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Abstract 

English 

Theodoxus fluviatilis is an euryhaline neritid snail that occurs in freshwater as well as in 

brackish water in Europe and west Asia. Previous studies revealed major physiological 

differences between the brackish water ecotype and the freshwater ecotype in northern 

Germany. This study aims to further elucidate the differences between the ecotypes using a 

combination of molecular biological methods and classic physiology. The first study examined 

the differences in expression levels of urea transporters in Theodoxus fluviatilis ecotypes under 

osmotic stress and the impact of salinity changes on their metabolic rate. Transcriptomic data 

identified four putative DUR3-like urea transporters in T. fluviatilis: TfUT-A1, TfUT-A2, TfUT-

A3, and TfUT-B. These transporters belong to two families, with phylogenetic analysis 

supporting their presence in other invertebrates. qRT-PCR analysis revealed significant 

differences in TfUT-A3 mRNA expression between brackish and freshwater ecotypes under 

osmotic stress, suggesting differential regulation of this transporter that enables the animals to 

adjust their internal osmolalities to the respective environmental osmolalities. Conversely, 

TfUT-B showed no significant expression changes across salinities or ecotypes. The second 

study investigated the respiration and motility of T. fluviatilis. The results indicated that T. 

fluviatilis ecotypes have similar baseline metabolic rates in media corresponding to those in 

their original habitats. However, individuals of the freshwater ecotype showed lower levels in 

respiration rates and in motility in media with elevated salinities, while individuals of the 

brackish water ecotype maintained stable rates unless exposed to extreme conditions. The 

directionality of changes in salinity treatments influenced respiration rates, likely due to the 

energy demands of osmoregulation. In the third study, we accomplished the de-novo generation 

of a reference genome for T. fluviatilis. It was generated using PacBio long-read sequencing 

and the Flye assembly algorithm as well as several polishing and haplotyping steps. The final 

genome assembly displayed a BUSCO completeness score of 76.9 % and an N50 of 73,828 bp, 

with a total repeat content of 48.92 %. Protein prediction and annotation identified 21,220 

functional protein-coding genes, with a BUSCO completeness score of 81.8 %. These findings 

provide insights into the physiological adaptations of T. fluviatilis to osmotic stress and 

establish a genomic foundation for further research into the population genetics of this species.  
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German  

Theodoxus fluviatilis ist eine euryhaline neritide Schnecke, die sowohl im Süßwasser, als auch 

im Brackwasser in Europa und Westasien vorkommt. Frühere Studien haben gezeigt, dass es 

physiologische Unterschiede zwischen dem Brackwasser-Ökotyp und dem Süßwasser-Ökotyp 

in Norddeutschland gibt. Die vorliegende Studie zielt darauf ab, die Unterschiede zwischen den 

Ökotypen durch eine Kombination aus molekularbiologischen Methoden und klassischer 

Physiologie weitergehend zu beleuchten. In der ersten Studie wurden die Unterschiede der 

Expression von Harnstofftransportern in T. fluviatilis-Ökotypen unter osmotischem Stress und 

die Auswirkungen von Salinitätsänderungen auf ihre Stoffwechselrate untersucht. 

Transkriptomische Daten identifizierten vier mutmaßliche DUR3-ähnliche 

Harnstofftransporter in T. fluviatilis: Tf-UTA1, TfUT-A2, TfUT-A3 und TfUT-B. Diese 

Transporter gehören zu zwei Familien, wobei eine phylogenetische Analyse ihr Vorkommen 

auch in anderen Wirbellosen bestätigte. Die qRT-PCR-Analyse ergab signifikante Unterschiede 

in der mRNA-Expression von TfUT-A3 zwischen Individuen der Brackwasser- und Süßwasser-

Ökotypen unter osmotischem Stress, was auf einen unterschiedlichen Regulationsmechanismus 

zur Anpassung der internen Osmolalität an die des externen Mediums unter Stressbedingungen 

hindeutet. Dagegen zeigte TfUT-B keine signifikanten Unterschiede in der Expression bei 

verschiedenen Salzgehalten oder Ökotypen. Die zweite Studie untersuchte die Respiration und 

Motilität von Individuen beider Ökotypen von T. fluviatilis in unterschiedlichen Salinitäten. Sie 

ergab, dass die Ökotypen von T. fluviatilis in ihren jeweiligen Lebensräumen ähnliche 

Grundstoffwechselraten aufweisen. Der Süßwasser-Ökotyp zeigte jedoch verringerte 

Respirationsraten und Beweglichkeit bei erhöhtem Salzgehalt des Mediums, während der 

Brackwasser-Ökotyp bis hin zu extremen Bedingungen stabile Werte aufwies. Die Richtung 

der experimentellen Veränderungen des Medium-Salzgehalts beeinflusste die 

Respirationsraten, wahrscheinlich aufgrund des Energiebedarfs der Tiere zur Osmoregulation. 

In der dritten Studie wurde das Genom von T. fluviatilis de novo sequenziert. Es wurde mithilfe 

der PacBio-Long-Read-Sequenzierung und des Flye-Assembly-Algorithmus sowie mehrerer 

Polishing- und Haplotypisierungsschritte erstellt. Die endgültige Genomassemblierung hatte 

einen BUSCO-Vollständigkeitswert von 76,9 % und einen N50-Wert von 73.828 bp mit einem 

Gesamt-Repeat content von 48,92 %. Bei der Annotation wurden 21.220 funktionelle, 

proteinkodierende Gene identifiziert, wobei der BUSCO-Vollständigkeitswert 81,8 % betrug. 

Diese Ergebnisse geben Aufschluss über die physiologischen Anpassungen von T. fluviatilis an 

osmotischen Stress und bilden eine Grundlage für die weitere Forschung zur 

Populationsgenetik dieser Art. 
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1 Introduction  

1.1 Phenotypic plasticity of organisms in changing environments  

On a global scale, environments are affected by an ongoing change in climate. Temperatures 

rise and extreme weather conditions become more and more prevalent (IPCC, 2023). Marine 

and limnic habitats are no exception. Increases in temperature, decreases in pH - resulting in 

ocean acidification, changes in oxygen concentration and salinity pose great challenges to the 

organisms living in these habitats (Doney et al., 2009; Reid et al., 2009). Among those factors 

salinity is an important variable, especially for species living in shallow coastal habitats. In 

shallow water habitats the fluctuations of environmental parameters are enhanced, due to the 

lower volume of the water body. The increasing global temperature is set to cause a sea level 

rise, and with that sea level rise coastal habitats, like estuaries, will experience salinization. This 

may also be enhanced by evaporation due to higher temperatures. However, not only 

salinization of the coastal areas needs to be considered, but also the freshening of marine water 

bodies, due to increased precipitation, ice melts and changes in ocean circulation (Reid et al., 

2009). All of these changes in the environmental conditions most likely will cause physiological 

stress to the organisms. In conclusion, organisms will need to adjust to the changing 

environment, in order to continue to thrive in their natural habitat (Chevin and Hoffmann, 

2017). This is especially prevalent in stationary or slow-moving organisms, since they canôt 

easily escape unfavourable conditions (Palacio-López et al., 2015; Valesco et al., 2019; 

Venâncio et al., 2019). Mechanisms or concepts of such adjustments are plentiful, such as 

genetic assimilation, phenotypic accommodation or phenotypic plasticity (Pigliucci et al., 

2006).  

Phenotypic plasticity describes an organismsô ability to change its morphological appearance, 

physiological constitution or behaviour in response to its environment. In the words of 

Schlichting and Smith (2002): ñphenotypic plasticity is any change in an organismôs 

characteristics in response to an environmental signalò. Another way of looking at plasticity is 

that different environmental cues stimulate different transcription factors leading to genes being 

differentially expressed or even switched on or off. An example where environmental cues lead 

to differential gene expression is the killifish Austrofundulus limnaeus (Schultz, 1949). 

