
   

 

 

 

Osmotolerance and studies of underlying mechanisms in Theodoxus fluviatilis 

 

I n a u g u r a l d i s s e r t a t i o n 

 

zur 

 

Erlangung des akademischen Grades eines 

 

Doktors der Naturwissenschaften (Dr. rer. nat.) 

 

der 

 

Mathematisch-Naturwissenschaftlichen Fakultät  

 

der  

 

Ernst-Moritz-Arndt-Universität Greifswald  

 

 

       vorgelegt von 

 

       Amanda Alice Wiesenthal 

 

       geboren am 01.06.1987 

 

       in Groß-Gerau 

 

Greifswald, 28.03.2018 

 

 

 



   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dekan:   Prof. Dr. Werner Weitschies 

 

 

1. Gutachter : Prof. Dr. Jan-Peter Hildebrandt 

 

2. Gutachter: Prof. Dr. Michael Weber 

 

Tag der Promotion: 25.06.2018 

 



   

 





  TABLE OF CONTENTS 

i 

TABLE OF CONTENTS 

TABLE OF CONTENTS ............................................................................................................................ i 

1. INTRODUCTION ........................................................................................................................... 1 

1.1 The study organism Theodoxus fluviatilis .................................................................. 1 

1.2 Subgroup distinction of T. fluviatilis by shell size .................................................... 2 

1.3 Salinity tolerance and survival in osmotically stressed snails .............................. 3 

1.4 Accumulation of amino acid as a means of osmoregulation ................................ 4 

1.5 Protein expression patterns and molecular markers to distinguish plastic 

 from genetic responses to changing environmental salinities ............................ 6 

1.6 Distribution by bird as a possible mode of long distance dispersal.................... 8 

1.7 Objectives ........................................................................................................................... 8 

2. MATERIALS AND METHODS ................................................................................................... 10 

2.1 Consumable materials and devices ........................................................................... 10 

2.2 Analysis of shell size dimensions in FW and BW subgroups of T. fluviatilis ... 10 

2.3 Salinity tolerance and survival in osmotically stressed snails ............................ 12 

2.3.1 Regimes of challenging salinities for FW and BW snails uncovering salinity 

 tolerances and survival rates ..................................................................................... 12 

2.3.2 Statistical analysis of survival curves from osmotically challenged and non-

 challenged snails .......................................................................................................... 17 

2.4 Purification and analysis of accumulated amino acids in the foot muscle ..... 17 

2.4.1 Solutions used for amino acid purification and analysis ........................................ 17 

2.4.2 Regimes of challenging salinities for FW and BW snails for the analysis of 

 accumulated amino acids in the foot muscle .......................................................... 18 

2.4.3 Sample preparation for the analysis of accumulated amino acids in the foot 

 muscle ........................................................................................................................... 20 

2.4.4 Measurement of accumulated osmolytes with an amino acid analyser ............. 21 



TABLE OF CONTENTS 

ii 

2.4.5 Quantification and statistical analysis of accumulated osmolytes in the foot 

 muscle ........................................................................................................................... 21 

2.5 Analysis of foot muscle protein patterns ................................................................. 23 

2.5.1 Solutions used for protein purification and analysis .............................................. 23 

2.5.2 Regimes of challenging salinities for FW and BW snails for the foot muscle 

 protein pattern analysis .............................................................................................. 27 

2.5.3 Sample preparation for the analysis of foot muscle protein patterns ................. 28 

2.5.4 Determining the protein content .............................................................................. 29 

2.5.5 Isoelectrical focussing (IEF) ........................................................................................ 29 

2.5.6 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) ........ 30 

2.5.7 Analysis of protein spots obtained by SDS-PAGE .................................................... 31 

2.6 Subgroup specific molecular marker ......................................................................... 32 

2.6.1 Solutions used for RNA analysis ................................................................................ 32 

2.6.2 Regimes of challenging salinities for FW and BW snails for the transcriptomic 

 analysis .......................................................................................................................... 35 

2.6.3 Sample preparation for the transcriptomic analysis .............................................. 37 

2.6.4 RNA isolation ................................................................................................................ 38 

2.6.5 Generating a Theodoxus-transcript database ......................................................... 40 

2.6.6 Amplification of an mRNA fragment ......................................................................... 40 

2.6.6.1 Reverse Transcription Reaction .............................................................................. 40 

2.6.6.2 Polymerase Chain Reaction .................................................................................... 41 

2.6.6.3 Molecular cloning ................................................................................................... 42 

2.7 Testing of requirements for long distance dispersal by bird .............................. 46 

3. RESULTS ..................................................................................................................................... 46 

3.1 Subgroup distinction of T. fluviatilis by shell size .................................................. 46 

3.2 Salinity tolerance and survival in osmotically stressed snails ............................ 47 

3.2.1 Transfer of FW snails to 16‰ and 21‰ ................................................................... 48 

3.2.2 Transfer of BW snails to 28‰ and 0.5‰ ................................................................. 51 

3.2.3 Comparison of BW and FW snails transferred to their high salinity conditions . 53 

3.3 Changes in FAAs in the foot muscle of snails under osmotic stress ................. 54 

3.4 Changes of protein expression patterns in snails under osmotic stress ......... 65 



  TABLE OF CONTENTS 

iii 

3.5 Use of the Theodoxus-transcript database for the detection of potential 

 SNPs in sequences encoding the Theodoxus-homologue of the ANP-receptor 

  ............................................................................................................................................. 74 

3.6 The potential of long distance dispersal by bird .................................................... 75 

4. DISCUSSION ............................................................................................................................... 76 

5. ABSTRACT .................................................................................................................................. 89 

6. REFERENCES .............................................................................................................................. 91 

7. LIST OF ABBREVIATIONS ....................................................................................................... 104 

8. TABLE OF FIGURES ................................................................................................................. 108 

9. LIST OF TABLES ....................................................................................................................... 110 

10. ACKNOWLEDGEMENT ............................................................................................................ 111 

11. SUPPLEMENTARY MATERIAL ................................................................................................ 113 

 





  INTRODUCTION 

1 

1. INTRODUCTION 

1.1 The study organism Theodoxus fluviatilis 

Theodoxus fluviatilis (Linneaus, 1758), belonging to the family of the Neritidae and the class of the 

Gastropoda, is a euryhaline snail distributed in Europe and west Asia that appears in both, fresh (FW) 

and brackish waters (BW), yet is not found in connecting areas, i.e. in estuaries (Anistratenko, 2005; 

Zettler et al., 2004; Bandel, 2001; Hubendick, 1947, Bunje and Lindberg, 2007). Within their suitable 

habitat they show a patchy distribution (Bunje, 2005; own observations). In the summer months they 

can be found in the shallow littoral zone, but move into deeper waters throughout the winter 

months (Skoog, 1971; Skoog, 1976; Skoog, 1978). During the last ice age, the Baltic Sea and parts of 

northern Germany were covered by ice, forcing T. fluviatilis into refuges further south (Bunje, 2005; 

Taberlet et al., 1998). The current hypothesis is that after the last retreat of the ice sheet in the early 

Holocene, approx. 10000 years ago, the Baltic Sea was re-colonised by FW individuals spreading 

northwards from their southern refuges (Bunje, 2005). Nowadays, T. fluviatilis can be found in 

salinities between 0.5‰ in lakes and up to 18‰ in the Baltic Sea (Bunje, 2005; Skoog, 1978; 

Hubendick, 1947; Skoog, 1971; Graham 1988; Bondesen, 1940). Two closely related subgroups have 

formed—the FW and BW subgroups—that are difficult to distinguish by morphological traits alone 

(Glöer and Pešić, 2015; Zettler et al., 2004; Bunje, 2005). T. fluviatilis varies in shell size as well as 

colour and patterning. They reach lengths between 6.1 mm and 9.3 mm or even 13.1 mm (FW) and 

mean heights of 4.5-6.5 mm (Skoog, 1976; Zettler et al., 2004; Glöer and Pešić, 2015). The colour and 

patterning of the shells largely depend on the salts and ions available in the medium (Neumann, 

1960; Zettler et al., 2004), but partly also depend on the genetic disposition (Glöer and Pešić, 2015; 

Neumann, 1959). Furthermore, age and growth disruptions can influence the form and appearance 

of the shell (Neumann, 1959). Neumann (1959) and Becker (1949) claim to have found slight 

differences in shell colouring and patterning between the two subgroups of T. fluviatilis, but because 

the FW snails are highly variable and the pattern of BW snails falls within the FW snails' colour and 

pattern range, there is no distinct difference between the two subgroups. 

The snails prefer habitats with hard substrates, where they can graze on diatoms and detritus (Skoog, 

1978). However, BW snails also appear in habitats with less stony grounds grazing on Fucus spp. or 

other seaweed species (Jaeckel, 1952; Bandel, 2001; Glöer and Pešić, 2015; Neumann, 1959; Ulrich 

and Neumann, 1956; Skoog, 1978, own observations).  
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Unlike most other gastropoda, T. fluviatilis are dioecious, reproduce sexually, lack a free swimming 

larval stage and display a nurse egg feeding strategy (Gilson, 1896; Bandel, 2001; Skoog, 1971; 

Neumann, 1959). The ratio of males and females reported by Neumann (1959) of 1:1, is contradictive 

to Pauker's findings of a 1:3 male:female ratio (unpublished bachelor thesis, 2018). 

The females lay fertilised egg capsules containing several eggs (Gilson, 1896). The number of eggs per 

capsule varies greatly in the literature giving a range of 40-60 up to 90-160 or even 100-200, yet the 

authors agree on capsules from BW animals containing less eggs than from FW snails with about 55-

80 eggs per capsule (Bondesen, 1940; Claparêde ,1857; Ulrich and Neumann, 1956; Kirkegaard, 2006; 

Graham, 1988). The egg capsules are attached to hard substrates like the grooves of rocks and 

stones, the shells of conspecifics or other species like mussels, but also to Fucus spp. (Johansen et al., 

1918; Skoog, 1976, own observations). From the several eggs only a single juvenile snail hatches per 

capsule, whereas the other eggs serve as nourishing eggs for the one developing larvae (Kirkegaard, 

2006; Bunje, 2005; Hubendick, 1947; Graham, 1988; Bondesen, 1940; Kirkegaard, 2006, Bandel, 

2001; Neumann, 1959; Claparêde, 1857; Becker, 1949; Skoog, 1971). The females lay egg capsules up 

to twice a year (Kirkegaard, 2006). In FW they lay about 40 egg capsules per female during the 

summer and about 20 during the autumn (Kirkegaard, 2006). Bondesen (1940) found that T. 

fluviatilis from BW lay less egg capsules (Bondesen, 1940). Under laboratory conditions, however, the 

number of laid egg capsules per BW female in its natural osmolality was between 34 and 99 (Pauker, 

unpublished bachelor thesis, 2018). This exceeds the reported 24 egg capsules observed by Skoog 

(1978) under laboratory conditions by far.  

The time of larval development to the hatching juvenile snail depends on the temperature. At 25 °C 

juveniles hatch after about 30 days and at 20 °C after 65 days (Neumann, 1959). These observations 

coincide with the finding that gastropoda in general usually reproduce and lay eggs at temperatures 

of 10-12 °C or higher (DeWitt, 1955; Eversole, 1978; Bondesen, 1940; Kirkegaard, 2006; Skoog, 1978). 

It also grossly matches the results of Pauker (unpublished bachelor thesis, 2018), where the 

developmental time from laid egg capsule to hatched juvenile under laboratory conditions at about 

21 °C started after 36 days. 

1.2 Subgroup distinction of T. fluviatilis by shell size 

According to the literature, snails from the FW and BW subgroups are neither distinguishable by the 

morphology of their operculum nor their radula (Zettler et al., 2004; Glöer and Pešić, 2015). Findings 

on shell size are contradictive with Zettler et al. (2004) and Glöer and Pešić (2015) not detecting any 

difference between FW and BW individuals, while others have found shells of FW individuals to be 

larger and thicker than those of BW snails (Ulrich and Neumann, 1956; Johansen et al., 1918; Becker, 
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1949; Kangas und Skoog, 1978; Bondesen, 1940). These contradicting findings may be due to a high 

variability of shell size within the subgroup as has been observed for shell patterning that is mainly 

driven by the ions present in the environment and the substrata prevailing in the area rather than by 

genetic disposition (Neumann, 1959; Zettler et al., 2004). And yet, Neumann (1959) observed some 

shell patterning that indicated a genotypic influence. Therefore, morphology alone does not seem to 

be the best set of traits to distinguish FW from BW individuals. 

To date it is not entirely clear to what extent morphological traits like shell size and shell appearance 

are induced by phenotypic plasticity or genetic adaptation.  

To clarify whether shell sizes differed between the 6 sampling sites and whether a distinct grouping 

of FW and BW individuals was possible, shell sizes from every collection site were measured for the 

dimensions of length, width and height and statistically tested for differences. 

1.3 Salinity tolerance and survival in osmotically stressed snails 

Despite having formed regional subgroups in the fresh- and brackish waters of northern Germany, 

snails of these subgroups must be closely related, since they are indistinguishable by radula, 

operculum, mtRNA marker cytochrome c subunit I or shell patterning (Zettler et al., 2004; Glöer and 

Pešić, 2015; Bunje, 2005). And yet, differences in the salinity tolerance of individuals from the two 

subgroups have been observed (Symanowski and Hildebrandt, 2010; Bondesen, 1940; Neumann, 

1960; Kangas and Skoog, 1978). Kangas and Skoog (1978) found that when exposed to a salinity of 

15-20‰, only BW individuals were able to withstand and survive up to 70 days. In long treatments 

with low salinities (0-1.0‰) or distilled water, BW snails struggled, while FW snails coped well. 

Kangas and Skoog (1978) not only observed that BW individuals were more tolerant towards high 

salinities than FW animals, but also that the tolerance range was affected by the salinity conditions of 

the collection sites. Within the BW individuals, snails from collection sites in the south and west of 

the Baltic Sea (salinities: 6-11‰) showed a higher survival under hyperosmotic stress compared to 

snails from collection sites in the far north (salinities 2-3‰) (Kangas and Skoog, 1978). 

Whether these differences are due to phenotypic plasticity or genetic adaptation and how big the 

contributions of the respective mechanisms towards osmotolerance are, is not fully known. But 

when initially colonising the Baltic Sea from the FW, phenotypic plasticity would have been of great 

importance to the FW snails. In the course of time and spatial segregation, local adaptation may have 

occurred in individuals inhabiting the Baltic Sea to genetically adapt a tolerance towards higher 

salinities. To elucidate and entangle underlying mechanisms responsible for the range difference in 

salinity tolerance in FW and BW subgroups of T. fluviatilis the goals were to 1) reveal physiological 

limits under acute salinity stress up to which snails can survive; 2) test whether shifts in reaction 
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norms (survival) can be achieved experimentally by acclimating individuals to changing salinities; 3) 

clarify if the tolerance range of the subgroups match up after such a shift; and 4) uncover a possible 

hormetic effect triggered by previous salinity changes and equipping experienced snails with a 

survival advantage under acute salinity stress (Constantini et al., 2010; Mattson, 2008).  

The approach to achieve these goals was to carry out transfer experiments comprising of three 

distinct treatments (1st: direct transfer, 2nd: stepwise transfer, 3rd: stepwise transfer, natural 

conditions, direct transfer). Any possible osmoregulatory differences in coping with acute and 

gradual salinity change should have been discovered. The hypothesis was that snails that have 

experienced a stepwise increase to challenging salinities could cope with osmotic stress better than 

naive individuals experiencing acute stress. The acclimation should lead to a shift in the slopes of the 

reaction norms allowing FW individuals to reach the same tolerance range as BW ones, given the 

potential is present in FW snails. 

