crawling animals in their habitat on lichen; (d) details of upper 
surface of anterior edge of shell showing the characteristic markings on the shell's surface
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