Depending on whether the fish were reared in constant or fluctuating temperatures, different 

genes were expressed (Podrabsky and Somero, 2004). Environment in the context of phenotypic 

plasticity covers a wide range of definitions, e.g. physical or biotic environments, exemplifying 
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external environments, but also ñinternal environmental conditionsò such as body temperature 

(e.g., important for ectotherms) (West-Eberhard, 2003). Examples that illustrate phenotypic 

plasticity are: varying leaf morphology under different environmental conditions (Fritz et al., 

2018), cladoceran defensive carapace structures induced by the presence of predators in the 

same habitat (Barnhisel, 1991; Kerfoot, 1977; Sperfeld et al., 2020), a 1.5-fold increase in 

Na+/K+-ATPase activity upon transfer from brackish to sea water conditions in killifish like 

Fundulus heteroclitus (Linnaeus, 1766) (Scott et al., 2008), and the feeding behaviour in 

zebrafish (Danio rerio (Hamilton, 1822)) being affected by its environmental conditions, i.e., 

the amount of vegetation and water flow rate (Bhat et al., 2015). These phenotypic changes may 

be permanent or temporary (Fusco and Minelli, 2010; Pigliucci et al., 2006). Phenotypic 

plasticity can be either adaptive, resulting in a benefit to the organism, or neutral, when no clear 

benefit is detectable (Leroi et al., 1994; Pfennig and McGee, 2010; Wilson and Franklin, 2002). 

An adaptive or beneficial plastic change in the phenotype would be, for instance, the 

development of defensive spines on the head of the cladoceran Daphnia lumholtzi (Sars, 1885) 

when exposed to predator kairomones. The protective/defensive spines lead to a reduction in 

predation upon D. lumholtzi (Dzialowski et al., 2003) ï the response ergo being beneficial to 

the cladoceran. An example for neutral phenotypic plasticity is the change in root morphology 

in reaction to varying nutrient concentrations in the soil. Although the change in morphology 

is hypothesized to aid in nutrient uptake, it has yet to be proven so (Hodge, 2004), making it ï 

for now- a neutral form of phenotypic plasticity.  

Nevertheless, at the basis of all phenotypes is the respective genotype. The genetic makeup of 

an individual shapes its phenotype including the limits of phenotypic plasticity in response to 

environmental changes (West-Eberhard, 2003). Yet, this does not seem to be a one-way street. 

Schlichting and Smith (2002), for example, point out that phenotypic plasticity, in turn, may 

also lead to genetic adaptation. Meaning that the plastic/phenotypic response of organisms leads 

to a certain change from the norm, which can be fixed though genetic assimilation. The concept 

of genetic assimilation was first formulated by Waddington (1961) and can be described as the 

process by which a trait becomes genetically fixed in a population over several generations via 

selection, a process referred to as ñcanalizationò by Waddington (Charlesworth et al., 2017; 

Flatt, 2005; Hallgrimson et al., 2002). Which in turn would suggest that phenotypic plasticity 

is a driver of evolution. When selection acts on the expressed phenotypes, the underlying 

genotypes will be favoured (West-Eberhardt, 2003). However, plasticity might also put a 

damper on evolutionary changes. When plastic adjustments lead to altered phenotypes so that 
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organisms are quite adapted to respond to altered environmental conditions, then no further 

change in the population genotype might be necessary, in order to survive stressful 

environmental conditions (Pfennig, 2021; Wright, 1931). Generally, genetic variation between 

individuals of a population seems to be higher in less variable environments, whereas 

phenotypic plasticity is generally greater in more variable environments (de Jong and Gavrilets, 

2000; Robinson and Wilson, 1996; Svanbäck and Eklöv, 2006). Shallow water habitats can be 

categorized as a more variable environment compared to, for example, the deeper water zones 

in large lakes or the oceans, where for instance, temperature and salinity are typically more 

stable. Robinson and Wilson (1996) have found that plasticity and genetic differentiation seem 

to interact with each other, resulting in a phenotype optimally adjusted to the local habitat.  

 

1.2 Effects of salinity on the physiology of aquatic invertebrates 

Contrary to organisms on land, organisms inhabiting water are exposed to media with different 

osmotic conditions, either freshwater with only minimal amounts of dissolved minerals or salt 

water with different levels of dissolved ions (salinity). Thus, osmoregulation is an important 

physiological feature to all aquatic animals, even more so in coastal habitats like shallow shores, 

intertidal zones or estuaries where external salinity varies on a regular - even daily - basis 

(Génio et al., 2008; Ho et al., 2019; Javanshir, 2013; Spicer and Strömberg, 2003; Torres et al., 

2006).  

Animals can be characterized as osmoregulators and osmoconformers depending on the 

strategy they use to cope with changes in external salinity. Stenohaline animals can tolerate 

only minor changes in medium salinity, whereas euryhaline animals are able to tolerate a broad 

spectrum of salinities (Hildebrandt et al., 2021). Osmoregulators actively keep the osmotic 

pressure of the body fluids constant in relation to the osmotic pressure of the surrounding 

medium. In other words, they regulate their body osmolarity independent of the external 

conditions, which is an energetically costly process. In contrast osmoconformers adjust their 

body osmolarity to match that of the surrounding medium. Adjustments of body osmolarity 

during changes in external osmolality can be achieved either passively or actively (Willmer, 

2006). While a reduction in surface permeability to water molecules may present a first line of 

defence for aquatic invertebrates against unwanted water fluxes, it is not possible for aquatic 

invertebrates to entirely avoid changes in body fluid volume (loss of water in hyperosmotic 
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media, gain of water in hypoosmotic media). Thus, integumental permeability changes must be 

accompanied by alterations in cellular ion transport and adjustment of internal levels of organic 

osmolytes, such as amino acids or urea, to balance the body fluid volume. These are crucial 

mechanisms employed by invertebrate osmoconformers (and also osmoregulators) to adjust 

body volume to levels at which physiological cell functions remain operative (Pierce, 1982; 

Willmer, 2006). 

Ion transport across biological boundaries (integument, gut epithelium, kidney etc.) is generally 

mediated by the Na+/K+-pump, also known as Na+/K+-ATPase. This enzyme actively transports 

(by using energy acquired through the hydrolysis of ATP) sodium ions across the plasma 

membrane out of the cell into the extracellular space and, at the same time, potassium ions into 

the cell (Bejļek et al., 2021; Horisberger, 2004). Another important transport ATPase mediating 

the translocation of protons across cellular membranes is the V-ATPase (Beyenbach and 

Wieczorek, 2006). These active transport mechanisms build up transmembrane gradients which 

provide the energy for secondary transport processes mediating translocations of ions and other 

solutes across biological membranes or other biological compartment boundaries (Lee et al., 

2022). 