A preconditioning in increasingly challenging salinities, followed by exposition to the original salinity 

and a final acute salinity shock was carried out to test if T. fluviatilis showed a hormesis effect. If so, 

snails with a preconditioning history should have been able to cope with an acute salinity shock 

better than naive snails. This effect has already been observed in other systems (Constantini et al., 

2010; Mattson, 2008). 

1.4 Accumulation of amino acid as a means of osmoregulation 

Animals facing unstable environments have developed a range of mechanisms to deal with extreme 

temperatures, drought, pH levels, hypoxia, light conditions, salinities, etc. (Bjelde and Todgham, 

2013; Schmidt-Nielsen et al., 1956; Schmidt-Nielsen et al., 1957; Hirata et al., 2003; Childress and 

Seibel, 1998; LaManna et al., 2004; Deutschlander and Phillips, 1995; Green and Powers, 1982; 

Lockwood and Somero, 2011; Gilles and Jeuniaux, 1979; Teixeira de Mattos and Neijssel, 1997). 

When under hypoosmotic stress, marine and estuarine invertebrates like gastropods with water 

permeable integuments will experience water influx and swelling (Oglesby, 1981). In order to 

minimise the body volume increase, large amounts of highly diluted urine are excreted and excess 

osmolytes are released into the medium to lower the osmotic potential of the body fluids and limit 

the water influx (Oglesy, 1981; Pierce and Amende, 1981; Kirschner, 1967). Accordingly, when faced 

with hyperosmotic stress, animals are forced to limit water loss to the environment and increase the 

osmolality of their body fluids to avoid shrinking. Multiple osmolytes dealing with hyperosmotic 

stress have been reported involving sugars, methylamines, urea and polyhydric alcohols (Borowitzka 

and Brown, 1974; Yancey et al., 1982; Burg, 1955). In molluscs, one of the mechanisms is the 

accumulation of free amino acids (FAA) (Shumway et al., 1977; Baginski and Pierce, 1975). They use 



  INTRODUCTION 

5 

the FAAs as osmolytes in their body fluids to raise its osmotic potential (Pierce, 1982; Gilles and 

Jeuniaux, 1979; Symanowski and Hildebrandt, 2010; Taylor and Andrews, 1988). Hence, the loss of 

water via body surface is limited and thus their body volume is stabilised. The source of the FAA, 

however, has not been fully understood. They must either be newly synthesised, taken up from the 

environment via food or be metabolic products (Manahan, 1983; Gilles and Pequeux. 1981, Deaton 

1987). Bedford (1971) postulated a catabolism of storage proteins on the grounds of the amount of 

FAA increasing while protein concentrations decreased under high osmotic conditions. Baginski and 

Pierce (1975), however, disagreed with this explanation and rather suggested anaerobic metabolism 

as a potential source for the osmolytes. 

Not all gastropods behave in the same way. Littorina littorea who inhabits intertidal zones and is 

frequently exposed to challengingly high salinities has developed coping mechanisms that are 

independent from the accumulation of FAA (Taylor and Andrews, 1988). In a study by Taylor and 

Andrews (1988) they showed that these snails did not show higher FAA concentrations when 

acclimated to 100% sea water than animals that were acclimated to 60% sea water. Symanowski and 

Hildebrandt (2010), on the other hand, found that Theodoxus fluviatilis accumulated significant 

amounts of ninhydrin-positive substances mainly including amino acids and other organic osmolytes 

when placed under hyperosmotic stress. 

Theodoxus fluviatilis BW individuals have been found to withstand high salinities better and longer 

than FW individuals while FW snails in contrast can withstand long periods in very low salinities 

(Kangas and Skoog, 1978). This differing ability to withstand challenging salinities naturally raises the 

question of which underlying mechanisms are responsible for the tolerance and where the 

differences in these mechanisms lie when comparing the FW and BW individuals.  

In this study the accumulated FAA in the foot muscle of Theodoxus fluviatilis individuals from fresh 

and brackish waters that were either kept at control, low or high osmotic conditions for 72 h were 

analysed. The goal was to 1) reveal differences in underlying mechanisms and the ability to mobilise 

FAA between FW and BW individuals explaining the distinct tolerances towards hyperosmotic stress, 

to 2) identify the amino acids most responsible for the intracellular changes of osmolytic 

concentrations, and to 3) identify potential pathways of amino acid accumulation. 

The hypothesis was that BW snails are better at accumulating the FAAs than FW individuals and 

therefore show higher survival rates when transferred to challengingly high salinities. To achieve 

these goals individuals from both FW and BW sites were placed in transfer experiments where they 

experienced a gradual transfer to the final salinity or were kept at their natural salinity (control). The 

survival rates were checked every 24 h up to the 15th day. In individuals that had survived the 

transfers, the amount of ninhydrin-positive substances were measured and analysed. 
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1.5 Protein expression patterns and molecular markers to 

distinguish plastic from genetic responses to changing 

environmental salinities 

Animals that have evolved anadromous or catadromous migration behaviour like the European eel 

(Anguilla anguilla, Linneaus) or many salmonids have adjusted to cope with the experienced changes 

of salinity and therefore changes in osmolyte concentration gradients. Upon entering freshwater, 

teleost fish decrease the expression of ion transporting proteins, i.e. mainly Na+/K+-adenosine 

triphosphatase (Na+/K+-ATPase), the Na+:K+:2Cl– (NKCC) cotransporter and the cystic fibrosis 

transmembrane regulator (CFTR) in order to stabilise the ion and water levels of the intra and extra 

cellular fluids (Wilson et al, 2004; Tipsmark et al., 2008). The latter increases the ion excretion from 

the cells into the environment. Catadromous Atlantic salmon (Salmo salar, Linneaus) and brown 

trout (Salmo trutta, Linneaus) embarking on smoltification, on the other hand, experience an 

increased activity of Na+/K+-ATPase stimulated by various endocrinal changes enabling the fish to 

regulate intracellular osmolality and decrease the concentration gradient to the hyperosmotic 

environment (McCormick and Björnsson, 1994; Seidelin et al., 2000).  

The euryhaline snail Theodoxus fluviatilis, living in an unstable environment in the Baltic Sea, is also 

forced to cope with changing environmental salinities. Especially during the spring and summer 

months, snails graze the diatoms off stones in the shallow littoral zone. In times of heavy rainfall the 

osmolality can suddenly drop, while winds pushing in saltier sea water or extensive evaporation by 

extended periods of heat and sunlight can lead to times of rising osmolality. Any plastic or genetic 

response to these changes, whether it is a gene regulatory, post-transcriptional or post-translational 

mechanism resulting in either a modified protein expression or a modification of proteins 

themselves, should result in characteristic protein expression patterns of the subgroups and 

treatments (Somero and Lockwood, 2011; Rowiński and Rogell, 2017). 

When dealing with osmotic stress, BW individuals might use different osmoregulatory mechanisms 

than FW individuals leading to differing protein expression patterns. The underlying reasoning for 

this are the different basal habitat salinities and an observed distinction in their salinity tolerance 

(Symanowski and Hildebrandt, 2010; Bondesen, 1940; Neumann, 1960; Kangas and Skoog, 1978). 

The modification of proteins or differing transcriptional expressions leading to changes in protein 

quantities between FW and BW individuals might be the key for BW individuals tolerating higher 

salinities than FW snails. A study by Symanowski and Hildebrandt (2010) in fact found that a range of 

proteins are expressed in a subgroup-specific manner, while others are expressed according to the 

environmental conditions in this species. These different protein expression patterns between 
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subgroups and treatments reveal plastically and genetically driven osmoregulatory responses to 

salinity stress. Protein expressions that differ between the subgroups under control conditions yet do 

not show changes when snails are placed under osmotic stress indicate genetic differences between 

FW and BW animals. Whereas proteins showing similar quantity changes in snails from both 

subgroups under hyperosmotic or hypoosmotic stress respectively, indicate proteins involved in 

plastic responses to the changing environmental salinity. 

Especially genetic adaptations in BW individuals compared to FW snails should determine the 

potential for adaptive change and therefore explain differences in the salinity tolerance between the 

subgroups (Rowiński and Rogell, 2017; Kangas and Skoog, 1978).  

To highlight differences in protein expressions, samples of snails from FW collection sites as well as 

BW collection sites under control conditions were compared concerning their expressed protein 

patterns. Samples of FW snails under high osmotic stress and BW snails under both, high and low 

osmotic stress were also compared with the respective control samples. By comparing the protein 

expression patterns, proteins actively involved in osmoregulation and acclimation of the snails T. 

fluviatilis to challenging salinities should be revealed by appearance or disappearance as well as by 

quantitative changes of proteins. The aim was to uncover differences in the protein expression 

between FW and BW individuals under their normal conditions and to find proteins that either 

increase or decrease when snails were exposed to challenging osmotic conditions. 

Despite the subgroups seemingly being closely related on account of mtRNA marker cytochrome c 

subunit I (COI) analyses, one should keep in mind that the mitochondrial COI gene is a conserved and 

slowly evolving marker among conspecifics (Pentinsaari et al., 2016). Considering that FW individuals 

only started re-colonising the Baltic Sea about 10000 years ago, it might not be too surprising that 

the subgroups are still very similar in respect to their COI sequence. 

As mentioned previously, however, some proteins expressed in this species differ between 

subgroups while others differ with changing environmental conditions (Symanowski and Hildebrandt, 

2010). Hence, there are indications of both plastic and genetic responses. Irrespective the type of 

response to the environmental stress, any changes in the protein expression or the amino acid 

composition are regulated by the expressed transcriptome. Genetic responses should either lead to 

RNA entities differing in their nucleotide sequences between subgroups under normal conditions 

and/or lead to changed quantities of certain fragments coding for a specific protein. Plastic responses 

on the other hand, will only differ in specific fragment quantities between control snails and those 

exposed to osmotic stress. The main goal was to find RNA sequences that code for proteins directly 

involved in osmoregulation and those sequences potentially being different between the subgroups 

revealing genetic differences. 
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1.6 Distribution by bird as a possible mode of long distance 

dispersal 

To reach the areas of the current distribution of Theodoxus fluviatilis, the dispersal potential needed 

to colonise habitats in the north (e.g. Baltic Sea) from their refuges around the Black Sea after the ice 

sheet had retreated, is immense. It raises the question of how these northern areas were colonised. 

A slow, unidirectional, continuous re-colonisation over time is not the only possibility. Stepping-stone 

dispersal or even long distance dispersal, potentially leading to a leptokurtic distribution, could have 

taken place to overcome barriers; considering T. fluviatilis is also found in isolated lakes (Ibrahim et 

al., 1996). Yet T. fluviatilis is not capable of long-distance dispersal or overcoming distribution 

barriers like landmasses by its own efforts. One possible mode of transport could be by bird. Egg 

capsules attached to the legs or plumage of birds might be carried over great distances. Moreover, 

water fowl species are known to be passive dispersers of plant seeds and insects and are also 

discussed as vectors for long distance dispersal in several studies where relationships between 

populations that are separated by distance or other distribution barriers were discovered (van 

Leeuwen et al., 2012; Zielske et al., 2017; Rees, 1965; Liu et al, 2003; Haase et al, 2010). T. fluviatilis 

are a part of the diet of a number of waders, diving ducks and other water fowl that move between 

FW and BW sites (Skoog, 1971). Upon being swallowed snails could shut their operculum, pass the 

dietary tract unharmed and be dropped at a new location where they could establish a new 

population. To test this hypothesis, snails were fed to 14 day old Anas platyrhynchos ducklings and 

the birds as well as their droppings were observed for 24 h. 

1.7 Objectives 

In ever changing environments animals and plants are forced to either genetically adapt, show 

phenotypic plasticity or disperse to more suitable environments to ensure long-term survival 

(Hoffmann and Sgrò, 2011; Charmantier et al., 2008; Price et al., 2003; Rowiński and Rogell, 2017; 

Visser, 2008; Gienapp et al., 2008). Each one of these strategies has its advantages as well as 

disadvantages. While phenotypic plasticity presents a quick response to acute changes, it may be 

costly and limited in its range (DeWitt et al, 1998; Visser, 2008). Genetic adaptation can ensure a 

greater fitness of organisms for their new environmental conditions by allowing the development of 

even extreme phenotypes, yet depends on genetic variability (Hoffmann and Sgrò, 2011) and—in 

many cases—may be too slow to match the challenges of recent climate change (Shaw and Etterson, 

2012; Visser, 2008; Gienapp et al., 2008). Dispersal offers the possibility to move to favourable 
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habitats, but it demands physical mobility and can be risky, as the destinations of various modes of 

dispersal are uncertain and a successful settlement can never be guaranteed (Anger, 2006, Bonte et 

al., 2012; Fagan and Lutscher, 2006). 

This thesis focussed on the responses of phenotypic plasticity and genetic adaptation rather than 

dispersal. The euryhaline snail Theodoxus fluviatilis is a great organism for studying genetic and 

plastic responses to changing environments as they naturally occur in fresh- and brackish waters 

displaying a salinity range of at least 18‰ (Zettler et al., 2004; Glöer and Pešić, 2015). Especially the 

shallow littoral zone of brackish water (BW) habitats can be unstable in terms of salinity. Heavy rain 

falls may lead to sudden drops in salinity while extensive heat and sunshine during the summer 

months resulting in strong evaporation can lead to rising salinities. The FW and BW subgroups have 

been reported to show distinct tolerances towards stressful osmotic conditions (Kangas and Skoog, 

1978; Neumann, 1960), while still being closely related (Bunje, 2005). Differences in protein 

expression patterns as well as in the accumulation of organic osmolytes (measured as ninhydrin-

positive substances) have been observed (Symanowski and Hildebrandt, 2010). To date the exact 

mechanisms responsible for these differences are not completely understood. Hence, it is not clear if 

differences in salinity tolerance, expressed proteins and the accumulation of compatible osmolytes 

are brought about by phenotypic plasticity, genetic adaptation or a combination of both. 

The main objectives of this thesis as derived above were to: 

1) analyse shell sizes and reveal potential differences between BW and FW snails. 

2) elucidate differences between the subgroups in physiological salinity limits, salinity tolerance 

ranges and reveal the potential for tolerance ranges of FW animals to match those of BW 

animals. 

3) carry out a quantitative comparison of accumulated free amino acids in the FW and BW 

subgroups under control and stress conditions, identify main drivers responsible for 

osmoregulation, reveal potential differences in the capability of mobilising free amino acids 

and receive indications for the origin of the accumulated organic osmolytes. 

4) uncover potential differences in protein expression patterns between subgroups under 

normal conditions and identify protein spots that show quantitative changes in their spot 

volume under stressed conditions to find proteins actively involved in osmoregulation and 

potentially differing between the subgroups.  

5) reveal genetic differences in protein coding sequences potentially involved in 

osmoregulation.  

6) demonstrate whether snails are potentially capable of surviving the gizzard and digestive 

tract of water fowl. 
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2. MATERIALS AND METHODS 

2.1 Consumable materials and devices 

Consumable materials were obtained from Sarstedt, Roth, Sigma-Aldrich, Semper Guard, 

Laborservice Onken, PanReac AppliChem and Bio-Rad Laboratories. Manufacturers of the chemicals 

are mentioned where they were used for solutions. Manufacturers of the devices are mentioned 

throughout the text. 

2.2 Analysis of shell size dimensions in FW and BW subgroups of T. 

fluviatilis 

Between April and September in 2015 and 2016 adult snails were collected during several site visits 

in BW and FW along with stones, substrate and some water from their natural habitat at 6 different 

sites (Table 1, Figure 1, supplementary Figure 26 and Figure 27) in northern Germany. Permission for 

the snail collections were given by the 'Nationalparkamt Vorpommersche Boddenlandschaft', Born, 

Germany (24-5303.3). The collected snails were subject to acclimation and transfer regimes 

described in chapter 2.3. For the morphometric analysis, the shells of snails were measured for 

length, height and width with a manually operated calliper to the nearest 0.1 mm directly after the 

transfer experiments had ended. 

Statistical analyses of the shell sizes as well as the generation of plots were carried out with the free 

software R 3.3.2 (R Development Core Team, 2008). The Wilk-Shapiro test was used to check the 

data for normal distribution and the Fligner-Killeen test for homogeneity of variances. Differences in 

length, height and width between the sites were tested for using the Kruskal-Wallis test and the 

post-hoc test after Nemenyi (R package: ‘PMCMR’; Pohlert, 2014). 

Pictures were taken with a Canon Ixus 95 IS. Images combining plots and pictures were generated 

with Adobe Photoshop CS4 Version 11.0.2.. 
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Table 1:  Collection sites of T. fluviatilis in northern Germany. FW: freshwater site, BW: brackish water site. Salinities 

were measured in the laboratory using water samples from the collection sites. Water temperatures were 

measured at the collection sites. (from Wiesenthal et al., 2018) 

Type Location Site code Coordinates Salinity Temperature 

FW 
Schmaler Luzin, 

north end 
S1 

53°19'33''N, 

13°26'28''E 
0.5‰ 14-21 °C 

FW 
Schmaler Luzin, 

south end 
S2 

53°19'33''N, 

13°26'29''E 
0.5‰ 15-21 °C 

FW Carwitzer See S3 
53°18'21''N, 

13°26'48''E 
0.5‰ 14-21 °C 

BW Boiensdorf S4 
54°1'2''N, 

11°31'31''E 
13‰ 23 °C 

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

13°28'42''E 
7.5‰ 7-20 °C 

BW Hiddensee S6 
54°34'40"N, 

13°06'48"E 
9‰ 17 °C 

 

 

Figure 1: Shells of snails collected at three freshwater (FW) and two brackish water (BW) sites. S1: Schmaler Luzin 

(north end), S2: Schmaler Luzin (south end), S3: Carwitzer See, S4: Boiensdorf, S5: Ludwigsburg/Loissin (from 

Wiesenthal et al., 2018). 
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2.3 Salinity tolerance and survival in osmotically stressed snails 

2.3.1 Regimes of challenging salinities for FW and BW snails uncovering 

salinity tolerances and survival rates 

Snails collected in the field (chapter 2.2, Table 1) along with stones and substrate were held at room 

temperature (~20-21 °C) in the laboratory in aerated storage tanks (54 l aquarium, Figure 2 A, B) for 

up to 11 days before being subject to transfer experiments (Figure 2 C, D; Figure 3 (FW) and Figure 4 

(BW)). The water in which the snails were kept was adjusted to their natural salinity by dissolving 

appropriate amounts of sea salt (TropicMarin, Hünenburg, Switzerland) in deionised water, e.g. 9 g 

sea salt in 1 l of deionised water for a salinity of 9‰ and an osmolality of about 288 mOsmol/kg H2O. 

FW snails were kept in a salinity of 0.5‰ (~30 mOsmol/kg H2O). Osmolalities were measured with a 

Vapro 5520 osmometer (Wescor Inc., Logan, Utah, USA). The light:dark cycle of 15:9 h additional to 

the natural day light ensured at least 15 h light a day in both, storage tanks and transfer aquariums 

(Kavalier, Simax, Sázava, Czech Republic). Mentioned aquariums were small glass aquariums in which 

the snails (12 snails per aquarium) were held during the transfer experiments with 1 l of water and 

some pebbles for 4-20 days (Figure 3 andFigure 4). The various salinities needed for the experiment 

were obtained by dissolving appropriate amounts of sea salt (TropicMarin, Hünenburg, Switzerland) 

in deionised water as was described for the storage tanks. Transfer experiments began 1-11 days 

after collection of the snails respectively with 12 individuals per collection site and treatment for 

which sexes were not separated. Collection as well as transfer experiments of all FW sites were 

conducted parallel. Due to low numbers, individuals from the BW collection site S4 were only 

included in the morphometric analysis (chapter 2.2, 3.1) and not the transfer experiments. Water 

changes took place during each transfer. In between salinity transfers, aquariums were filled up to a 

1 l mark with deionised water—if necessary—to ensure stable salinities during the experiment. The 

survival of the snails was checked every 24 h by the touch of a needle or the attempt to open the 

operculum. If there was neither a sign of motion or retraction, a snail was considered dead.  

In the experiments snails underwent a transfer and acclimation regime with a final stressful salinity 

at which they were held for 72 h (Figure 3 and Figure 4). After 72 h of exposure it was assumed that 

any medium induced mechanisms to physiologically and biochemically cope with challenging 

salinities would have reached a stable level (Symanowski and Hildebrandt, 2010), which is why the 

experiments were not carried out any longer than 72 h at the final salinity. The acclimation and 

transfer regime for the FW snails followed the design given in Figure 3 where they experienced high 

salinities of either 16 (left) or 21‰ (right). The transfer regime for BW individuals followed the same 
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structure, but lead to either low (0.5‰, left) or high osmotic stress (28‰, right) (Figure 4). To collect 

information on a range of behaviours, the experiment was comprised of three different treatments 

and a control. In the 1st treatment, individuals were directly transferred from their natural salinity to 

their respective high or low challenging salinity. In the 2nd treatment, individuals were given the time 

to acclimatise to high salinities by experiencing stepwise increases to the final high salinity. Snails 

from the 2nd treatment were expected to show a higher survival than snails from the 1st treatment. 

The final and 3rd treatment was the same as the 2nd up until the last part. Instead of transferring the 

snails to their final challenging salinity, they were set back into their natural salinity for 5 days before 

the final osmotic shock was inflicted (Figure 3 andFigure 4). The treatment allowed testing for 

hormetic effects (Constantini et al., 2010; Mattson, 2008) that might enable the snails to withstand 

high or low environmental salinities just as well as snails from the 2nd treatment. In other words, to 

test whether physiological, biochemical or epigenetic mechanisms generating osmotolerance 

acquired by preconditioning the snails, prevails after 3 days in non-challenging environments. 
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Figure 2: Storage tanks (A and B) used for snail maintenance and aquariums used for transfer experiments (C and D).  
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Figure 3:  Salinity transfer regime (—) of animals collected at freshwater (FW) sites (S1, S2, S3) for salinity tolerance and survival investigations. On the left: Design for high salinity 

conditions by either a direct transfer (1
st

 treatment) or stepwise transfer (2
nd

 and 3
rd

 treatment) to 16‰. The 3
rd

 treatment differs by placing the individuals into their natural 

habitat before inflicting the high salinity shock. On the right: Design for high salinity conditions up to 21‰. n=12 (Modified from Wiesenthal et al., 2018). 
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Figure 4:  Salinity transfer regime of animals collected at brackish water (BW) sites (S5 (—) and S6 (---)) for salinity tolerance and survival investigations. The salinity regime for animals 

of these sites is identical, with the exception that their starting salinity differs by 1.5‰. On the left: Design for high salinity conditions (28‰) by either a direct transfer (1
st

 

treatment) or stepwise transfer (2
nd

 and 3
rd

 treatment). The 3
rd

 treatment differs by placing the individuals into a salinity equivalent to that of their natural habitat, before 

inflicting either a low or high salinity shock. On the right: Design for low salinity conditions (0.5‰). n=12 (Modified from Wiesenthal et al., 2018).
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2.3.2 Statistical analysis of survival curves from osmotically challenged and 

non-challenged snails 

Statistical analyses as well as the generation of plots were carried out with the free software R 3.3.2 

(R Development Core Team, 2008). To compare the Kaplan-Meier survival curves of the 

right-censored data a survival analysis was conducted using a log-rank test (Harrington and Fleming, 

1982; Therneau, 2015; R package: 'survival'). The survival curve comparisons tested for were as 

follows: 

1) Same treatments among sites 

2) Among treatments and control within each site 

3) Among treatments between high and low salinity conditions 

and lastly 

4) Final 3 days after the direct transfer to challenging salinities between 1st and 3rd treatment in 

each site and condition respectively. 

2.4 Purification and analysis of accumulated amino acids in the 

foot muscle 

2.4.1 Solutions used for amino acid purification and analysis 

SAMPLE PREPARATION:  

Deproteinisation solution (stored at 4 °C) 

5-Sulfosalicylic acid (dihydrate) 11.7 g in 80 ml 575 mmol/l Roth 

Distilled water Fill up to 80 ml   

Internal standard (D-Glucosaminic acid) (stored at 4 °C) 

D-Glucosaminic acid 26.316 mg in 20 ml 6.74 mmol/l Laborservice Onken 

Deproteinisation solution Fill up to 20 ml   
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PREPARATION FOR THE AMINO ACID ANALYSER:  

Standard 1:20 (stored at -20 °C) 

Physiological calibration standard 50 µl in 1000 µl Laborservice Onken 

Loading buffer Fill up to 950 µl  

Standard 1:200 

Standard 1:20 10 µl in 101.5 µl  

Loading buffer 90 µl in 101.5 µl Laborservice Onken 

D-Glucosaminic acid (1:20 dilution) 1.5 µl in 101.5 µl  

2.4.2 Regimes of challenging salinities for FW and BW snails for the analysis 

of accumulated amino acids in the foot muscle 

Snails used for the measurement of the free amino acids (FAA) were collected in the field and held in 

the laboratory as described in chapters 2.2 and 2.3 and transfers were carried out 1 and 17 days after 

collection. For measurements of the accumulated FAA, a range of transfer treatments were 

conducted where individuals where held at their final osmotic stress level for either 24 h or 72 h 

(Figure 5 and Figure 6). In the 24 h treatments, snails were directly transferred to their challenging 

salinities and held there for 24 h (Figure 5). 72 h of challenging osmotic stress were either reached in 

simple 72 h treatments (Figure 6) or as part of transfer experiments that took up to 20 days, where 

the snails were either directly transferred to their challenging salinity (Figure 3 andFigure 4, 1st 

treatment) or reached by following a stepwise increase/decrease and then being held at the final 

salinity for 72 h (Figure 3andFigure 4, 2nd treatment). The 20 day transfer experiments have been 

described in chapter 2.3.1. The surviving snails from this experiment were used for the analysis of 

FAAs. The experimental conditions for the simple 24 h (Figure 5) and 72 h treatments (Figure 6) were 

the same with exception of the duration and acclimation regime. In the 24 h transfer regime snails 

were either kept at their natural salinity (control, FW: 0.5‰, BW S5: 7.5‰, BW S6: 9‰) or were 

directly transferred to their final salinity. For FW snails the final salinity was 10‰ and for BW 

individuals 0.5‰, 3.7‰, 20‰ or 28‰ at which they were held for either 24 h or 72 h.  

The storage conditions were the same for all snails as described in chapter 2.3.1. For each 

experiment 12 individuals were used, yet the actual number of individuals that entered the amino 

acid analysis varied as only snails that survived the transfers were prepared as samples (chapter 

2.4.3).  
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Figure 5:  Salinity transfer regimes for amino acid extractions from animals under 24 h of osmotic stress. The transfer 

regime of freshwater animals (FW) from the collection sites S1-S3 and brackish water (BW) animals from S5 

(—) and S6 (---) for 24 h at the final salinity are depicted. The salinity regimes for animals of the BW sites are 

identical, with the exception that their starting salinity differs by 1.5‰. On the left: Design for FW snails 

transferred to higher conditions (10‰). On the right: Design for BW snails transferred to lower (0.5‰, 3.7‰) 

and higher (20‰, 28‰) conditions. n=12. 
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Figure 6:  Salinity transfer regimes for amino acid extractions from animals under 72 h of osmotic stress.  The transfer 

regime of brackish water (BW) animals from S5 (—) and S6 (---) for 72 h at the final salinity are depicted. The 

salinity regimes for animals of the BW sites are identical, with the exception that their starting salinity differs 

by 1.5‰. BW snails were transferred to higher (20‰) and lower (3.7‰) conditions. n=12. 

2.4.3 Sample preparation for the analysis of accumulated amino acids in the 

foot muscle  

At the end of each treatment (chapter 2.4.2) the amino acids in the foot muscle of survived 

individuals were purified. The animals were cooled down to 4 °C for 10-15 min in a refrigerator 

before the foot muscle was dissected, blotted dry, weighed and placed in liquid nitrogen. A needle 

and a common razor blade were used for dissection. The fresh weight of the tissue sample was 
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determined to the nearest 0.001 g using a precision scale (Quintix, Sartorius AG, Göttingen, 

Germany). The frozen tissue was homogenised in 300 µl chilled and redistilled water (Roth) with a 

T8-Ultraturrax (IKA Labortechnik, Staufen). The homogenate was centrifuged at 16000 × g for 4 min 

at 4 °C (Heraeus Fresco 21, ThermoFisher Scientific, Waltham, MA, USA) and the supernatant was 

transferred to a new reaction tube. 60 µl of deproteinisation solution were added to the supernatant 

of each sample and centrifuged at 16000 × g for 4 min at 4 °C to precipitate the proteins, leaving the 

FAAs in the supernatant. 2 µl internal standard (D-Glucosaminic acid) was also added along with the 

deproteinisation solution. Aliquots of the supernatant were stored at -20 °C. Aliquots containing the 

FAAs were prepared for the measurement of the FAAs in the amino acid analyser when necessary. 

2.4.4 Measurement of accumulated osmolytes with an amino acid analyser 

Along with the FAAs, ninhydrin positive substances in the samples were measured with a Biochrom 

30+ amino acid analyser. 50 µl of each sample were diluted with 50 µl lithium loading buffer 

(Laborservice Onken GmbH, Gründau, Germany) and filtered at 7000 × g and 4 °C for 3 min in micro-

centrifuge-filter-tubes that were equipped with a 0.2 µm nylon membrane (Laborservice Onken). The 

mixture was transferred to HPLC vials (Macherey und Nagel GmbH & Co. KG, Düren, Germany). For 

reference a vial with 100 µl of standard 1:200 ran along with the samples that contained known 

amounts of certain ninhydrin positive substances (NPS) allowing the calculation of measured 

amounts of amino acids and amino acid derivatives in the samples. 

The extracted FAAs and NPS were measured with a Biochrom 30+ amino acid analyser using its buffer 

kit (Laborservice Onken) and the connected autosampler (SPD-20AV Prominence HPLC UV-Vis 

Detector, Shimadzu, Colombia, MD, USA). The output was given in the form of chromatograms that 

were edited by Katrin Harder (Animal Physiology and Biochemistry, University of Greifswald) using 

the OpenLAB software (Agilent Technologies, Waldbronn, Germany). The acquired peak areas were 

imported into Microsoft Excel 2007 where standardisations and calculations were carried out 

(chapter 2.4.5). 

2.4.5 Quantification and statistical analysis of accumulated osmolytes in the 

foot muscle 

Peak area calculations were carried out with Microsoft Excel 2007 while all statistical analyses were 

done with the free software R 3.3.2. 
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The obtained peak areas for each measured amino acid (chapter 2.4.4) were normalised against the 

peak area of hydroxylysine that was used as an internal standard. The relative substance amounts in 

the samples (mol/g fresh weight) were calculated using the normalised peak areas relative to the 

standard that contained defined substance concentrations. 