Especially in osmoconformers which cannot keep their internal osmolalities independent of 

those of the external medium by active osmoregulation, adjustments in internal osmolyte 

contents for the stabilization of body fluid volume are mediated by provision or 

degradation/excretion of organic osmolytes (and also inorganic ions) such as intracellular free 

amino acids or urea. Typically, the amino acids glycine, alanine, proline, glutamate, taurine, as 

well as aspartate and glutamine are utilized as osmotic solutes (Gilles, 1978; Pierce and 

Amende, 1981; Pierce, 1982). Under hyperosmotic conditions, amino acids are accumulated in 

the cell, while under hypoosmotic conditions, the amino acids are either degraded or excreted 

to reduce the osmotic gradient (Pierce, 1982; Willmer, 2006). Similarly to amino acids, urea is 

utilised in many animals as an organic osmolyte under stressful salinity conditions (Browning, 

1978; Hazon et al., 2003; Wiesenthal et al., 2019). Urea is a small (60 g mol-1) and uncharged 

molecule which formerly prompted scientists to assume that it could passively diffuse through 

biological membranes, equilibrate in body fluid compartments, or leave aquatic organisms by 

diffusion. However, this hypothesis had to be revised as there are some water-dwelling 

organisms which retain urea in high concentrations in their body fluids despite very low urea 

concentrations in the outside world, e.g., elasmobranch fish (Fines et al., 2001). Such findings 
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suggested that urea is a substance whose translocation of one biological compartment to another 

occurs in a highly controlled manner. Some aquaporin subtypes are permeable for urea, 

resulting in a passive transport along the concentration gradient (Li and Wang, 2014). Apart 

from the passive transport through aquaporins (namely Aqp3, Aqp7 and Aqp9), there are also 

urea transporters that actively transport urea against concentration gradients (Bankir, 2014; 

Fines et al., 2001; Morgan et al., 2003). Depending on the organism, there are different kinds 

of urea transporters (UT), such as UT-A and UT-B in vertebrates, DUR3 in yeast, fungi, plants 

and interestingly also in the fluted giant clam, Tridacna squamosa (Lamarck, 1819) (Abreu et 

al., 2010; Chan et al., 2018; ElBerry et al., 1993; Kojima et al., 2006; Navarathna et al., 2011; 

Sands and Blount, 2014; Smith, 2009; Sumrada et al., 1976). This suggested that also other 

molluscs may be able to express urea transporters and control urea fluxes across compartment 

boundaries. Previous investigations on the abilities of the neritid snail Theodoxus fluviatilis to 

survive changes in medium salinity and to accumulate organic osmolytes have revealed that 

this species is able to accumulate urea in its body fluid under hyperosmotic stress conditions 

and retain it against huge gradients to the outside world (Wiesenthal et al., 2018; Wiesenthal et 

al., 2019). This prompted an investigation into the presence of urea transporters in T. fluviatilis. 

Given the ongoing debate about the mechanisms energizing urea transport and the formation 

and degradation of other osmolytes, we aimed to study the respiration rates of individuals of T. 

fluviatilis during changes in external salinity conditions. To elucidate the molecular 

mechanisms of phenotypic plasticity in this snail species with respect to osmolyte and body 

volume regulation, we set out to de novo-sequence the genome of this species with the 

perspective to potentially be able to relate certain physiological changes in the animals under 

osmotic stress to relevant transcriptional changes. 

 

1.3 Sampling locations 

Specimens of T. fluviatilis were sampled at seven different locations in northern Germany over 

the years. Three populations originate from the Feldberger Seenlandschaft, two of them are 

from the lake Schmaler Luzin and one is from the lake Carwitzer See. The populations from 

the Schmaler Luzin are located on the northern and southern end of the lake. Since T. fluviatilis 

does not produce free-swimming larval stages, the assumption was made that the populations 

do not intermix and are indeed distinct from each other. The shallow water zone near the shores 

of the Schmaler Luzin is covered with small to medium stones and pebbles, with tree roots 
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growing into the water, providing ample habitat for T. fluviatilis. The shore of the Carwitzer 

See deepens sooner than that of the Schmaler Luzin. T. fluviatilis can only be found in a small 

section covered with pebbles, underneath a fishing pier. The Carwitzer See is highly frequented 

by hobby-fishermen. The brackish water populations originated from the Baltic Sea and the 

Greifswalder Bodden, more precisely near the settlements Boiensdorf and 

Ludwigsburg/Loissin, and the islands Hiddensee and Riems (Table 1). Similarly to the 

freshwater habitats, the shallow waters near the shores of the brackish water habitats are 

covered with small to medium stones and pebbles. Additionally, Fucus sp. was observed at the 

Baltic Sea location near Boiensdorf. Unfortunately, the populations in the Greifswalder Bodden 

near Ludwigsburg/Loissin, Hiddensee and Riems could not be recovered on site during the time 

of this PhD thesis. Accordingly, the animals from those populations used in this study have all 

been kept in the laboratory for at least a year or over at least one generation.  

 

 

Table 1: Sampling locations of T. fluviatilis. S5, S6 and S7 could not be recovered during the 

sampling periods in 2021, 2022 and 2023. Data for S5 and S6 were taken from Wiesenthal (2018). 

Type Location Abbreviation Coordinates Salinity (PSU) Temperature (°C) 

FW Schmaler Luzin northern end S1 53°19'33''N, 

13°26'28''E 

0.5 4.4-21.5 

FW Schmaler Luzin southern end S2 53°19'33''N, 

13°26'29''E 

0.5 4.2-21.5 

FW Carwitzer See S3 53°18'21''N, 

13°26'48''E 

0.5 3.8-21.8 

BW Boiensdorf S4 54°1'2''N, 

11°31'31''E 

10.8-12.1 5-20 

BW Ludwigsburg/Loissin S5 54°6'59''N, 

13°28'42''E 

7.5 7-20 

BW Hiddensee S6 54°34'40"N, 

13°06'48"E 

9 17 

BW Riems S7 54°11'00"N, 

13°21'10.2"E 

7.5 21.1 
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1.4 Study organism 

Within the class Gastropoda, the snail Theodoxus fluviatilis (Linneaus, 1758) belongs to the 

subclass Orthogastropoda and the basal family Neritidae. This snail is an euryhaline 

osmoconformer that is distributed in limnic and brackish water habitats across Europe and 

western Asia (Anistratenko, 2005; Bandel, 2001; Bunje and Lindberg, 2006; Zettler et al., 

2004). In northern Germany two ecotypes can be differentiated, the freshwater (FW) and 

brackish water (BW) ecotypes. Characteristic for this species is the morphological plasticity 

that is displayed by the diverse shell patterns as well as the variable shell size and shell thickness 

(Glºer and Peġiĺ, 2015; Kangas and Skoog, 1978; Ulrich and Neumann, 1956; Wiesenthal et 

al., 2018). Although Zettler et al. (2004) did not find significant morphological differences for 

population of T. fluviatilis in northern Germany, the populations examined in this study, differ 

significantly in their shell size. The freshwater populations are generally bigger, with an average 

shell length of ~ 9 mm, than the brackish water populations, with an average shell length of ~ 

7 mm. Furthermore, the freshwater populations tend to be lighter in colour and display less of 

a pattern than the brackish water populations (Wiesenthal et al., 2018).  

According to Bunje (2005) T. fluviatilis populations in northern Europe originated mainly from 

individuals located in northern Italy. In northern Germany, there seem to be two highly 

divergent haplotype lineages, suggesting at least two postglacial recolonization events. The data 

suggests that T. fluviatilis originated in brackish water habitats and from there colonized fresh 

water habitats. The populations in the Baltic Sea seem to have re-colonized brackish water 

habitats from fresh water habitats. Based on 16S rRNA and cytochrome C oxidase subunit I 

(COI) data, T. fluviatilis populations display homogenous genetics in northern Germany (Bunje, 

2005; Bunje and Lindberg, 2006). 

T. fluviatilis requires hard substrates as a habitat, in freshwater the snails are found on stones, 

pebbles and wood, such as tree roots growing in the water. In brackish water habitats the snails 

are additionally found on a few macroalgal species, such as Fucus sp. or Zostera sp. (Zettler et 

al., 2004). Given that the right substrate is available T. fluviatilis is found from shallow waters 

up to a depth of 60 m (Wlodarska-Kowalczuk and Janas, 1996). The hard substrate is required 

by these snails to mechanically split open the silicate-shells of diatoms ï their main food source 

ï using their radula teeth. (Neumann, 1959; Skoog, 1978). If the diatoms remain intact while 

ingested, the snails are not able to properly digest them (Neumann, 1961). Interestingly, 

population density can vary immensely in this species. Kirkegaard (2005) reported population 
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densities varying between 575 and 2115 individuals m-2, with an average of 1150 individuals 

m-2 for Lake Esrom in Sweden.  