The obtained values for the amount of accumulated NPS were subject to a range of statistical tests. A 

test for normal distribution of the data was executed with the Wilk-Shapiro test and homogeneity of 

variance was tested for with the Fligner-Killeen test. Potential differences in the accumulated 

amount of measured NPS were either tested for with the Welch-t-test or the Kolmogorov-Smirnov 

test (KS-test), depending on the distribution of the data (normally distributed: Welch-t-test; non-

normally distributed: KS-test). The Kruskal-Wallis test and the post-hoc test after Dunn (Dunn, 1964) 

with a p-value adjustment after Benjamini and Hochberg (1995) (R package: ‘PMCMR’) were used to 

test for differences in the amount of accumulated NPS 

1) between control and stressful conditions within each site 

2) between sites among control groups 

3)  between sites among stressed groups 

4)  among FW sites under control conditions and 

5)  among FW sites under high salinity conditions. 

Graphs were generated with the free software R 3.3.2 (R packages: 'lattice' and 'RColorBrewer'). 

The statistical analysis was carried out under elimination of an outlier in the group of the control 

snails from S6. The measurements from this one particular snail showed values that were larger than 

the measurements in the other snails of that group by a factor of 10. The value was also 8-fold larger 

than the mean of S6 snails transferred to high salinities and 5-fold larger than the maximum 

measurement of the osmotically stressed S6 snails. There was almost certainly a pipetting or 

injection error, since a biological explanation seems very unlikely. 
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2.5 Analysis of foot muscle protein patterns 

2.5.1 Solutions used for protein purification and analysis 

SAMPLE PREPARATION:  

Lysis buffer (stored at 4 °C) 

Urea 4,2 g in 10 ml 7 mol/l Roth 

Thiourea 1,5 g in 10 ml 2 mol/l Roth 

Dithiothreitol 0,1 g in 10 ml 65 mmol/l Roth 

CHAPS 

(3-[(3-

Cholamidopropyl)dimethylammonio]-1-

propansulfonat) 

0,2 g in 10 ml 33 mmol/l Roth 

Biolyte pH 3-10 80 µl in 10 ml 0,8% (v/v) Bio-Rad 

Pefabloc (100 mmol/l ethanol) 

(4-(2-Aminoethyl)-benzylsulfonylfluorid 

Hydrochlorid) 

500 µl in 10 ml 5 mmol/l Roth 

Deionised water fill up to 10 ml   

DETERMINATION OF PROTEIN CONTENT: 

Calibration stock solution (stored at -20 °C) 

bovine serum albumin (BSA) 10 mg in 1 ml Sigma-Aldrich 

lysis buffer 1 ml  

BSA-calibration series (stored at -20 °C) 

calibration solution 1 0 mg/ml Pure lysis buffer 

calibration solution 2 1,25 mg/ml BSA in lysis buffer 

calibration solution 3 2,5 mg/ml BSA in lysis buffer 

calibration solution 4 5 mg/ml BSA in lysis buffer 

calibration solution 5 10 mg/ml Pure stock solution 
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5× Bradford-Reagent (Bradford, 1976) (stored at 4 °C) 

Coomassie Brilliant Blue G 250 0.125 g in 250 ml 0.6 mmol/l Roth 

Ethanol (99,8%, undenatured) 60 ml in 250 ml 24% (v/v) Roth 

Ortho-Phosphoric acid (85%) 125 ml in 250 ml 42.5% (v/v) Roth 

Redistilled fill up to 250 ml  Roth 

ISOELECTRICAL FOCUSSING (IEF): 

Rehydration puffer (stored at 4 °C ) 

Urea 5.4 g in 10 ml 9 mol/l Roth 

CHAPS 0.2 g in 10 ml 33 mmol/l Roth 

DTT 

Dithiothreitol 

77 g in 10 ml 50 mol/l Roth 

Biolyte pH 3-10 20 µl in 10 ml 0,2% (v/v) Bio-Rad 

Redistilled water 10 ml  Roth 

EQUILIBRATION: 

Resolving gel buffer, pH 8.8 (stored at 4 °C) 

Tris 91 g in 500 ml  1.5 mol/l Roth 

 
dissolve Tris in 400 ml deionised 

water 
 

Hydrochloric acid (fuming) Calibrate to a pH of 8.8 Roth 

Deionised water Fill up to 500 ml   

20% Sodium dodecyl sulphate solution 

Sodium dodecyl sulphate 500 g in 2500 ml 20% (w/v) 

or 

867 mmol/l 

Roth 

Deionised water 2500 ml   

10% Sodium dodecyl sulphate solution 

Sodium dodecyl sulphate (20%) 500 ml in 1000 ml 10% (w/v) 

or 

434 mmol/l 

Roth 

Deionised water 500 ml   
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Equilibration solution (stored at room temperature and replaced every fortnight) 

Urea 18 g in 50 ml 6 mol/l  Roth 

Glycerin 15 g in 50 ml 3 mol/l Roth 

Sodium dodecyl sulphate (10%) 10 ml in 50 ml 2% (w/v) Roth 

Resolving gel buffer 1,65 ml in 50 ml 3% (v/v)  

Deionised water filled up to 50 ml   

DTT- Equilibration solution 

Dithiothreitol (DTT) 20 mg in 2 ml 65 mmol/l Roth 

Equilibration solution  2 ml   

Iodoacetamide- Equilibration solution 

Iodoacetamide 96,2 mg in 2 ml 260 mmol/l Sigma-Aldrich 

Equilibration solution  2 ml   

2× SDS sample buffer, pH 6.8 (stored at 4 °C) 

Tris 99 mmol/l 1.2 g in 

100 ml 

Roth 

Hydrochloric acid Calibrate to a pH of 6.8 Roth 

Glycerin 40 ml in 100 ml 40% (v/v) Roth 

β-Mercaptoethanol 8 ml in 100 ml 8% (v/v) Roth 

Sodium dodecyl sulphate (10%) 20 ml in 100 ml 2% (w/v) Roth 

Bromphenol blue 400 mg in 100 ml 6 mmol/l Roth 

Deionised water Fill up to 100 ml   

SODIUM DODECYL SULFATE POLYACRYLAMIDE GEL ELECTROPHORESIS (SDS-PAGE): 

40% ammonium persulphate-solution (APS) (stored at -20 °C) 

ammonium persulphate (APS) 
4 g in 10 ml 40% (w/v) 

or 1.8 mol/l 

Roth 

Deionised water 10 ml   
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Gel solution (for one 20 cm × 20 cm gel): 

30% acrylamide (w/v) 20 ml in 50.2 ml 12% (w/v) Roth 

resolving gel buffer pH 8,8 12.5 ml in 50.2 ml   

deionised water 17 ml in 50.2 ml   

SDS-solution (10%) 500 µl in 50.2 ml 0.1% (w/v) Roth 

start the polymerisation by adding:    

TEMED (N,N,N',N'-

Tetramethylethylendiamin) 

50 µl in 50.2 ml 0.1% (v/v) Roth 

40% APS 150 µl in 50.2 ml 0.1% (w/v) 

or 

5.7 mmol/l 

Roth 

Running buffer (5l, 5 × concentrated) (stored at 4 °C) 

Tris 75.5 g in 5000 ml 125 mmol/l Roth 

Glycine 360.4 g in 5000 ml 960 mmol/l PanReac AppliChem 

Deionised water 2000 ml    

 
Dissolve Tris and glycine in 

deionised water 
 

SDS-solution (10%) 250 ml in 5000 ml 0,5% (w/v) Roth 

Deionised water Fill up to 5000 ml   

STAINING: 

Sensitive colloidal coomassie staining solution (modified from Kang et al. 2002) 

Aluminium sulphate 50 g in 1000 ml 5% (w/v) Roth 

Ethanol (99%, denatured) 100 ml in 1000 ml 10% (v/v) Roth 

Coomassie Brilliant Blue G 250 0.2 g in 1000 ml 0.02% 

(w/v) or 

0.2 mmol/l 

Roth 

Orthophosphoric acid (85%) 23.53 ml in 1000 ml 2% (v/v) Roth 



  MATERIALS AND METHODS 

27 

2.5.2 Regimes of challenging salinities for FW and BW snails for the foot 

muscle protein pattern analysis 

Snails were collected as described in chapter 2.2 and 2.3.1 and underwent a transfer regime between 

4 and 27 days after collection where they were held at the final salinity for 24 h (Figure 7).  

Storage conditions and experimental conditions were the same as in chapter 2.3.1. For the 

experiment, individuals (n=15) were held in small glass aquariums (Kavalir, Simax, Sázava, Czech 

Republic) respectively with 1 l of water and some pebbles at room temperature. The water for each 

aquarium had a specific osmolality that was reached by dissolving sea salt (TropicMarin, Hünenburg, 

Switzerland) in deionised water as explained in chapter 2.3.1. The transfer regime took place 

according to the design in Figure 7, leading to either high (FW and BW snails) or low osmotic stress 

(BW snails). Control animals were kept in their natural osmolality for the duration of the experiment. 

The other animals were kept at their natural salinity for a day and were directly transferred to their 

final stressful condition of either 10‰ (FW snails), 20‰ (BW snails) or 3.7‰ (BW snails) at which the 

they were held for 24 h. All snails that survived the transfer experiments were prepared as described 

in chapter 2.5.3. 
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Figure 7:  Salinity transfer regimes for protein extractions from animals under 24 h of osmotic stress. The transfer 

regime of freshwater (FW) animals from the collection sites S1-S3 and brackish water (BW) animals from S5 

(—) and S6 (---) for 24 h at the final salinity are depicted. The salinity regimes for animals of the BW sites are 

identical with the exception that their starting salinity differs by 1.5‰. On the left: Design for FW snails 

transferred to higher conditions (10‰). On the right: Design for BW snails transferred to higher (20‰) and 

lower (3.7‰) conditions. n=15. 

2.5.3 Sample preparation for the analysis of foot muscle protein patterns 

After having experienced 24 h of either control or stressful conditions (chapter 2.5.2) the cytolosic 

proteins in the foot muscle of those individuals that had survived the treatment were purified. The 

animals were cooled down to 4 °C for 10-15 min in a refrigerator before the foot muscle was 

dissected, blotted dry, weighed and placed in liquid nitrogen. A needle and a common razor blade 

were used for dissection. The fresh weight of the foot muscle was determined with a precision scale 

to the nearest 0.001 g (Quintix, Sartorius AG, Göttingen, Germany). The frozen tissue was placed in 

500 µl lysis buffer (on ice) followed by physical lysis of the cells with a T8-Ultraturrax (IKA 
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Labortechnik, Staufen, Germany). The samples were stored on ice for 3 min and centrifuged (Heraeus 

Fresco 21, ThermoFisher Scientific, Waltham, MA, USA) at 4 °C and 16000 × g for 3 min leaving the 

proteins in the supernatant. Aliquots of the supernatant were stored at -86 °C. 

2.5.4 Determining the protein content 

The 5× Bradford reagent was diluted to 1× with redistilled water and 250 µl of the diluted reagent 

was filled into wells of a 96 well plate (Nalge Nunc International, Denmark). 5 µl of the respective 

sample was added to the Bradford reagent and mixed thoroughly. A BSA calibration series was also 

applied for reference. The protein content was measured with the infinite F200 PRO plate reader 

(Tecan, Männedorf, Switzerland) and the software Magellan 7.2 SP1 (Tecan, Männedorf, 

Switzerland). Measurements took place in a double determination for each sample and calibration 

solution and the blank value was subtracted from the measured extinction to calculate the true 

protein concentration using the standard curve. 

2.5.5 Isoelectrical focussing (IEF) 

Appropriate amounts of protein sample were carefully mixed with rehydration buffer. The amounts 

were calculated as follows: 

Calculation:      
      

 
 

                  

 

 V: Volume of the protein sample; c: measured protein concentration; RH: Volume of the 

 Rehydration buffer 

The mixture was applied into one of the slots of the focussing tray (Bio-Rad, Munich, Germany). An 

IPG (immobilized pH gradient) strip (17 cm, pH 5-8, stored at -20 °C, Bio-Rad, Munich, Germany) was 

placed on top of the mixture, hence loaded with 100 µg of protein and the appropriate amount of 

rehydration buffer to reach a total volume of 400 µl. The IPG strip in the slot was covered with 750 µl 

of mineral oil (Bio-Rad, Munich, Germany) to avoid desiccation. 

The focussing tray was covered with a lid and placed in the PROTEAN IEF Cell (Bio-Rad, Munich, 

Germany). The program ran for 17.5 h over night containing an initial 12 h rehydration step at 20 °C 

where the proteins diffuse into the gel matrix of the IPG strip followed by 5.5 h of focussing of the 

proteins. After finalisation of the focussing, strips were directly transferred to equilibration to avoid 

movement and spreading of the fixed proteins. 
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For the equilibration, buffer and mineral oil (Bio-Rad, Munich, Germany) were let to run off the strip 

and placed in a slot containing equilibration solution with dithiothreitol (DTT). The incubation tray 

(Bio-Rad, Munich, Germany) was slightly shaken (orbital shaker 3015/3017, GFL, Burgwedel, 

Germany) for 10 min. The DTT-equilibration solution was let to run off before the strips were 

transferred to slots with iodoacetamide-equilibration solution and shaken for 10 min. Incubation in 

this iodoacetamide solution was done to avoid horizontal stripes on the gel. After 10 min of shaking 

the solution was again let to run off and strips were transferred into slots with 2× sample buffer for 

staining and shaken for 5 min. Strips were then immediately placed onto 20 cm × 20 cm SDS-gels 

(chapter 2.5.6). 

2.5.6 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-

PAGE) 

Proteins were separated using 20 cm × 20 cm, 12% acrylamide SDS gels and a PROTEAN II xi multi-cell 

including its accessories (Bio-Rad, Munich, Germany). The gels were hand cast into glass plate 

sandwiches held together by screw clamps. A comb was applied to the slab gel before polymerisation 

to create a reference well for the standard and a well for the IPG strip. Gels were left to polymerise 

for 1 h. After 1 h the comb was removed and the pockets were filled with 1× running buffer (5× 

concentrated running buffer was diluted 1:5 with deionised water) before applying 10 µl of the Roti 

standard marker (Roth) and a strip from the tray slot with 2× SDS sample buffer (chapter 2.5.5). Gels 

were attached to the cooling cores and the entire apparatus was placed in the buffer reservoir filled 

with diluted running buffer (1:5 dilution with deionised water). The upper buffer reservoir was also 

filled with diluted running buffer, while a water cooling circulation had been started 1 h before 

voltage was applied. More detailed instructions can be found in the instruction manual of the 

PROTEAN II xi multi-cell (Bio-Rad, Munich, Germany). 

The first 30 min after applying voltage, it was held at 50 V and was then increased to 250 V for the 

following 4-5 h. When the dye front was about 4 cm from the bottom, voltage was shut off and gels 

were removed from the cooling core and glass plate sandwiches for washing and staining. 

To avoid strong staining of the background, the SDS was washed out by washing the gels in deionised 

water for 10-15 min twice before transferring them to the sensitive colloidal coomassie staining 

solution over night. The following morning gels were washed in deionised water for 1-2 h 4 times. 

Stained and washed gels were scanned with a Xfinity Pro42 scanner (Quatographic, Kiel, Germany) 

and the SilverFast Ai 5 software (LaserSoft Imaging, Kiel, Germany). The scanned image was saved as 
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a tiff file with a 300 dpi, 48 Bit HDR colour setting. The size of the frame of the scan was always 

20.7 cm × 23.0 cm.  

2.5.7 Analysis of protein spots obtained by SDS-PAGE  

Scanned images were uploaded in Delta2D (Decodon, Greifswald, Germany) and background 

speckles were removed for all images with the same setting (black: 3; white: 5). All images were 

uploaded in the coomassie channel and no other changes were performed on the images. In general 

a sample size of 3 per site and per treatment was used. 2 replicates per sample were uploaded with a 

few exceptions where the sample volume was too small to apply to two IPG strips (Table 2). That 

means a total of 63 gel images from 36 samples were uploaded and analysed in Delta2D. 

Table 2: Number of gels that were used for 2D gel electrophoresis per sample. Samples were taken from all collection 

sites and treatments. A total of 36 samples on 63 gels went into the protein spot analysis.  

Treatment Control 10‰ 3.7‰ 20‰ 

Site S1 S2 S3 S5 S6 S1 S2 S3 S5 S6 S5 S6 

No. of gels of n1 2 2 2 2 2 2 2 2 2 1 2 2 

No. of gels of n2 2 2 2 2 1 2 2 1 2 1 2 1 

No. of gels of n3 2 2 2 2 1 2 2 1 2 1 2 1 

Total no. 

of gels 

6 6 6 6 4 6 6 4 6 3 6 4 63 

 

A group warping strategy was applied linking all gel groups to the same gel which was the first 

replicate of the gel with the sample of an S1 individual from the control group (sample: S1C9), 

because it had the most spots. Warping groups were made up by gels from a single run of gel 

electrophoresis (chapter 2.5.6). After finalising the warping, the images were fused into one image 

that contained every spot of each image on which spots were detected with the following setting: 

local background region: 127; average spot size: 42; sensitivity in %: 25.0; model spots were created 

and spot attributes were kept. Detected spots were manually edited and spot qualities in the 

quantitation table smaller than 0.032 were deleted as well as all spots along the edges of the gel that 

were not fit for analysis. The spot quality shows how similar a spot is to a perfect gaussian 

distribution. The closer the value is to 1, the more similar it is and the smaller the value, the more 

likely it describes an artefact and not a protein spot. 

The spot pattern was applied to all gel images for quantification and the quality of spot detection 

was checked visually on all images for every single spot. Warping corrections were carried out where 

necessary. Final spot volumes were normalised per gel by including every detected spot on the 
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respective gel, hence, the spot volumes represent relative quantities with all spots of a gel being 

100%. Additionally, the background was subtracted to computerise the spot volume quantities. 

For the statistical analysis, the normalised mean spot volume of replicates as well as the ratio of the 

mean to a respective mastergel was used. The mean spot volumes were standardised (z-

transformation) in Delta2D to normalise variances in staining intensities. The ratio of all spots 

included in the single tests were, respectively, normalised to the same mastergel. 

A PCA (principal component analysis) with the standardised mean spot volumes was carried out in 

Delta2D to check the grouping of snails from sites and treatments. Additional editing of the image 

was carried out with Adobe Photoshop CS4 Version 11.0.2.. 

For the further statistical analysis, the ratios of the spot volumes were used rather than the absolute 

spot volume and all samples of the same collection site and treatment were considered a group and 

did not relate to the 'groups' of the warping process. To compare 2 groups, a Welch t-test was used 

and for comparisons of multiple groups, an ANOVA (analysis of variance) was used. All statistical 

analyses were carried out with the free software R 3.3.2. Welch t-tests were used to compare the 

spot volumes of control snails from every site with their stressed counterparts. An ANOVA was used 

to compare spot volumes of control snails from every site among each other. The results were 

plotted in heat maps as well as grouped barcharts (R packages: 'd3heatmap', 'gplots', 'RColorBrewer', 

'lattice' and 'plotrix'). For the heat maps the data was normalised using a z-transformation to unify 

the means at 0 and the standard deviation at 1. 

2.6 Subgroup specific molecular marker 

2.6.1 Solutions used for RNA analysis 

REVERSE TRANSCRITPTION (RT) REACTION: 

dNTP-mix (stored at -20 °C) 

Bioscience grade water 120 µl in 200 µl 60% (v/v) Roth 

dATP 20 µl in 200 µl 10% (v/v) Roth 

dCTP 20 µl in 200 µl 10% (v/v) Roth 

dTTP 20 µl in 200 µl 10% (v/v) Roth 

dGTP 20 µl in 200 µl 10% (v/v) Roth 
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POLYMERASE CHAIN REACTION (PCR): 

20× TAE buffer, pH (stored at room temperature) 

Tris 96.8 g in 1 l 800 mmol/l Roth 

EDTA (0.5 mol/l) 

Ethylenediamine tetraacetic acid 

40 ml in 1 l 20 mmol/l Roth 

 Dissolve in redistilled water   

Hydrochloric acid (fuming) Calibrate to a pH of 8.0 Roth 

Redistilled water Fill up to 1 l  Roth 

 
1× TAE buffer (stored at room temperature) 

20× TAE buffer 50 ml in 1 l   

Redistilled water Fill up to 1 l  Roth 

Agarose gel solution (2%) (stored at 65 °C) 

Agarose NEEO 2 g in 100 ml  2% (w/v) Roth  

1× TAE buffer Fill up to 100 ml   

 Heat until agarose is completely 

dissolved 

 

Ethidium bromide solution (0.0001%) (stored at room temperature) 

Ethidium bromide (1% stock 

solution) 

50 µl in 500 ml 0.0001% 

(w/v) 
Roth 

1× TAE buffer Fill up to 500 ml   

MOLECULAR CLONING: 

Lysogeny Broth (LB)-Medium (stored at 4 °C) 

Tryptone 20 g in 2 l  1% (w/v) Roth 

Yeast extract 10 g in 2 l  0.05% 

(w/v) 
Roth 

Sodium chloride 10 g in 2 l  86 mmol/l Roth 

Redistilled water Fill up to 2 l  Roth 

 dissolve solids in 2 l and fill 

200 ml solution into flask 

respectively for autoclaving 
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Ampicillin stock solution (stored at -20 °C) 

Ampicillin 1 g in 10 ml  270 mmol/l Roth 

Redistilled water Fill up to 10 ml  Roth 

 Filter solution with a 0.22 µm 

sterile filter 

 

LB-Medium (Amp) (stored at 4 °C) 

LB-medium 200 ml   

Ampicillin stock solution dilution 

(100 µg/ml) 

200 µl in 200 ml 0.269 

µmol/l 
 

LB-Agar, autoclaved (stored at 4 °C) 

Agar-Agar 3 g in 200 ml 0.15% 

(w/v) 
Roth 

LB-medium Fill up to 200 ml   

LB-Agar plate medium, autoclaved (stored at 4 °C) 

LB-Agar 200 ml   

Ampicillin stock solution dilution 

(100 µg/ml) 

200 µl in 200 ml 0.269 

µmol/l 
 

 Let LB-Agar cool to approx. 65°C 

before adding ampicillin 
 

X-Gal (2% (w/v) in 

Dimethylformamide) 

(5-bromo-4-chloro-3-indolyl-β-D-

galactopyranoside) 

400 µl in 200 ml 0.004% 

(w/v) 

Biovectra 

 Distribute medium solution 

among 8 - 10 sterile petri dishes 

and set to cool 

 

Buffer 1 stock solution, pH 8.0 (stored at 4 °C) 

Tris 60.57 mg in 10 ml  50 mmol/l Roth 

EDTA (0.5 mol/l)  200 µl in 10 ml  10 mmol/l Roth 

Hydrochloric acid (fuming) Calibrate to a pH of 8.0 Roth 

Bioscience grade water Fill up to 10 ml  Roth 
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Buffer 2 

Bioscience grade water 8 ml in 10 ml 80% (v/v) Roth 

1N NaOH 1 ml in 10 ml 0.1 mol/l Roth 

SDS (10%) 1 ml in 10 ml 1% (w/v) Roth 

Buffer 3, pH 4.8 

Potassium acetate 294.45 g in 1 l  3 mol/l Roth 

Hydrochloric acid (fuming) Calibrate to a pH of 8.0 Roth 

Redistilled water Fill up to 1 l  Roth 

Mastermix for 3 and 5 samples 

 3 samples 5 samples  

Bioscience grade water 24 µl 35 µl Roth 

Buffer (red) 3 µl 5 µl ThermoFisher Scientific 

EcoRI 1 µl 1.5 µl ThermoFisher Scientific 

HindIII 1 µl 1.5 µl ThermoFisher Scientific 

RNase 0.5 µl  1 µl Sigma-Aldrich 

 29.5 µl 44 µl 

Sample 2 µl 2 µl 

 

2.6.2 Regimes of challenging salinities for FW and BW snails for the 

transcriptomic analysis 

For the RNA isolation two separate approaches were followed: 

1)  generation of a Theodoxus-transcript database 

2) isolation of RNA from snails from the individual collection sites and treatments respectively. 

Approach 1) 

For the Theodoxus-transcript database, BW snails were collected in June 2015 and FW snails were 

collected in September 2015. Storage in the laboratory was carried out as described in chapter 2.3.1. 

The collected snails were subject to transfer regimes in October 2015 where they were either directly 

set into their final salinity or underwent 48 h of pre-treatment (FW snails) in 3.7‰ before being 

transferred to the final salinity (Table 3). Individuals from which the RNA was isolated under natural 
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conditions were directly taken out of their storage tanks. A total of 24 individuals (Table 3) were 

prepared for RNA isolation (chapter 2.6.3). 

Table 3: List of the number of individuals from each site and treatment that were pooled for the generation of a 

Theodoxus-transcript database. 

Collection 

site 

Transfers/Conditions Number of individuals 

FW S1-S3 1. Direct transfer to 6.9‰ for 48 h or 

2. transfer to 3.7‰ for two days and then 

transfer to 6.9‰ for 48 h 

2 individuals per site and treatment, 

exception: no S1 animals survived the 

direct transfer to 6.9‰ 

FW S1-S3 Natural conditions 2 individuals each 

BW S5 1. direct transfer to 13‰ 2 individuals 

BW S5 Natural conditions 4 individuals 

BW S4 Natural conditions 2 individuals 

  24 individuals 

 

Approach 2) 

For the isolation of RNA from snails from the individual collection sites and treatments respectively, 

FW and BW S5 snails were collected in April 2016 while BW S6 snails were collected in September 

2016. Storage of the snails in the laboratory took place as described in a previous chapter (2.3.1). 

Transfer experiments were also carried out as in previous chapters (2.3.1, 2.4.2, 2.5.2), following the 

design in Figure 8 and took place 1-2 weeks (BW) or 2 months (FW) after collection. Snails were 

either kept in their control salinity (FW: n=8; BW: n=7) or were directly transferred to their final 

high/low salinity and held there for 24 h. FW individuals were exposed to high salinities of 10‰ 

(n=10), while BW individuals experienced both high (20‰; n=7) and low (3.7‰; n=7) salinities. The 

salinities were chosen to challenge the snails, yet not be lethal. After having experienced 24 h in a 

challenging salinity or control condition, the surviving snails were prepared for RNA isolation (2.6.3). 
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Figure 8:  Salinity transfer regimes for RNA extractions from animals under 24 h of osmotic stress. The transfer regime 

of freshwater (FW) animals from the collection sites S1-S3 and brackish water (BW) animals from S5 (—) and 

S6 (---) for 24 h at the final salinity are depicted. The salinity regimes for animals of the BW sites are identical, 

with the exception that their starting salinity differs by 1.5‰. On the left: Design for FW snails transferred to 

higher conditions (10‰). On the right: Design for BW snails transferred to higher (20‰) and lower (3.7‰) 

conditions. n=12. 

2.6.3 Sample preparation for the transcriptomic analysis  

Samples from approach 1) 

At the end of each treatment (chapter 2.6.2), the RNA of survived individuals (Table 3) was purified. 

The animals were cooled down to 4 °C for 30-40 min before the foot muscle was dissected, blotted 

dry, and placed in liquid nitrogen. Prior to the sample preparation, the dissection tools were 

incubated in diluted (1:100) DEPC (Diethyl pyrocarbonate, Roth) with bioscience grade water (Roth) 

for the night. The frozen muscle tissues of 24 snails were pooled in a 15 ml reaction tube with 3 ml of 

cooled TRIzol reagent (Ambion, ThermoFisher Scientific) and roughly cut up with a pair of scissors. To 

determine the weight of the tissue samples, the weight of the reaction tube with 3 ml of TRIzol 
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reagent was subtracted from the weight of the reaction tube including the tissue samples. The 

weight was measured to the nearest 0.001 g using a precision scale (Quintix, Sartorius AG, Göttingen, 

Germany). The reaction tube was stored at -80 °C until the following day. Because not all individuals 

survived the first round of transfers, a further two rounds were completed, leading to 3 separate 

sample preparation dates (22/10/2015, 23/10/2015 and 26/10/2015). In the first round 20 

individuals were pooled in the sample and stored at -80 °C. The following day one individual was 

prepared as described before and the weighed and cut up tissue in 300 µl TRIzol reagent (Ambion, 

ThermoFisher Scientific) was added to the reaction tube of the day before and stored at -80 °C. On 

the third preparation date the foot muscles of 3 individuals were dissected, blotted dry, weighed and 

placed in liquid nitrogen. The frozen muscle tissues were then introduced into the falcon tube with 

the other muscle tissues that had been thawed on ice. The RNA of the pooled tissue samples of 24 

snails from FW (S1-S3) and BW (S4-S5) from control, low and high salinity conditions was isolated 

using the TRIzol reagent method (Ambion, ThermoFisher Scientific) (chapter 2.6.4). 

Samples from approach 2) 

At the end of each treatment (chapter 2.6.2), the RNA of survived individuals (Table 3) was purified. 

The animals were cooled down to 4 °C for 10-15 min before the foot muscle was dissected, blotted 

dry, and placed in liquid nitrogen. Prior to the sample preparation, the dissection tools were 

incubated in diluted (1:100) DEPC (Roth) with bioscience grade water for the night. The frozen 

muscle tissues were pooled per sampling location and treatment. Each pool contained 7-12 snails. 

The pooled tissue samples were weighed with a precision scale (Quintix, Sartorius AG, Göttingen, 

Germany) to the nearest 0.001 g before an appropriate amount of TRIzol reagent (Ambion, 

ThermoFisher Scientific) was added to each pool of snail tissue and the RNA was isolated using the 

TRIzol reagent method (chapter 2.6.4). 