Theodoxus fluviatilis is dioecious and therefore reproduces sexually. The males can be 

identified by the penis that is located on the inner side of their right tentacle. Additionally, males 

and females can be distinguished by the shape of the rib shield of their operculum. The border 

of the rib shield is straight in females and curved in males (Glºer and Peġiĺ, 2015). The females 

will lay 20-40 fertilized egg capsules per reproduction cycle (Kirkegaard, 2005). The egg 

capsules contain several eggs, however only one of those eggs will develop into a juvenile snail, 

the remaining eggs serve as nourishing eggs. Since this species develops directly into juvenile 

snails, there are no free-swimming larval stages (veliger-larvae), which limits the dispersal of 

this species substantially (Bondesen, 1940; Graham, 1988; Kirkegaard, 2006; Ulrich and 

Neumann, 1956). 

T. fluviatilis also displays quite the array of physiological plasticity. The physiological 

tolerance, adaptation and acclimatisation to differing salinities have been investigated to 

varying degrees over the years. Kangas and Skoog (1978) investigated the salinity tolerance of 

Swedish populations of T. fluviatilis from freshwater and brackish water habitats. They noted 

that the freshwater populations showed a higher tolerance to low salinities than the brackish 

water populations and that likewise the brackish water populations showed a greater tolerance 

to the highest salinities tested. They also reported that the tolerance exhibited by the populations 

was overall higher at 5 °C compared to experiments performed at 15 °C. Populations in northern 

Germany were found to exhibit similar salinity tolerances, with brackish water populations 

being able to tolerate a broader range of salinities compared to the freshwater populations. 

Important to note is that the reaction norms of the freshwater and brackish water populations 

could not be made to match by stepwise acclimation of the animals to the different salinity 

regimes (Wiesenthal et al., 2018). Symanowski and Hildebrandt (2010) have also shown that 

the osmotolerance of brackish water populations is greater than that of freshwater populations 

of T. fluviatilis. Although both freshwater and brackish water populations are able to 

accumulate organic osmolytes when exposed to hyperosmotic conditions, the brackish water 

populations were able to accumulate roughly twice the amount of ninhydrin positive substances 

under hyperosmotic conditions, in comparison to the freshwater populations. Ninhydrin 

positive substances, such as organic osmolytes, are utilized by organisms to maintain the cell 

volume under osmotic stress. Amino acids ï a type of organic osmolytes - have been shown to 
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be accumulated equally well by the freshwater and brackish water populations under 

hyperosmotic stress (Wiesenthal et al., 2019). However, the pathways by which the freshwater 

and brackish water ecotypes accumulate organic osmolytes differ. Alanine, proline and urea 

make up the quantitatively largest part of the organic osmolytes accumulated under 

hyperosmotic stress. The freshwater populations accumulate mainly alanine, while the brackish 

water populations mainly accumulate the amino acid proline and the secondary metabolite urea 

(Wiesenthal et al., 2019). Interestingly, Na+/K+-ATPase and V-ATPase are neither up nor 

downregulated under changing external salinities (Knobloch et al., 2022). Both the Na+/K+-

ATPase and V-ATPase play important roles in the process of osmoregulation. Na+/K+-ATPase 

is a transmembrane protein, which transports Na+-ions out of the cell into the extracellular space 

and K+-ions into the cell (Bejļek et al., 2021; Horisberger, 2004). The V-ATPase transports H+-

ions to the extracellular space, thus creating an ion gradient that may fuel secondary 

transmembrane transport processes (Friedman, 2008; Nelson and Harvey, 1999; Wieczorek et 

al., 1999).  

The aforementioned studies clearly indicate physiological and morphological differences 

between the freshwater and brackish water ecotypes of T. fluviatilis in northern Germany. The 

question arises whether those differences can solely be explained by phenotypic plasticity or 

whether genetic assimilation has already taken place leading to detectable (slight) genetic 

alterations. 

 

1.5 Genetics of molluscs 

Molluscs are abundant in oceans and freshwater habitats, as well as on land. They represent the 

largest phylum of mostly aquatic ï extremely divers ï species. Within this phylum roughly 96 

% of species are made up of Bivalves and Gastropods (Brusca, 2003).  

With the advent of modern genomic techniques sequencing costs have dramatically dropped 

over the last two decades, making whole genome sequencing readily available to almost 

anyone. High-throughput sequencing (HTS) technologies can be divided into long-read and 

short-read sequencers, like Pacific Biosciences (PacBio) and Illumina, respectively. Generally, 

for de-novo sequencing of whole genomes it is advisable to use a long-read technology, in order 

to assemble the genome with as few errors as possible (Goodwin et al., 2016). During the last 

decade mollusc genomes were mostly assembled using a combination of both long-read and 
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short-read technologies, utilizing hybrid-assembly-algorithms (Gomes-dos-Santos et al., 2023, 

Goodwin et al., 2016; Miller et al., 2017; Renaut et al., 2018).  

While invertebrates have received less attention than vertebrates regarding genomics, among 

the invertebrates the phylum Mollusca is especially underrepresented. Among the molluscs, 

gastropods and bivalves have been the classes mostly investigated in the field of genomics 

(Gomes-dos-Santos et al., 2020). While many mitochondrial genomes are available for 

gastropods (De Vivo et al., 2022; Feng et al., 2021; Fukumori et al., 2016; Fukumori et al., 

2020; Miao et al., 2022; Varney et al., 2021; White et al., 2011) comparatively few species have 

been sequenced to the extent of a whole genome assembly (De Jode et al., 2023; Farhat et al., 

2023; Goodheart et al., 2024; Schell et al., 2017; Sun et al., 2020; Zeyuan, 2023), none of which 

belong to the family Neritidae. Since the whole genome sequencing of the first gastropod, the 

sea hare Aplysia californica (Cooper, 1863) in 2009, there has been a steady increase in mollusc 

and gastropod genome assemblies published. However, the amount of mollusc genomes 

published is negligible in comparison to the number of extant species within this phylum 

(Gomes-dos-Santos et al., 2020).  

Sequencing mollusc genomes poses several difficulties. In order to achieve a high-quality 

whole genome assembly, DNA quality, quantity and purity is crucial (Schultzhausen et al., 

2019). Long-read sequencing technologies, such as PacBio, require high molecular weight 

DNA, i.e. DNA-strands with a length over 50 kilobases (kb) (Mayonade et al., 2017; 

Schultzhausen et al., 2019). Purity can pose a special challenge in mollusc whole genome 

sequencing. Polysaccharides, especially prevalent in gastropods, may hinder the enzyme 

activity during library preparation or obstruct the pores used in nanopore sequencers (Arseneau 

et al., 2017; personal communication with Prof. Haase). Thus, it is crucial to use DNA 

extraction Kits or workflows that are optimized to utilize tissues with high amounts of 

mucopolysaccharides, in order to yield the required DNA quality needed for next generation 

sequencing (NGS). While quality and purity certainly are factors that need consideration in 

working with molluscan DNA samples, the quantity is a factor that should not be 

underestimated. Small animals naturally yield lower DNA content, additionally some especially 

mucus rich body parts may want to be avoided. Furthermore, the fact that the genome sizes are 

highly variable even between closely related species of molluscs complicates the estimation of 

sufficient sequencing depth/coverage (Davison and Neiman, 2021; Gomes-dos-Santos et al., 

2020; Takeuchi, 2017).  
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Once DNA extraction and sequencing is completed, the de novo assembly of molluscan 

genomes poses some additional difficulties, like the presence of repetitive elements and a high 

amount of heterozygosity that is typical for mollusc genomes. Heterozygosity is problematic 

because it causes fragmentation of the genome (Takeuchi, 2017). Repetitive elements, like short 

interspersed nuclear elements (SINEs) or long interspersed nuclear elements (LINEs), can cause 

ambiguities during the alignment and genome assembly. This is problematic for later 

interpretation of the results, which is why masking of repetitive elements previous to annotation 

is crucial; as of course the quality of the annotation is dependent of the quality of the genome 

(Gomes-dos-Santos et al., 2020; Treangen and Salzberg, 2013).  