2.6.4 RNA isolation 

Samples from approach 1) 

The tissue samples in 3.3 ml of TRIzol reagent (Ambion, ThermoFisher Scientific) were homogenised 

with a T8-Ultraturrax (IKA Labortechnik, Staufen, Germany). The homogenate was incubated at room 

temperature for 5 min. 660 µl of chloroform (Roth) were added to the homogenate and shaken 

vigorously for 15 sec. It was then incubated for 2-3 min at room temperature before being 

centrifuged at 2000 × g for 30 min at 4 °C (Heraeus Biofuge fresco, ThermoFisher Scientific, Waltham, 

MA, USA). The centrifuged samples separated into a lower organic phase an interphase and an upper 

aqueous phase. The aqueous phase was removed, placed into a new reaction tube and centrifuged 
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for a further 15 min at 2000 × g and 4°C. The aqueous phase containing the RNA was again placed 

into a new reaction tube and 1.65 ml isopropanol (Roth) were added. The aqueous phase and 

isopropanol were carefully mixed by inverting the reaction tube and incubated at room temperature 

for 10 min. In the meanwhile the organic layer with the interphase was stored at -80 °C for later DNA 

analysis. After 10 min of incubation, the reaction tube with the aqueous phase was centrifuged at 

2000 × g and 4 °C for 30 min. The supernatant was discarded, leaving the RNA pellet. The pellet was 

washed by adding 3.3 ml of 70% undenatured ethanol (Roth), briefly vortexing (2x³ VELP Scientifica, 

Usmate, Italy) the sample and centrifuging it at 2000 × g and 4 °C for 5 min. The wash was removed 

and the pellet was dried in an incubator (Memmert, Schwabach, Germany) for 15 min at 37 °C. The 

dried pellet was resuspended in 500 µl bioscience grade water. The sample was then incubated in an 

incubator set to 65 °C for 15 min before being labelled 'Schneckenpool RNA' and stored at -80 °C. 

Samples from approach 2) 

After the pooled samples of separated sites and treatments had been taken out of the liquid nitrogen 

they were transferred into a reaction tube with 1 ml of cooled TRIzol reagent (Ambion, ThermoFisher 

Scientific). The samples were homogenised with a T8-Ultraturrax (IKA Labortechnik, Staufen, 

Germany) and incubated at room temperature for 5 min. 200 µl of chloroform (Roth) were added to 

the homogenate and shaken vigorously for 15 sec. They were incubated for 2-3 min at room 

temperature before being centrifuged at 12000 × g for 15 min at 4 °C (Heraeus Fresco 21, 

ThermoFisher Scientific, Waltham, MA, USA). The centrifuged samples separated into a lower organic 

phase an interphase and an upper aqueous phase. The aqueous phases were removed, placed into 

new reaction tubes and centrifuged for a further 4-5 min at 12000 × g and 4 °C. The aqueous phases 

containing the RNA were again placed into new reaction tubes and 500 µl isopropanol (Roth) were 

added respectively. The aqueous phases and isopropanol were carefully mixed by inverting the 

reaction tubes and incubated at room temperature for 10 min. In the meanwhile the organic layers 

with the interphases were stored at -80 °C for later DNA analysis. After 10 min of incubation, the 

reaction tubes with the aqueous phases were centrifuged at 12000 × g and 4 °C for 10 min. The 

supernatant was discarded, leaving the RNA pellet. The pellet was washed by using 1 ml of 70% 

undenatured ethanol (Roth), briefly vortexing (2x³ VELP Scientifica, Usmate, Italy) the sample and 

centrifuging it at 7500 × g and 4 °C for 5 min. The wash was removed and the pellet was dried in an 

incubator (Memmert, Schwabach, Germany) for 5-17 min at 37 °C. In some cases, the pellet was 

centrifuged for a further 2 min at 7500 × g and 4 °C to remove excess ethanol before incubating the 

sample. The dried pellet was resuspended in 50 µl bioscience grade water. The sample was then 

incubated in an incubator set to 65 °C for 10-12 min and stored at -80 °C. 
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2.6.5 Generating a Theodoxus-transcript database 

Approach 1) 

The purified RNA sample containing RNA of a pool of snails from each collection site under control 

conditions and 4 sites under osmotic stressful conditions (Table 3) had an RNA concentration of 

141.1 ng/µl. The structural integrity of the RNA was tested by Dr. Petra Hildebrandt (Competence 

Centre-Functional Genomics, University of Greifswald) using a 2100 Bioanalyzer (Agilent). Total RNA 

(34.4 µg) was sent to GATC Biotech (Constance, Germany) for sequencing. All necessary steps needed 

for sequencing, i.e. isolation of poly(A) and RNA, randomly primed first strand synthesis, adapter 

ligation and PCR amplification, normalisation of the cDNA as well as gel-fractionation were carried 

out by GATC Biotech. The sample was sequenced with an Illumina Mi-seq2500 genome sequencer 

and a rapid run 300 bp, paired end approach. The sequence reads were trimmed and a 

semi-automatic de novo transcriptome assembly using the CLC workbench was carried out (Qiagen, 

Hilden, Germany) by GATC Biotech. The resulting Theodoxus-transcript database (fasta format) was 

reformatted by Dr. Christian Müller (Animal Physiology and Biochemistry, University of Greifswald) to 

be compatible with BioEdit version 7.2.5.  

Various amino acid sequence reads obtained from the NCBI platform were blasted (tblastn) (Altschul 

et al., 1997) against the Theodoxus fluviatilis -transcript database using the software BioEdit. 

The received ESTs from the Theodoxus transcript will be placed in the publicly accessible 'Sequence 

Read Archive' (SRA) from NCBI soon. 

2.6.6 Amplification of an mRNA fragment 

 The transcriptomic data obtained from Theodoxus fluviatilis individuals under control, hypoosmotic 

and hyperosmotic conditions as described in chapter 2.6.2 (approach 2) was used to express the 

recombinant atrial natriuretic peptide receptor (ANP-receptor). 

2.6.6.1 Reverse Transcription Reaction 

Approach 2) The Reverse transcription reactions (RT-reaction) of RNA samples (chapter 2.6.4) were 

carried out with a Biometra T-personal (Analytik Jena, Jena, Germany) using the following 

instructions: 
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Bioscience grade water 5 µl Roth 

Oligo-dt primer 3 µl Fermentas, ThermoFisher Scientific 

RNA sample 5 µl  

 13 µl  

 

- incubate at 70 °C for 10 min for the linearisation of the RNA 

- immediately store on ice to add: 

5× buffer 4 µl 

2 µl 

Fermentas, ThermoFisher Scientific 

dNTP-Mix 2 µl Roth 

- incubate at 37 °C for 5 min for stabilisation 

- add: 

MMLV-RT (Moloney Murine Leukemia Virus Reverse 

Transcription) 

1 µl ThermoFisher Scientific 

- incubate at 42 °C for 1 h (RT-Reaction) 

- incubate at 70 °C for 10 in to denaturise the enzyme 

- the sample was then either stored at -20 °C or immediately used for the PCR reaction (2.6.6.2) 

2.6.6.2 Polymerase Chain Reaction 

Approach 2) 

The PCR reaction of the obtained cDNA from the RT reaction (2.6.6.1) was carried out to amplify the 

sequence encoding the Theodoxus-homologue of the ANP-receptor (Atrial natriuretic peptide 

receptor). The primers (forward primer: 5'GACGCTAGAGGATTTCGACTGT'3; reverse primer: 

5'TCGCTCAGGTAGGTCACAAC'3) were designed by Dr. Christian Müller and assembled by Invitrogen 

(ThermoFisher Scientific, Waltham, MA, USA). For the PCR reaction either the enzyme Taq-

polymerase or Dream Taq-polymerase (both ThermoFisher Scientific) was used, which have the same 

function. The PCR reaction was carried out with a Biometra T-gradient (Analytik Jena, Jena, Germany) 

using the following instructions: 
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Bioscience grade water 11,5 µl Roth 

Buffer (Taq buffer +(NH4)2SO4 -MgCl2) 2,5 µl Fermentas, ThermoFisher Scientific 

MgCl2 2,5 µl ThermoFisher Scientific 

FW-primer (100 pmol/µl) 2,5 µl Invitrogen, ThermoFisher Scientific 

REV-primer (100 pmol/µl) 2,5 µl Invitrogen, ThermoFisher Scientific 

dNTPs 1 µl ThermoFisher Scientific 

RT reaction product 2,5 µl  

 25 µl 

 

Taq-polymerase 0,7 µl ThermoFisher Scientific 

The following programme was used in a Biometra T-gradient that ran a cycle of step  -  40 times. 

 94 °C 3 min 

 94 °C 30 sec 

 51 °C 30 sec 

 72 °C 1 min 

 72 °C 10 min 

 4 °C 18 h 

Optionally a partial sequence of β-actin was also amplified as a quality control. The success of the 

PCR reaction was tested by adding 6 µl Roti loading buffer (Roth) to the PCR product and applying 

10 µl per lane onto a 2% agarose gel. As a reference 3.5 µl of a 100 bp extended molecular marker 

(Roth) were also applied. Gel electrophoreses was held at 90 V for approx. 1 h. For staining, the gel 

was incubated in a 0.0001% ethidium bromide solution for 10 min and briefly washed with tap water 

before transferring it onto a UV-tray and inserting it into the Gel Doc EZ Imager (Bio-Rad, Munich, 

Germany). The software Image Lab (Bio-Rad, Munich, Germany) was used to obtain a gel image and 

annotate it. 

In cases of successful amplifications, cDNA bands were cut out of the gel under UV light and stored at 

-20 °C for further processing. 

2.6.6.3 Molecular cloning 

Approach 2) 

The molecular cloning of cDNA encoding the Theodoxus ANP-receptor was spread over the duration 

of 5 consecutive days and was carried out with the PCR product of RNA samples from group B), i.e. 

RNA samples of pools of snails from the individual sampling sites and treatments respectively. 
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Day 1 Elution (Vogelstein and Gillespie, 1979) 

Iodine-containing buffer was added to the stored cDNA bands (2.6.6.2) in a relation of about 1:3 

(approx. 300 µl iodine buffer for two DNA bands, 500 µl for 3 cDNA bands). The mixture was 

incubated at 55 °C for 5 min in a Thermomixer C (Eppendorf, Hamburg, Germany) to dissolve the 

agarose gel. 10 µl of silicate suspension (Sigma-Aldrich) was added to the sample, incubated at 55 °C 

for 5 min in a Thermomixer C (Eppendorf) and centrifuged in a mini centrifuge (Qualitron, Pakistan) 

for 15 sec. The supernatant was discarded. 

To remove the agarose components from the sample, it was washed by adding 500 µl washing 

solution, resuspending the silicate, centrifuging the sample in a mini centrifuge for 15 sec and 

discarding the supernatant. This cycle was repeated 4 times. After the last of the supernatant was 

removed, the samples were dried at 37 °C for 30 min (incubator: Memmert, Schwabach, Germany). 

To separate the cDNA bound to the silicate, 20 µl of bioscience grade water were added to the 

sample and incubated at 55 °C for 5 min. It was centrifuged for 15 sec and the supernatant was 

transferred to a new reaction tube. This was repeated with 10 µl of bioscience grade water and the 

supernatants were united. It was centrifuged (Heraeus Biofuge fresco, ThermoFisher Scientific) at 

16060 × g and 4 °C for 1 min and the supernatant containing the re-isolated cDNA, leaving the pellet 

to be discarded. The supernatant containing the cDNA was either stored at -20 °C or on ice for 

further processing. 

The success of the elution was tested by mixing 2.5 µl of the sample cDNA, 2.5 µl loading buffer 

(Roth) and 7.5 µl bioscience grade water and applying the mixture to a 2% agarose gel, running the 

gel electrophoreses at 90 V for 30 min. 

Ligation 

For the ligation of the cDNA, the following components were mixed and incubated at room 

temperature for 6-7 h. Alternatively, the incubation took place over night in a thawing ice bath. 

10× T4 DNA-Ligase-Buffer 1.5 µl ThermoFisher Scientific 

Vector pBluescript II KS (+) (linearised) 3 µl Stratagene 

Enzyme T4-Ligase 0.8 µl ThermoFisher Scientific 

Eluate 10 µl  

 

 

 

15.3 µl 

Day 2 Transformation  

The transformation was carried out using chemically-competent Escherichia coli cells (DH5ɑ). 10 µl of 

the ligation product (chapter 2.6.6.3) and 100 µl cells were mixed and incubated on ice for 30 min. To 

induce a heat shock the mixture was then incubated at 37 °C for 5 min (Thermomix C, Eppendorf), 

followed by 2 min of incubation on ice and 10 min incubation at room temperature. After the 
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incubation time 900 µl LB-medium were added and the samples were incubated at 37 °C for 45 min 

under constant shaking (Thermomix C, Eppendorf). The cells with the ligation product were then 

applied to petri dishes with culture medium, set upside down and incubated at 37 °C over night 

(incubator, Memmert) for culture growth. 

Day 3 Checking of colonies 

Grown colonies on the culture medium were counted and marked on the outside of the petri dish. 

They were then stored in the refrigerator until the next day. 

Day 4 Inoculation 

Each colony was singly picked with a toothpick, transferred to an individual flask with 3.5 ml of LB-

medium (Amp) and incubated at 37 °C (incubator, Memmert) over night under constant shaking. 

Day 5 Mini-Prep (Plasmid-DNA preparation) 

1.5 ml of the incubated E. coli culture was poured into a reaction tube and centrifuged at 16060 × g 

and 4 °C for 1 min (Heraeus Biofuge fresco, ThermoFisher Scientific). The supernatant was discarded 

and the reaction tube with the pellet was set upside down to dry for 30 sec to 1 min. 200 µl buffer 1 

were added to each reaction tube and resuspended until the pellet was in suspension. Then 400 µl of 

buffer 2 were added to start the lysis. The mixture was carefully mixed until the suspension turned 

clear, yet not exceeding 5 min. Once the suspension had turned clear, 300 µl buffer 3 were added to 

trigger precipitation. The samples were incubated on ice for 10 min and centrifuged at 16060 × g and 

4 °C for 15 min. The supernatant was transferred to a new reaction tube, 600 µl isopropanol were 

added and mixed well. It was incubated at room temperature for 15 min and then centrifuged at 

16060 × g and 4 °C for 15 min. The supernatant was discarded and the pellet was washed by carefully 

adding 500 µl cold (-20 °C) undenatured ethanol (70%) and centrifuging at 16060 × g and 4 °C for 

5 min. The supernatant was discarded and the pellet was dried in a SpeedVac (Concentrator 5301, 

Eppendorf, Hamburg, Germany) at about 30 °C and for approx. 2 min until the pellet was completely 

dried. 40 µl of bioscience grade water were added, the pellet was brought into suspension and 

stored on ice. 

Enzymatic digestion 

The isolated plasmid DNA was digested in order to isolate the introduced fragment from the vectors 

using the restriction enzymes EcoRI and HindIII. A master mix (chapter 2.6.1) was evenly distributed 

into reaction tubes, 2 µl of sample were added to each reaction tube and incubated (Thermomixer C, 

Eppendorf) at 37 °C for 1 h. In the mean time the flasks with the E. coli culture were refilled with 2 ml 

LB-medium (Amp) and incubated at 37 °C under constant shaking. 
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The success of the preparation was tested by adding 2 µl of loading buffer (Roth) to the digestion 

mixture and applying it to a 2% agarose gel, running the gel electrophoreses at 90 V for 30 min. As a 

reference 3.5 µl of a 100 bp extended molecular marker (Roth) were also applied. Staining and 

imaging of the gel were carried out as described for the elution.  

Spin-Preparation (Plasmid-DNA preparation) 

The spin-prep was only carried out with those samples that tested positive in the gel electrophoresis 

of the mini-prep. 1.5 ml of those cultures were poured into reaction tubes, centrifuged at 16060 × g 

and 4 °C for 1 min and the supernatant was discarded. This was repeated until all cells of the cell 

cultures were collected as pellets in the reaction tubes respectively. Following steps of isolating the 

plasmid DNA were done with the GeneElute Plasmid Miniprep kit (Sigma-Aldrich, St. Louis, MO, USA). 