So far, none of the gastropod whole genome assemblies published belong to the family 

Neritidae (NCBI Genome database). The snails which genomes have been published to date are 

all roughly 400 million years divergent from T. fluviatilis (www.timetree.org). Within the class 

Gastropoda, the family Neritidae is considered phylogenetically basal, with the oldest fossil 

records dating back to the Ordovician (Kano et al., 2002; Quintero-Galvis and Raquel-Castro, 

2013). This illustrates that it was impossible to assemble the genome of T. fluviatilis using a 

known genome of a closely related species as a reference.  

Molluscan genomes can offer insights into a variety of questions. For example, they have 

provided insights into bilaterian karyotype development (Wang et al., 2017), bilaterian 

evolution (Simakov et al., 2012), biomineralization (Du et al., 2017), stress tolerance and 

invasive adaptation (Liu et al., 2018), environmental resilience (Powell et al., 2018) and 

adaptation to neurotoxins (Li et al., 2017).  

 

1.6 Objectives of the study 

 

1. Are there differences in expression levels of urea transporters in T. fluviatilis 

ecotypes under osmotic stress? 

 

2. Is the metabolic rate of T. fluviatilis affected by changes in salinity? 

 

3. Generation of a reference genome for T. fluviatilis 

Outlook: Are there genetic differences detectable between the populations? 
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1.7 Experimental design  

1.7.1 The search for urea transporter gene expression  

The presence of DUR3 urea transporter genes is well documented for yeast (ElBerry et al., 

1993), plants (Carvalho Ferreira et al., 2024; Liu et al., 2015) and molluscs (Chan et al., 2015; 

Hermida et al., 2022). In order to investigate the expression of DUR3 or DUR3-like urea 

transporter genes in T. fluviatilis under hyper- and hypoosmotic stress transcriptome sequence 

data were used to identify the relevant coding sequences and qRT-PCR was applied to elucidate 

differences in expression levels of corresponding mRNAs.  

Salinity transfer experiments were conducted using the populations S6 and S7 (BW) and S1 

and S2 (FW) (Table 1). The brackish water populations were transferred in a stepwise manner 

from 8 PSU (practical salinity units) (habitat salinity) to hypoosmotic conditions of 0.5 PSU, 

as well as to hyperosmotic conditions of 28 PSU. The freshwater populations were transferred 

stepwise from 0.5 PSU (habitat salinity) to a maximum of 18 PSU. The animals were kept in 

the final salinity for 5 days. Afterwards the snails were anaesthetized at -20 °C for 10 min, the 

foot muscle was dissected and stored in liquid nitrogen until further use. The frozen foot muscle 

tissue was homogenized and RNA was extracted and transcribed into cDNA.  

The transcriptomic data used stem from 24 individuals of both brackish water and freshwater 

locations, which underwent exposure to different salinities. The RNA was extracted and 

sequenced as well as assembled by GATC Biotech AG (Konstanz, Germany).  

The genomic data used stem from one brackish water individual. After DNA extraction, the 

library preparation and whole genome sequencing (PacBio) were carried out at the Competence 

Centre for Genomic Analysis (CCGA, Kiel, Germany).  

In order to identify coding sequences of putative DUR3-like urea transporters in the respective 

transcriptomic sequences of T. fluviatilis, known coding sequences of several mollusc species 

were used. The identified putative DUR3-like urea transporter coding sequences were then used 

to generate primers for qRT-PCR analysis.  
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1.7.2 Metabolic rate of T. fluviatilis in different salinities 

In order to non-invasively test the metabolic rate of T. fluviatilis over a range of salinities, 

respiratory measurements were conducted. There are three types of aquatic respirometry 

systems: flow-through respirometry, closed respirometry and intermittent-flow respirometry. 

Flow-through respirometry assesses the oxygen consumption of the experimental animal in a 

chamber with constant water flow, where the oxygen concentration of the water is measured at 

the entrance and exit of the chamber. Thus, it is possible to calculate the oxygen consumption 

of the animal in the chamber. Advantages of this method are the miniscule risk of hypoxia and 

hypercapnia, as well as the long time an experiment can be run for. However, the disadvantages 

of this method, such as the careful control of water flow and the need for a precise calibration 

of both oxygen-sensors, makes this method rather time consuming and full of probable technical 

pitfalls (Steffensen, 1989). The closed respirometry system measurements are, as the name 

suggests, conducted in a closed chamber, where the oxygen concentration is measured at the 

start of the experiment, before closing the chamber off and then again at the end of the 

experiment. While it is a simple experiment to set up and can be easily  conducted, the 

disadvantages are plentiful; for example, the high risk of hypoxia and hypercapnia if the 

experimental time is not chosen correctly, which leads to a limited duration an experiment can 

be run for. It also requires careful control of the initial and final oxygen concentrations 

measured. Additionally, there is no chance to monitor the processes happening within the closed 

off chamber. The intermittent-flow respirometry combines the best features of both flow-

through and closed respirometry systems, ergo it is a hybrid of both methods. The intermittent-

flow respirometry is conducted in a closed experimental chamber that is periodically flushed 

with fresh water, in order to combat the risk of hypoxia and hypercapnia, as well as the 

accumulation of waste products. The oxygen depletion in the experimental chamber is 

measured continually over the time of the experiment and is only interrupted when the chamber 

is flushed with fresh, oxygenated water. Although it is a slightly more complicated experimental 

setup in comparison to the closed respirometry system, itsô advantages prevail. This method is 

suited for long-term experiments, where the animal can be sufficiently acclimated to the 

experimental set-up while already gaining inside into the metabolic rate.  

In order to study the metabolic rate of T. fluviatilis the intermittent-flow respirometry system 

Q-Box AQUA Aquatic Respirometry Package (Qubit Systems Inc., Kingston, ON, Canada). 

was used (Fig. 1). The experiments were conducted in a climate chamber, set to 18 °C with a 

12 h:12 h light:dark cycle. The animals were kept in the experimental chambers for a duration 
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of 24 or 48 hours. During this time, the experimental chambers were flushed periodically to 

avoid hypoxia in the chamber, which could have influenced the snailsô respiration rate 

(McMahon and Russel-Hunter, 1978). At the end of the respiration rate measurements, the 

snails were removed from the chambers and put into beakers filled with substrate and diatoms. 

Another factor influencing respiration rates in gastropods is food availability (Cheung and 

Wong, 2001; Maas et al., 2011). By allowing the snails to feed on the diatoms in the beakers 

while background respiration was measured in the empty chambers, we ensured the snails were 

fed sufficiently as to not influence the respiration rate. Additionally, prior to the experiments, 

the snails were sexed, as a means to ensure that effects on the respiration rate were not caused 

by the different reproductive physiology of females and males.  

 

 

Figure 1 Schematic representation of the experimental setup for the aquatic 

intermittent -flow respirometry. The figure was modified after the Qubit 

Systems mini-AQUA Aquatic Respirometry Package Manual. DO probe = 

Dissolved oxygen probe, Tbath = water temperature, DCU = digital control unit, P 

= pressure sensor, Mini 1 and Mini 2 are the intersections between the probes and 

the computer software. 



17 

 

The salinity ranges tested, corresponded with the upper and lower survival limits of the two 

ecotypes of T. fluviatilis. The brackish water ecotype (BW) individuals were exposed to 

hyperosmotic and hypoosmotic conditions, while the freshwater ecotype (FW) individuals only 

experienced hyperosmotic salinity conditions. The respiration rates of the FW individuals were 

recorded at 0.5, 6, 12, and 18 PSU (practical salinity units). The salinity of 0.5 PSU represents 

freshwater, ergo the natural habitat salinity of this ecotype. The brackish water ecotype 

individualsô respiration rates were tested starting at the natural habitat salinity of 12 PSU, then 

either going into hypersaline conditions first (16, 22 and 28 PSU), or hyposaline conditions first 

(8, 4 and 0.5 PSU) (Fig. 2).  

 

 

 

At the end of the respirometry experiments the snails were anaesthetised at -20 °C for 15 

minutes and the foot muscles were dissected, immediately frozen in liquid nitrogen and kept at 

-80 °C for later DNA extraction and whole genome re-sequencing with the goal of performing 

genome wide association studies to understand the differences in metabolic rates between the 

ecotypes on a genomic level.  

Figure 2: Salinity treatment regimes for the brackish water and freshwater 

ecotype individuals. BW(A) = Brackish water ñhypersalinity firstò treatment, BW 

(B) = Brackish water ñhyposalinity firstò treatment, FW = Freshwater hypersalinity 

treatment 
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1.7.2.1 Motility of T. fluviatilis in different salinities 

The motility of animals can be influenced by environmental factors, such as temperature or 

salinity (Chen et al., 2022; Ho et al., 2019; Ho et al., 2020; Svetlichny and Obertegger, 2022). 

The motility experiments were conducted in small glass aquaria, filled with 2 L of experimental 

medium. The motility of the snails was tracked using an Ethovision XT video tracking system 

with two cameras (Noldus, Wageningen, Netherlands). Along with the experimental medium, 

an aquarium with the original habitat salinity of the corresponding ecotype was set up as a 

control. The freshwater ecotype snails were tracked in their original habitat salinity of 0.5 PSU, 

as well as hyperosmotic conditions of 5 and 10 PSU. Whereas the brackish water ecotype snails 

were tracked in their original habitat salinity of 8 PSU, as well as in hyper- and hypoosmotic 

conditions of 15 or 22 PSU and 4 or 0.5 PSU, respectively. The experimental salinities were 

adjusted carefully and the measurements were started after an acclimation period of 4 hours.  

1.7.3 Generation of a reference genome of T. fluviatilis  

The snails used for the generation of the reference genome were sampled at three freshwater 

and three brackish water locations, as described above in section 1.3 (populations: S1-4, S6, 

S7). The generation of the reference genome required the use of PacBio long-read data, Illumina 

short-read data and transcriptomic sequences. For the generation of whole genome sequences 

the foot muscles were dissected and frozen in liquid nitrogen. The DNA was extracted 

according to the manufacturers protocol, using the MagAttract HMW DNA kit (Qiagen) for the 

long-read dataset (PacBio) and the DNeasy Blood and Tissue Kit (Qiagen) for the short-read 

dataset. The PacBio sequences were generated using one brackish water individual, while the 

low-coverage short-read Illumina sequences were generated using 50 individuals from both 

brackish water and freshwater locations. The DNA was quality controlled and sequenced at the 

Competence Centre for Genomic Analysis (CCGA, Kiel, Germany). The transcriptomic dataset 

was generated as described above in section 1.7.1.  

The initial genome assembly was generated with the long-read sequence dataset (PacBio) using 

Flye v.2.8 (Kolmogorov et al., 2019). The quality was assessed with Benchmarking Universal 

Single-Copy Orthologs (BUSCO) v5.3.2 (Manni et al., 2021) using the metazoan database. 

Contamination of the initial genome assembly was checked with BlobTools blobtoolkit v3.3.4 

(Laetsch & Blaxter, 2017). The initial assembly was polished with Racon v1.4.3 (Vaser et al., 

2017) using all 50 short-read sequence datasets. HISAT 2.2.1 (Kim et al., 2019) was used to 

map the RNAseq data to the polished assembly and P_RNA_scaffolder (Zhu et al., 2018) was 
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used to scaffold the genome with the use of the RNAseq data. Afterwards, using the mapping 

of the short-read datasets, the scaffolded genome was polished two consecutive times with Pilon 

v1.24 (Walker at al., 2014). The final genome was again checked for contamination and quality, 

utilizing BlobTools blobtoolkit v3.3.4 and BUSCO, respectively. Prior to annotation, repeats 

were identified and soft masked using RepeatMasker version 4.1.4 (A.F.A. Smit, R. Hubley 

and P. Green RepeatMasker at http://repeatmasker.org). Braker3 (Bruna et al., 2020; Bruna et 

al., 2021; Buchfink et al., 2015; Gotoh, 2008; Hoff et al., 2016; Hoff et al., 2019; Iwata and 

Gotoh, 2012; Kovaka et al., 2019; Lomsadze et al., 2005; Lomsadze et al., 2014; Pertea and 

Pertea, 2020; Stanke et al., 2006; Stanke et al., 2008) was used with a custom molluscan protein 

dataset and the RNAseq data to perform the annotation. In order to filter out single exon genes, 

TSEBRA (Gabriel et al., 2021) was used post-hoc to enforce the gene set created by Augustus 

(Stanke et al., 2004; Stanke et al., 2005; Stanke et al., 2006). The AGAT script 

agat_sp_keep_longest_isoform.pl v0.6.0 (https://github.com/NBISweden/AGAT) was utilized 

to only keep the longest isoforms. Finally, a functional annotation of the annotated proteins was 

performed using EggNOG-mapper version 2.0.1. (Cantalapiedra et al., 2021; Huerta-Cepas et 

al., 2019).  

 

 

 

 

 

 

 

 

 

http://repeatmasker.org/
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2 Synopsis 

2.1 Are there any differences in expression levels of urea transporters in T. fluviatilis 

ecotypes under osmotic stress? 

Urea is accumulated by terrestrial snails during aestivation and desiccation, as a means to 

prevent the loss of water (Hiong et al., 2005; Horne and Barnes, 1970; Rees and Hand, 1993). 

Wiesenthal et al. (2019) found that T. fluviatilis also accumulates urea as a way to cope with 

stressful salinity conditions. Urea is less toxic than ammonia and it is readily excreted via the 

kidney or gills in aquatic animals (Oja et al., 2017). The different amounts of urea accumulated 

by T. fluviatilis ecotypes during osmotically challenging conditions were the cause for further 

research. The transcriptomic sequence data revealed the expression of four different putative 

DUR3-like urea transporters in T. fluviatilis, namely Tf-A1, TfUT-A2, TfUT-A3 and TfUT-B. 

The degrees of similarity between the transporters indicated that they belong to two different 

families. The presence of the two families of UT in other invertebrates was corroborated by 

phylogenetic analysis using the respective protein sequences from a variety of GenBank entries. 

In contrast to the two UTs of vertebrates that are splice variants of a single gene, the TfUTs are 

all encoded by different genes (Sands et al., 2014; Smith, 2009). Different isoforms of urea 

transporters, each encoded by a different gene, have also been reported for the fungus 

Aspergillus nidulans (Eidam, 1883) and the macroalga Pyropia yezoensis (Ueda, 1932) (Abreu 

et al., 2010; Kakinuma et al., 2016). 

Computational structure analysis of the TfUT sequences revealed that TfUT-A1-A3 contain 15 

transmembrane domains and TfUT-B contains 14 transmembrane domains. This corresponds 

well to the number of transmembrane domains found in DUR3-like UT in Tridacana squamosa, 

Aspergillus nidulans and plants (Abreu et al., 2010; Chan et al., 2018; Sanguinetti et al., 2014). 