Pellets were resuspended in 200 µl resuspension solution respectively and 200 µl lysis solution were 

added. The reaction tubes were pivoted for no longer than 5 min before 350 µl neutralization 

solution were added to trigger precipitation. The samples were incubated on ice for 5 min, 

centrifuged at 16060 × g and 4 °C for 10 min and stored on ice. A binding column was set into each 

collection tube and filled with 500 µl preparation solution each. Collection tubes were centrifuged at 

9500 × g and 4 °C for 1 min and the flow-through was discarded. The cleared lysates were applied to 

the column and centrifuged at 9500 × g and 4 °C for 1 min. The flow-through liquids were again 

discarded. The columns were washed by applying 500 µl optional wash solution and centrifuging 

them at 9500 × g and 4 °C for 1 min. The flow-through liquids were discarded. 720 µl wash solution 

were applied to the columns, centrifuged at 9500 × g and 4 °C for 1 min, flow-throughs were 

discarded and the columns were centrifuged for a further 1 min at 16060 × g for drying. The columns 

were transferred to new reaction tubes and 50 µl of bioscience grade water were applied directly 

onto the filters of the columns. They were incubated at room temperature for 1 min and centrifuged 

at 9500 × g and 4 °C for 1 min. An additional 25 µl of bioscience grade water were applied to the 

filters and incubation as well as centrifugation were repeated leaving the plasmid DNA in suspension 

in the flow-throughs. 

The success of the Plasmid-DNA preparation of the spin-prep was tested by enzymatic digestion with 

EcoRI and HindIII and running a gel electrophoresis as described for the Mini-Prep (enzymatic 

digestion). The only differences were the waiver of RNase, the use of only 1 µl of the spin-prep 

product and an incubation time of 30 min. 

The spin-prep samples that tested positive for containing the fragment of interest were sent to LGC 

Genomics (Berlin, Germany) for sequencing. 

For a comparison, the received sequences were aligned using the software Geneious 9.1.5 

(Biomatters, Auckland, New Zealand). 
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2.7 Testing of requirements for long distance dispersal by bird 

A total of 30 FW (10 each from sites S1, S2 and S3) snails were offered to three 14 day old ducklings 

(Anas platyrhynchos) that had been without food for 2 h and without water for 1 h and 15 min. The 

snails were set into the duck arena in a bowl with APW. 20 of the 30 offered FW snails were eaten by 

the ducklings. It seemed like the ducklings selected the snails by size, as the rejected 10 snails 

appeared to be the larger ones of the lot and were spit out by the ducklings several times. After the 

ducklings had stopped feeding on the snails, they were offered water and food (Fowl whole diet 

food, Champ, Kiel, Germany) ad libitum again. Droppings were collected from the arena bedding 

every 1-2 h hours and searched for live snails and shell remainders over a period of 24 h. 

To test pH resistance of the shells in vitro, 5 FW snails were exposed to hydrochloric acid diluted with 

APW to a pH value of either 2, 3 or 4 for 1 h. Two individuals from S1 were set into a pH of 2, one S1 

and one S3 individual were set into a pH of 3 and a single individual from S1 was exposed to a pH of 

4. After 1 h snails were transferred back to APW and checked the next morning. 

3. RESULTS 

3.1 Subgroup distinction of T. fluviatilis by shell size 

Shell sizes neither showed a normal distribution (p > 0.05) nor homogeneity of variances (p < 0.001) 

in any of the measured dimensions of length, height or width. Considering these results a Kruskal-

Wallis test and a post-hoc test after Nemenyi were used to test for differences in the shell 

dimensions between the 6 sampled populations. 

The impression given in the field that shell sizes differed between sampling sites was supported by 

statistical analysis (p < 0.05 to p < 0.001) (Figure 9). BW individuals were smaller (shorter and 

narrower) than most individuals from FW sites. Individuals from S3 were an exception to this. Their 

shell dimensions differed (p < 0.001) from shell sizes of both FW sites (S1 and S2), but neither 

differed in length and height (p > 0.05) from shells of BW snails from S5 nor in height (p > 0.05) from 

BW snails from S6 (Figure 9). The FW populations from S1 and S2, however, differed (p < 0.001) in all 

shell dimensions from individuals from every other site, including S3 individuals, yet did not differ 

from each other (p > 0.05) (Figure 9). 
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Figure 9:  Comparison of shell length, height and width (in mm) of animals from all 6 sampling sites. The median is 

represented by the middle line and the upper and lower end of the box show the 25
th

 and 75
th

 percentile. The 

whiskers either show the minimum and maximum range of the data (length: S4, S5; height: S5, S6; width: S5) 

or 1.5 times the interquartile range (approx. 2 standard deviations). ° represents outliers and is defined as 

measurements that lie outside the whiskers, namely, more than 1.5 times the interquartile range away from 

the median. **p <0.01;  ***p <0.001. S1: n=168, S2: n=194, S3: n=181, S4: n=76, S5: n=269, S6: n=246 (from 

Wiesenthal et al., 2018). 

 

3.2 Salinity tolerance and survival in osmotically stressed snails 

Both, FW and BW individuals in the transfer experiments experienced two challenging final salinities. 

FW individuals were exposed to high osmotic conditions of 16‰ and 21‰, while the transfer regime 

of BW individuals was to high (28‰) as well as low osmotic conditions (0.5‰). 
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3.2.1 Transfer of FW snails to 16‰ and 21‰ 

In 16‰ transfers, FW animals showed survival differences between treatments and sites. 

Only snails from the FW sites S1 and S2 were affected by the treatments and showed differences in 

their survival curves to the control ones. These differences were found in the 1st (both p < 0.001) as 

well as 3rd treatment (both p < 0.001) (Figure 10, left). In the 2nd treatment, where snails had the time 

to acclimatise, individuals from all three FW sites showed high survival rates that did not differ from 

the controls. The survival of individuals from S3 was not affected by the treatments and the survival 

curves did not differ from the control curves in any of the transfer regimes leading to 16‰. 

In the 1st treatment, snails from one of the three FW sites (S3) seemed to be able to cope with a 

direct transfer better than the other two (S1 and S2). This is based on the survival rates appearing to 

differ over their time course reaching final values as low as 25% (S2) and 33% (S1) and a value as high 

as 75% (S3). The statistical analysis, however, did not support differing survival curves between the 

sites (p > 0.05) (Figure 10, left, 1st). While individuals from S2 and S3 showed identical survival curves 

in the 2nd treatment with a final survival rate of 100%, S1 snails did not cope as well (p < 0.05) (Figure 

10, left, 2nd). And yet, this treatment led to the highest overall and final survival rates for individuals 

of all three FW sites in 16‰ treatments. In the 3rd treatment snails from the three FW sites did not 

cope equally well, as differences in their survival curves were detected (p < 0.01) and S3 individuals 

showed the highest survival rates of them all (Figure 10, left, 3rd). 

Snails from all three sites showed statistical differences (all p < 0.001) in their survival curves 

between the treatments with the highest observable survival rates in the 2nd treatment. Comparing 

the final 3 days of the 1st and 3rd treatment did not lead to statistical differences in the survival curves 

of snails from any of the FW sites (Figure 10, left, 1st and 3rd).
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Figure 10:  Salinity transfer regime (—) and the corresponding survival rates for animals collected at freshwater sites (S1: -•-; S2: --; S3:-▪-). On the left: Design for high salinity conditions by 

either a direct transfer (1
st

 treatment) or stepwise transfer (2
nd

 and 3
rd

 treatment) to 16‰. The 3
rd

 treatment differs by placing the individuals into their natural habitat before 

inflicting the high salinity shock. On the right: Design for high salinity conditions up to 21‰. Note the two y-axes: salinity of the water (left) and survival rate (right). n=12 (from 

Wiesenthal et al., 2018). 
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In the 21‰ treatments, survival curves of FW snails were strongly affected and highly differed from 

the controls. This was true for snails from all three FW sites (all p < 0.001) after a direct transfer from 

their natural salinity of 0.5‰ to 21‰ (Figure 10, right, 1st). In the 2nd treatment, snails from S3 were 

the only ones to be unaffected and show survival curves as high as the control individuals (p > 0.05). 

Snails from S1 (p < 0.001) and S2 (p < 0.001), on the other hand, could not cope with 21‰ as well 

and displayed lower survival rates than their control counterparts (p < 0.001). 

In the 1st treatment the survival curves of snails from all three sites were equally bad with final 

survival rates being 0% at the end of the experiment (Figure 10, right, 1st). Within 24 h of transfer to 

21‰ from their natural 0.5‰, all individuals—but a single S3 animal—died. The one remaining S3 

snail, however, died the following day. Statistically, however, there was no difference in the overall 

survival between individuals from the three sites (p > 0.05). The 2nd treatment, on the other hand, 

revealed great differences in the survival curves between the sites with S1 and S2 animals being 

much more sensitive to the high salinity than S3 snails (Figure 10, right, 2nd). The S3 individuals stood 

out with a survival rate of 92% by the end of the treatment while S1 and S2 individuals only reached 

0% and 17% respectively. For all snails—except those from S1—the 2nd treatment, where the animals 

could acclimatise to the rising salinity led to higher survival rates than the 1st treatment with a direct 

transfer. A 2nd run of this 2nd treatment was carried out with snails collected the following year and 

the survival rates for snails from each FW site were higher, yet displayed the same picture (2nd round 

not included in Figure 10). Survival curves continued being statistically different between snails from 

the sites (p < 0.01) with S3 individuals showing the highest, S1 individuals the lowest survival rates 

and S2 individuals being situated in the middle (S1: 50%; S2: 75%, S3: 100%) (2nd round not included 

in Figure 10). In the 3rd treatment, the survival rates for snails of all FW sites were the same (0%) at 

the end of the experiment, but their overall survival curves were different from each other (p < 0.05) 

(Figure 10, right, 3rd). The detection of statistical differences between the survival curves despite 

identical survival rates at the end of the treatment can be explained by the length of time individuals 

stayed alive during the treatment. So, regardless of none of the snails surviving a direct transfer to 

21‰ from their natural 0.5‰, S1 individuals performed worse than S2 and S3 snails (Figure 10, right, 

3rd). 

Snails from all three sites did not survive equally well in all treatments, thus there were statistical 

differences in the survival curves between the treatments of snails from each FW collection site (all 

p < 0.001). For snails from S1 and S2, direct transfers proved to be fatal (Figure 10, right, 1st and 3rd), 

while survival rates during acclimation periods were somewhat higher (Figure 10, right, 2nd and 3rd). 

S3 individuals also failed to cope with 21‰ after a direct transfer, but survived the challenging 

salinity when given the time to acclimatise (Figure 10, right, 2nd). 
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Comparing the final 3 days of the 1st and 3rd treatment did not lead to statistical differences in snails 

from any of the FW sites (Figure 10, right, 1st and 3rd). 

Survival rates of snails from FW sites S1 and S2 were higher in the 16‰ conditions than in the 21‰ 

treatments (all p < 0.01 - p < 0.001) (Figure 10) in every treatment. S3 individuals also showed much 

higher survival rates in 16‰ than 21‰ in the 1st and 3rd treatment. In the 2nd treatment, however, 

when given the time to acclimatise, they coped equally well with 16‰ as with 21‰ (p > 0.05). 

3.2.2 Transfer of BW snails to 28‰ and 0.5‰ 

When transferred to 28‰, the survival of snails from both BW sites was affected in the 1st (both 

p < 0.001) and 3rd treatment (p < 0.05 (S5) and p < 0.001 (S6)) (Figure 11, left). In the 2nd treatment, 

however, rising salinities did not seem to affect the snails as all individuals from both sites showed 

survival curves that did not differ from the controls. 

In the 1st treatment, snails from both BW sites could not cope with the direct transfer to 28‰ and 

died within 48 h after the transfer (Figure 11, left, 1st). There was no difference (p > 0.05) between 

the survival curves of S5 and S6 individuals in this treatment. The 2nd treatment displayed a very 

different picture to what was observed in the 1st treatment. In the 2nd treatment, survival rates for all 

individuals were 100% (Figure 11, left, 2nd). The survival curves of S5 and S6 snails were identical in 

this treatment and both showed higher survival rates than in the 1st treatment. In the 3rd treatment 

S5 and S6 snails no longer showed the same survival curves (p < 0.01) (Figure 11, left, 3rd). Snails from 

S6 did not cope well with the direct transfer to 28‰ and died within 48 h after the transfer, while 

individuals from S5 coped better and reached a final survival rate of 58%. 

S5 snails showed survival differences between the treatments (p < 0.001) with the highest survival 

rates in the 2nd and 3rd treatment, while those in the 1st treatment without an acclimation were 

lowest (Figure 11, left). For S6 individuals differences in survival curves between treatments were 

also detected (p < 0.001). The highest survival rates were observed in the 2nd treatment where the 

animals had time to acclimatise to rising environmental salinities (Figure 11, left). 

 Comparing the final 3 days of the 1st and 3rd treatment did not lead to statistical differences in snails 

from the BW site S6 (Figure 11, left, 1st and 3rd). S5 individuals, however, displayed higher survival 

rates in the 3rd treatment where they underwent a preconditioning before experiencing a direct 

transfer to 28‰ from their natural salinity of 7.5‰ (p < 0.01).
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Figure 11: Salinity transfer regime (S5 (—) and S6 (---)) and the corresponding survival rates for animals collected at brackish water sites (S5: -•- ; S6: --). The salinity regime for animals of 

these sites is identical, with the exception that their starting salinity differs by 1.5‰. On the left: Design for high salinity conditions (28‰) by either a direct transfer (1
st

 treatment) 

or stepwise transfer (2
nd

 and 3
rd

 treatment). The 3
rd

 treatment differs by placing the individuals into a salinity, equivalent to that of their natural habitat, before inflicting either a 

low or high salinity shock. On the right: Design for low salinity conditions (0.5‰). Note the two y-axes: salinity of the water (left) and survival rate (right). n=12 (from Wiesenthal et 

al., 2018).
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When transferred to 0.5‰, the survival of S5 and S6 snails was only affected by the salinity 

treatment in the 1st treatment, as survival curves different from the control ones (both p < 0.001). In 

the 2nd and 3rd treatment survival rates of snails from both BW sites were just as high as in the 

control groups (all p > 0.05) (Figure 11, right). 

In the 1st treatment survival curves of snails from the two BW sites did not differ from each other and 

both showed final survival rates of 25% (p > 0.05) (Figure 11, right, 1st). In the 2nd treatment, S5 and 

S6 individuals survived equally well up until the last day of the treatment, where survival rates 

dropped from 100% to 92% (1 dead snail) and 83% (2 dead snails) respectively (p > 0.05) (Figure 11, 

right, 2nd). The survival in this 2nd treatment with the stepwise decrease of environmental salinity was 

higher than in the 1st treatment where snails were directly transferred to 0.5‰. In the 3rd treatment 

there was no statistical difference in the survival curves between snails from the two BW sites (Figure 

11, right, 3rd). Snails from both BW populations showed survival rates similar to those in the 2nd 

treatment with final survival rates of 75% (S5) and 58% (S6). In the treatments with the final salinity 

of 0.5‰, snails did not survive all treatments equally well. This is true for snails from both BW sites 

(both p < 0.001). The highest survival was observed in the 2nd treatment where the snails had time to 

acclimatise to decreasing salinities (Figure 11, right). 

Comparing the final 3 days of the 1st and 3rd treatment did not lead to statistical differences in snails 

from the BW site S6 (Figure 11, left, 1st and 3rd). S5 individuals, however, displayed higher survival 

rates in the 3rd treatment where they underwent a preconditioning before experiencing a direct 

transfer to 0.5‰ from their natural salinity of 7.5‰ (p < 0.05). The preconditioning seems to have 

been beneficial to the survival. 