Although a few amino acid residues, which are considered to be important for the function of 

DUR3-like UT, are missing in the TfUTs, most of the functionally crucial amino acid residues 

in DUR3-like protein in Aspergillus nidulans and Tridacna squamosa are also present in the 

TfUTs (Chan et al., 2018; Sanguinetti et al., 2014). Therefore, the functionality of the proteins 

shouldnôt be compromised, but still needs to be confirmed. 

 

As described above, T. fluviatilis ecotypes accumulate organic osmolytes under increased 

salinity conditions, including urea. The brackish water ecotype typically shows a higher base 
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level concentration of urea, compared to the freshwater ecotype. With the aim of quantifying 

the relative mRNA expression levels of TfUT-A3 and TfUT-B in T. fluviatilis ecotypes, qRT-

PCR were performed on both freshwater and brackish water individuals that were exposed to 

either control (natural habitat) or hyperosmotic (for FW individuals) or both hypo- and 

hyperosmotic (for BW individuals) conditions. The overall baseline expression level (at the 

respective habitat salinities) of TfUT-A3 were remarkably different between the brackish water 

(normalized Ct value of 0.9 on average) and freshwater (normalized Ct value of 2.9 on average) 

ecotypes. In hyperosmotic conditions the brackish water ecotype expressed significantly 

decreased levels of mRNA, while in hypoosmotic conditions, there was a slight, but not 

significant increase in mRNA expression levels of TfUT-A3. Since whole body extracts were 

used in this experiment it is not possible to differentiate in which type of tissue the expression 

levels were significantly different. Assuming that urea is mainly excreted via the gills or 

integument, the expression of urea transporters can be assumed to facilitate urea excretion. 

Thus, the downregulation of UTs in brackish water individuals under hyperosmotic conditions 

may aid in accumulating urea to increase internal osmolality, as was described in Wiesenthal et 

al. (2019). Accordingly, the expression levels of UT mRNAs in individuals of the freshwater 

ecotype under hyperosmotic conditions did slightly, but not significantly, decrease. Considering 

the generally lower amounts of urea, compared to other organic osmolytes, in individuals of the 

freshwater ecotype, it is not surprising that urea should play a minor role in osmotic acclimation 

(Wiesenthal et al., 2019). Interestingly, as indicated by the normalized Ct-values for TfUT-A 

mRNA expression, the base level expression in the freshwater ecotype seems to be generally 

lower than that of the brackish water ecotype. In contrast to the results for the TfUT-A3, the 

TfUT-B mRNA expression levels showed no significant changes in expression levels in any of 

the salinities nor between ecotypes. However, the qRT-PCR data did show high standard 

deviation errors, rendering the statistical analysis useless. Furthermore, the urea transporters 

TfUT-A1 and TfUT-A2 were not tested in this study, their expression across tissues may be 

substantially different. Appropriate methods to further investigate the topic of urea excretion 

and/or accumulation in T. fluviatilis under osmotically challenging conditions, would be e.g. 

fluorescence in situ hybridization (FISH), immune fluorescence or Western blot experiments. 

In summary, further analysis of tissue-specific expression patterns of DUR3-like urea 

transporters in T. fluviatilis is needed in order to gain a deeper understanding of the 

physiological challenges this snail is capable of conquering under varying salinities.  
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2.2 Is the metabolic rate of T. fluviatilis affected by changes in salinity? 

As described above, slow moving organisms are especially prone to changes in their 

environment, since they canôt easily escape unfavourable environmental conditions. The 

respiration rates, as well as the motility, of the freshwater and brackish water ecotypes of T. 

fluviatilis did not significantly differ in their respective habitat salinities (BW 12 PSU, FW 0.5 

PSU); which is in accordance with the results of Lumbye (1958). This suggests that the baseline 

metabolic rate of the two T. fluviatilis ecotypes is very similar. With increasing salinity, the 

respiration rates of the freshwater ecotype individuals decreased and the snails stilled their 

movement in the motility experiments. Similarly, the freshwater gastropod Chilina dombeiana 

(Bruguière, 1789) was reported to reduce respiration rate when exposed to brackish water (12 

PSU) as well (Barrios-Figueroa and Urbina, 2023). The respiration rates and movement of the 

brackish water individuals stayed more or less constant over the moderately hypersaline 

conditions tested (15-16 PSU). However, at the highest salinities tested (23-28 PSU), the 

respiration rates decreased and the movement stopped. Similar observations could be made in 

moderately hypoosmotic conditions (5 PSU), where neither respiration rate, nor motility were 

significantly affected. While there was no significant change in respiration rates in the lowest 

salinities tested (0.5 PSU) the brackish water ecotype individuals, did stop their movement. A 

decrease in locomotor activity in diluted media has previously been recorded for the Japanese 

mud snail Batillaria attramentaria (Sowerby II, 1855) (Ho et al., 2019; Ho et al., 2020), as well 

as for veliger larvae of the slipper limpet, Crepipatelle peruviana (Lamarck, 1822) (Montory et 

al., 2014).  

It appears as though the directionality of the experimental setup influenced the respiration rate 

of T. fluviatilis. In the ñhypersalinity firstò setup the respiration rates increased over all tested 

salinities, whereas in the ñhyposalinity firstò treatment, the respiration rates remained more or 

less constant. Animals of the brackish water ecotype have been reported to accumulate high 

amounts of organic osmolytes (amino acids and urea) in order to avoid tissue shrinkage under 

hypersaline conditions (Wiesenthal et al., 2019). One way to interpret these results may be that 

when individuals of T. fluviatilis were confronted with subsequent hyposaline conditions (in 

the ñhypersalinity firstò treatment) these osmolytes at least are partly released into the 

surrounding medium to avoid tissue swelling by osmotic water influx. The active accumulation 

and release of organic osmolytes requires energy (Pierce and Amende, 1981), which may 

explain the generally higher respiration rates in the brackish water ecotype individuals 

undergoing the ñhypersalinity firstò treatment. In contrast the ñhyposalinity firstò treatment did 
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not affect the metabolism of the brackish water ecotype individuals as much; and thus, the 

respiration rate remained mostly unchanged under changing salinity conditions.  

 

2.3 Generation of a reference genome of T. fluviatilis  

Typically, the de-novo generation of a reference genome is accomplished with long-read 

sequence data (such as generated by PacBio or Nanopore technologies) using a clean-up 

pipeline and de novo assembly algorithm suited to those long reads. Sometimes, a hybrid 

assembly algorithm is used, where the long-read sequence dataset is complemented by a short-

read sequence dataset (e.g. Illumina) (Gomes-dos-Santos et al., 2023; Goodwin et al., 2016; 

Miller et al., 2017; Renaut et al., 2018; Turco et al., 2023). A de-novo assembly with only low-

coverage short-read sequence data is not advisable, since the resulting genome assembly will 

likely be highly fragmented (Earl et al., 2011; Wick et al., 2017). The de-novo assembly of the 

reference genome of T. fluviatilis was accomplished by using PacBio long-read sequence data 

and the assembly algorithm Flye. The initial genome assembly comprised 1,045,476,465 bp, 

spread across 40,380 contigs. While the first version of the reference genome was qualitatively 

inadequate, with a BUSCO completeness of only 67,5 % and N50 of 55,460 bp, the consecutive 

polishing and haplotyping steps in the pipeline did improve the quality of the reference genome 

substantially. The final genome assembly was comprised of 35,695 contigs, with a BUSCO 

completeness score of 76,9% and a N50 of 73,828 bp. The still only moderate BUSCO count 

might be due to the fact that the Illumina sequencing data was comprised of very low-coverage 

sequences. Working with gastropod genomes can pose some difficulties, like polysaccharides 

interfering with DNA extraction and more importantly library preparation. Shock-freezing the 

samples in liquid nitrogen can aid in tackling the nuisance of polysaccharides in gastropod 

samples. Another challenge when working with gastropod genomes can be the high repeat 

content; Schell et al. (2017) reported a repeat content of 70 % for the genome of the snail Radix 

auricularia (Linnaeus, 1758). However, the T. fluviatilis genome shows a total interspersed 

repeat content of 38.09 %.  

Prior to the annotation of the final genome assembly, RepeatMasker was used to softmask 

repeat sequences. RepeatMasker identified and masked a total of 510,160,421 bp repeat 

sequences, corresponding to 48.92 % of the T. fluviatilis genome. This included retroelements 

like long interspersed nuclear elements (LINEs) which made up 7.74 % of the genome, as well 
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as DNA transposons, which in total made up 2.81 % of the genome (see 

ñGenomeImprovementPipelineò figshare: https://doi.org/10.6084/m9.figshare.23623014.v8). 

Transposable elements and repeat sequences are quite variable in molluscs, e.g. the frequency 

of LINEs can vary between 1.15 % in the polyplacophoran Acanthopleura granulate (Gmelin, 

1791) to 24.78 % in the gastropod Achatina immaculata (Lamarck, 1822) (Martelossi et al., 

2023; Thomas-Bulle et al., 2018). Braker3 and TSEBRA predicted 71,293 proteins, which was 

suspected to be an overprediction, when compared to other mollusc genome annotations. The 

number of proteins predicted for mollusc species varies greatly. While the genome of the sea 

hare Aplysia californica (Cooper, 1863) encodes 26,656 proteins (GenBank accession number: 

GCA_000002075.2), the genome of the oyster Crassostrea virginica (Gmelin, 1791) encodes 

60,213 proteins (GenBank accession number: GCA_002022765.4). However, by employing 

the AGAT script agat_sp_keep_longest_isoform.pl the number of proteins predicted dropped 

down to 64,459. Additionally, EggNOG-mapper identified 21,220 functional protein coding 

genes. As with the genome assembly, the annotation was quality-checked by BUSCO, resulting 

in a completeness score of 81,8 %. The comparatively high number of predicted proteins for T. 

fluviatilis in comparison to other gastropod species like Aplysia californica (26,656 proteins) 

or Biomphalaria glabrata (Say, 1818) (36,675 proteins), might be due to the great phylogenetic 

distance between the species. However, the annotations were done with different algorithms, 

which can also greatly impact the results.  
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3 Outlook on the population genetic relationships of T. fluviatilis in 

northern Germany 

The generation of the reference genome and the following whole genome re-sequencing of a 

total of 83 snail genomes paved the way into population genetic analysis of T. fluviatilis. In an 

effort to understand whether the obvious physiological differences, between the population of 

T. fluviatilis in northern Germany, are solely due to phenotypic plasticity, or whether they might 

be based in genetic differences, genome wide association studies are planned. However, as a 

first step towards understanding the relationship between the populations in northern Germany, 

i.e. the population structure, population admixture analysis and a principal component analysis 

were performed (Liu et al., 2020). Admixture analysis can highlight the geographical origins 

based on the genetic makeup of the individual, e.g. in isolated populations, an offspring may 

show a certain mixture of alleles, depending on the origins of its parental generation (Skotte et 

al., 2013). Alongside admixture analysis, the principal component analysis (PCA) is one of the 

most commonly used methods to describe population structure (Cavalli-Sforza et al., 1994; 

Menozzi et al., 1978; Patterson et al., 2006; Price et al., 2006). The principal component 

analysis reduces a multidimensional dataset to a smaller number of dimensions, which allows 

an easier visual comprehension of the dataset. In the case of genetic data, for each individual, 

the various genotypes are reduced to a few summary coordinates (Liu et al., 2020).  

The admixture analysis was performed utilizing ANGSD (Korneliussen et al., 2014) and 

NGSAdmix (Skotte et al., 2013). Depending on how strict the SNP calling and admixture 

analysis was performed, different population groups were identified. Using stringent SNP 

calling and relaxed parameters in NGSAdmix, six population groups corresponding to the six 

populations sampled were identified. The population S7 resembles a hybrid mix of populations 

S4, S6 and S3 (Fig. 3 A). Whereas, with the stricter SNP calling and stricter parameters in 

NGSadmix applied, only three population groups are identified. The freshwater population S1 

and S2 make up one group, the freshwater population S3 another, and the remaining brackish 

water populations make up the third group (Fig. 3 B). However, the Admixture proportions 

displayed in figure 3 A seem to be more in accordance with the PCA (Fig. 4) performed. Prior 

to the PCA, utilizing ANGSD, SNPs were called based on the genotype likelihoods and the 

covariance matrix was estimated. The PCA (Fig. 4) is based upon the covariance matrix 

estimated by ANGSD. Similar to the admixture analysis, the PCA displays the populations in 

distinct groups. The freshwater populations S1 and S2 group closely together, the freshwater 

population S3 is located far away from any other population, and the brackish water populations 
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S4, S6 and S7 group closely together. In the PCA the populations S4 and S7 even overlap for 

the most part, which might be explained by the admixture analysis (Fig. 3 A), where S7 seems 

to represent a hybrid of S4 and S6.  

The freshwater populations S1 and S2 both stem from the lake Schmaler Luzin (Table 1), 

however they are located at opposite ends of the lake. The fact that T. fluviatilis does not 

produce free-swimming larval stages has led to the assumption that those populations are indeed 

distinct and do not intermix. This assumption seems to be corroborated according to the 

admixture analysis and the PCA. The freshwater population S3, which originates from the 

Carwitzer See, is distinctly different from all other populations according to both the admixture 

analysis and the PCA. The Carwitzer See is highly frequented by hobby fishermen, which might 

have introduced this lineage of T. fluviatilis into this lake, which might explain the two 

individuals in the admixture analysis that resemble S4 individuals. Another explanation could 

be that the individuals migrated between the aquaria in the laboratory undetected. A mixup of 

the samples during DNA extraction and sequencing is highly unlikely. The brackish water 

populations S4 and S6 appear to be distinctly separated according to the admixture analysis 

(Fig. 3 A) and the PCA (Fig. 4). Whereas the brackish water population S7 appears to be a 

hybrid of populations S4, S6 and S3. The brackish water populationsô sampling locations are 

situated along the coast of the Baltic Sea in Mecklenburg-Vorpommern. The ñhybrid 

populationò S7 is located near the Island of Riems, while the populations S4 and S6 are located 

near Boiensdorf and the island of Hiddensee, respectively. Geographically it might be possible 

for both individuals of the S4 and S6 populations to have migrated to the Riems locality, either 

through driftwood, bird plumage or maybe fishermen. Yet, with regard to the morphological 

and physiological differences displayed by T. fluviatilis populations in northern Germany, as 

well as the geographic locations, either admixture analysis result seems possible (Fig. 3 A & 3 

B).  
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3 A 

3 B 

Figure 3: Admixture analysis of the 6 populations of T. fluviatilis in northern Germany. 3 A depicts 

the results of the admixture analysis with stricter SNP calling and more relaxed parameters in the 

admixture analysis. 3 B depicts the results of the admixture analysis with strict SNP calling and strict 

parameter in the admixture analysis.  
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While the admixture analysis and PCA offer a small insight into the population genetics and 

especially the population structure of T. fluviatilis in northern Germany, there are still many 

questions to be answered. One such approach will be the pairwise comparison of populations 

via Fst. This should further elucidate the population differentiation of T. fluviatilis in northern 

Germany. Overall, the need to delve further into the population genetics of T. fluviatilis is 

apparent.  

  

Figure 4: Principle component analysis of the six populations of T. 

fluviatilis in northern Germany. The PCA is based on the covariance 

matrix estimated using single read sampling in ANGSD.  
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