BW individuals from S5 survived equally well in all treatments of the high (28‰) salinity condition 

and the corresponding low (0.5‰) salinity condition treatment (p > 0.05) (Figure 11). For S6 

individuals the survival rates differed in the 1st (p < 0.05) and 3rd (p < 0.001) treatment. For these two 

treatments the survival rates were higher in the low than high salinity condition, but the difference 

was more pronounced in the 3rd treatment (Figure 11, right, 1st and 3rd). Here, S6 individuals could 

not cope with the direct transfer to 21‰ (0% survival rate), but coped better with a direct transfer to 

0.5‰ (58%) (Figure 11, left and right, 3rd). 

3.2.3 Comparison of BW and FW snails transferred to their high salinity 

conditions 

The comparison was carried out between each survival curve of the BW transfers (28‰) and each 

survival curve of the FW transfers (21‰) within the treatments (1st, 2nd and 3rd) (Figure 10, right and 
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Figure 11, left). It becomes clear that snails from both BW sites survived better in 28‰ than FW 

snails S1 and S2 in 21‰ in each treatment (p < 0.05 - p < 0.001). In the 1st treatment, the survival 

performance of S3 individuals was worse than of S5 and S6 individuals, despite all final survival rates 

being 0%. The better performance of BW snails is, however, not supported statistically (p > 0.05). 

Only a single S3 individual survived the first 24 h in its high salinity and died the following day, while 

33% (S5) and 42% (S6) of the BW snails respectively survived the first day in 28‰ (Figure 10, right 

and Figure 11, left, 1st). In the 2nd treatment, survival rates of S3 snails were just as good as those of 

snails from both BW sites (p < 0.05) (Figure 10, right and Figure 11, left, 2nd). In the 3rd treatment, 

survival rates of both BW—S5 and S6—snails were higher (p < 0.01 (S5) and p < 0.05 (S6)) than those 

of the FW S3 snails (Figure 10, right and Figure 11, left, 3rd), though it may only seem obvious for S5 

snails. A larger number of S6 individuals, however, survived up to 48 h in the high challenging salinity 

compared to the FW S3 snails. 

3.3 Changes in FAAs in the foot muscle of snails under osmotic 

stress 

The FAAs were measured in the foot muscle of individuals that were either held at their normal 

conditions (control) or underwent a stepwise acclimation to a salinity close to their respective 

physiological limit (chapter 3.2). For FW snails that meant a stepwise acclimation to 21‰ 

(~524 mOsmol/kg) while it was 28‰ (~732.5 mOsmol/kg) for BW snails (2nd treatment in Figure 3 

andFigure 4). 

The total amount of accumulated amino acids in the foot muscle of BW animals was approximately 5 

times higher than in FW snails under control conditions, i.e. under their normal conditions of 0.5‰ 

(FW S1-S2), 7.5‰ (BW S5) and 8‰ (BW S6). The salinities of the collection sites, however, were 

proportional to the accumulated amounts of amino acids (Figure 12). Hence, Theodoxus fluviatilis 

accumulates FAA not only as a means of osmotic regulation when under acute hyperosmotic stress, 

but BW individuals also use them to reach a stable state of their body fluids under normal conditions. 

To determine and compare the quantitative contribution of amino acids and amino acid derivatives 

to the significant increase in organic osmolytes under hyperosmotic stress a range of ninhydrin 

positive substances (NPS) were measured. Despite all measured NPS being more abundant in snails 

from high salinity than control conditions, only substances where the mean increased at least 10-fold 

in snails from at least one of the sites were selected for the further analysis. All canonical amino acids 

were also included despite some of them showing a smaller than 10-fold increase. Aspartic acid, 

however, was excluded from the selection due to nearly all measurements being 0. Urea, which 
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showed a 1- to 39-fold increase and a substantial contribution to the internal osmolality was also 

excluded from the selection and handled separately. The following amino acids and amino acid 

derivatives were finally selected for further analysis of each sample: methionine (Met), tryptophan 

(Trp), taurine (Tau), glycine (Gly), alanine (Ala), isoleucine (Ile), leucine (Leu), arginine (Arg), lysine 

(Lys), proline (Pro), threonine (Thr), serine (Ser), β-alanine (β-Ala), histidine (His), phenylalanine 

(Phe), glutamate (Glu), valine (Val), tyrosine (Tyr), cysteine (Cys), γ-aminobutyric acid (Gaba), 

hydroxy-proline (OH-Pro), β-amino-isobutyric acid (Baiba), α-amino adipic acid (AAAA), α-

aminobutyric acid (Aaba) and cystathionine (Cysth). From here on, every reference to measured 

substances refers to this list of selected NPS. 

 

Figure 12: Mean sum amounts of accumulated selected amino acids in the foot muscle of FW and BW snails (in mmol/kg 

fresh weight) in relation to their basal environmental conditions (control conditions) (FW: 0.5‰, BW S5: 

7.5‰, BW S6: 9‰). Mean amounts are depicted including the standard error. (from Wiesenthal et al., under 

review) 

When acclimated to hyperosmotic stress, snails from every collection site and of both subgroups 

accumulated considerable amounts of amino acids that were up to 27 times higher than in their 

respective control groups (Figure 13). However, the sums of accumulated FAAs under stressful 

conditions were similar for individuals from all sites (Figure 13). With accumulated amounts reaching 
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values between 121-201 mmol/kg fresh weight the osmolyte load of amino acids accounted for 

approximately 23-27% of the snails´ overall osmolality in the respective environmental salinities (FW: 

mean 524 mmol/kg fresh weight, BW: mean 732.5 mmol/kg fresh weight).  
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Figure 13: The sum amounts of the selected NPS (in mmol/kg fresh weight) in snails from freshwater (FW S1-S3) and brackish water (BW S5-S6) sites under control (C, blue) and high salinity 

conditions (H, orange). The median is represented by the middle line and the upper and lower end of the box show the 25
th

 and 75
th

 percentile (every site without an outlier). The 

whiskers either show the minimum and maximum range of the data or 1.5 times the interquartile range (approx. 2 standard deviations, every site with outliers). ° represents 

outliers and is defined as measurements that lie outside the whiskers, namely, more than 1.5 times the interquartile range away from the median. *p < 0.05;  **p < 0.01;  

***p < 0.001. The two plots at the top depict the salinity regime the snails (- - - BW and —FW) were kept in before accumulated NPS were measured. The left plot shows the 

control conditions and the right plot shows the high salinity conditions (FW: 21‰, BW: 28‰) over 15 days. In both plots the x-axis is the time [d] and the y-axis is the salinity [‰]. 

S1C: n=19, S1H: n=6, S2C: n=22, S2H: n=10, S3C: n=23, S3H: n=14, S5C: n=24, S5H: n=12, S6C: n=21, S6H: n=10 (from Wiesenthal et al., under review) 
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The contributions of each measured substance varied greatly across the samples. While BW 

individuals showed a 1.4 and 1.8-fold increase in glutamic acid, FW individuals showed a fold increase 

of up to 635 in proline (Figure 14). Despite this vast range of fold increases of measured organic 

osmolytes from control to stressed individuals most AA showed a fold increase between 1-30 in BW 

snails and 2-65 in FW snails (Figure 14 A). Alanine and proline seemed to be the main cause for the 

higher sum amounts of accumulated amino acids in the foot muscle under stressful conditions 

(Figure 14 B). In FW snails the rise of alanine and proline was much more substantial than in BW 

animals. The higher fold increases of amino acids and amino acid derivatives in FW animals compared 

to BW ones, however, was not restricted to alanine and proline. The other measured NPS showed 

the same picture with FW animals accumulating larger relative amounts than the BW snails (Figure 

14 A). This observation correlated with the change of the environmental salinity in the transfer 

treatments. FW individuals experienced a 42-fold increase while BW individuals only had to deal with 

a 3- to 4-fold increase, despite the salinity difference being nearly identical for both subgroups (FW: 

20.5‰; BW: 19‰ and 20.5‰).
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Figure 14:  Fold increase of selected amino acids when comparing amounts in snails from control and high salinity conditions in FW (S1-S3) and BW (S5-S6) individuals. A: All selected amino 

acids without alanine and proline and without Gaba, Baiba, AAAA and Aaba. e depicts essential amino acids. B: The fold increase of only alanine and proline. Note the different 

scaling of the y-axes from A and B (from Wiesenthal et al., under review). 
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As mentioned, the main drivers for the observed increase in organic osmolytes under hyperosmotic 

conditions were alanine and proline (Figure 14 B, Figure 15 A, B). In FW snails alanine reached a 90 to 

123-fold increase in 21‰ water, while it was only between 5 and 17-fold for BW snails in 28‰ 

(Figure 14 B). For proline the fold increases were much more pronounced with FW individuals 

showing a 505- to 635-fold increase and BW snails increasing the proline amount by 71- to 92-fold. 

Tryptophan also showed a high mean fold increase (44-fold), but this was due to single individuals. 

While most measurements were 0 the mean was distorted by a few single valued measurements, 

which was less than 0.4 mmol/kg fresh weight, so it was considered irrelevant in contributing to 

osmolyte mediated salinity stress regulation. Though most amino acids and amino acid derivatives 

did not individually contribute to the internal osmolality increase as much as alanine and proline, as a 

sum they made up about 1% (FW: 50.4 mmol/kg fresh weight, BW: 69.3 mmol/kg fresh weight) of 

the overall osmolality (FW: 524 mmol/kg fresh weight, BW: 732.5 mmol/kg fresh weight) (Figure 14). 

Figure 16 depicts that not only alanine and proline, but also taurine, β-alanine and glycine increased 

under hyperosmotic conditions. The impact to the overall internal osmolality, however, was not as 

influential as it was for alanine and proline.
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Figure 15: Amounts of alanine (A), proline (B) and hydroxy-proline (C) in mmol/kg fresh weight in snails from freshwater (FW S1-S3) and brackish water (BW S5-S6) sites under control 

(C, blue) and high salinity conditions (H, orange). The median is represented by the middle line and the upper and lower end of the box show the 25
th

 and 75
th

 percentile (every site 

without an outlier). The whiskers either show the minimum and maximum range of the data or 1.5 times the interquartile range (approx. 2 standard deviations, every site with 

outliers). ° represents outliers and is defined as measurements that lie outside the whiskers, namely, more than 1.5 times the interquartile range away from the median. Note the 

different scaling of the y-axes. *p < 0.05;  **p < 0.01;  ***p < 0.001. S1C: n=19, S1H: n=6, S2C: n=22, S2H: n=10, S3C: n=23, S3H: n=14, S5C: n=24, S5H: n=12, S6C: n=21, S6H: n=10 
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Figure 16: Amounts of taurine (A), β-alanine (B) and glycine (C) in mmol/kg fresh weight in snails from freshwater (FW S1-S3) and brackish water (BW S5-S6) sites under control (C, blue) and 

high salinity conditions (H, orange). The median is represented by the middle line and the upper and lower end of the box show the 25
th

 and 75
th

 percentile (every site without an 

outlier). The whiskers either show the minimum and maximum range of the data or 1.5 times the interquartile range (approx. 2 standard deviations, every site with outliers). 

° represents outliers and is defined as measurements that lie outside the whiskers, namely, more than 1.5 times the interquartile range away from the median. Note the different 

scaling of the y-axes.  **p < 0.01;  ***p < 0.001. S1C: n=19, S1H: n=6, S2C: n=22, S2H: n=10, S3C: n=23, S3H: n=14, S5C: n=24, S5H: n=12, S6C: n=21, S6H: n=10 
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The patterns of change of individual amino acids differ across the samples and subgroups. For 

example, BW individuals accumulated much larger amounts of taurine and β-alanine than FW snails, 

while the quantity of accumulated glycine was similar in both subgroups (Figure 16). 

Despite the amino acids β-alanine and taurine and the amino acid derivatives Gaba, Baiba, AAAA and 

Aaba showing fold increases between 2 and 65, the relative contribution of the individual substances 

was not deemed to be of great importance for the internal osmotic load. The absolute contributions 

under hyperosmotic conditions lay between the minimum value of 0.03 mmol/kg fresh weight 

(Baiba, FW snails) and the maximum value of 16.3 mmol/kg fresh weight (β-Ala, BW). 

Urea, on the other hand, was accumulated in significant amounts in both subgroups under 

hyperosmotic conditions (Figure 17). The fold increases for FW individuals were between 11 and 39 

and for BW individuals about 1.85. Latter is mainly due to the already relatively high accumulation of 

urea under control conditions in BW individuals (Figure 17). In FW individuals the contribution of 

urea to the total internal osmolality amounted to a mean of 55.16 mmol/kg fresh weight under 

hyperosmotic conditions, while it was close to nothing in control individuals (~3 mmol/kg fresh 

weight). In BW individuals the fold increase may not have been as large as it was in FW individuals, 

but the actual contribution of urea to the overall osmolality was much greater. BW individuals 

accumulated a mean of 626.21 mmol/kg fresh weight under the influence of 28‰. 
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Figure 17: Amounts of urea in mmol/kg fresh weight in snails from freshwater (FW S1-S3) and brackish water (BW S5-S6) 

sites under control (C, blue) and high salinity conditions (H, orange). The median is represented by the middle 

line and the upper and lower end of the box show the 25
th

 and 75
th

 percentile (every site without an outlier). 

The whiskers either show the minimum and maximum range of the data or 1.5 times the interquartile range 

(approx. 2 standard deviations, every site with outliers). ° represents outliers and is defined as measurements 

that lie outside the whiskers, namely, more than 1.5 times the interquartile range away from the median. *p 

< 0.05;  **p < 0.01;  ***p < 0.001. S1C: n=19, S1H: n=6, S2C: n=22, S2H: n=10, S3C: n=23, S3H: n=14, S5C: n=24, 

S5H: n=12, S6C: n=21, S6H: n=10 (from Wiesenthal et al., under review) 

These differing quantities and patterns of individual amino acid and amino acid derivative 

accumulation could potentially be caused by different mechanisms of osmolyte regulation in the cell. 

Possible underlying mechanisms of amino acid entry and exit, i.e. amino acid transporters, amino 

acid biosynthesis and degradation and protein synthesis and degradation, could be involved in 

different extend in the subgroups (Bröer and Bröer, 2017). To disentangle the regulating mechanisms 

and pathways, markers among the amino acids and derivatives were looked for that could give some 

indications. The comparison of patterns and quantities of amino acids considered to be essential 

(Met, Ile, Leu, Lys, Thr, etc.) with those considered to be non-essential (Tau, Gly, Arg, Ser, Glu, etc.) 

did not give conclusive indications for a certain mechanism as they were very similar (Figure 14 A). 

The patterns of hydroxy-proline were a bit more informative. Hydroxy-proline is a proline residual 



  RESULTS 

65 

and the result of a non-reversible posttranslational modification of proline. Therefore, protein 

hydrolysis is the only source for the hydroxylated form of proline (OH-Pro) to appear freely and not 

as part of a protein strand (Li and Wu, 2018; Gorres and Raines, 2010). The large increase of OH-Pro 

in FW snails (S1-S3) under hyperosmotic stress indicates an intensified hydrolysis of storage proteins. 

Collagen could be one possibility. It is rich in proline and OH-Pro and makes up for about 1/3 of the 

proteins in animals, hence creates a plentiful source for proline and OH-Pro (Li and Wu, 2018; Gorres 

and Raines, 2010). In individuals of both subgroups very low amounts of proline were detected in the 

foot muscle under control conditions (< 1 mmol/kg fresh weight) (Figure 15 B). Under hyperosmotic 

stress, however, the detected amount increased considerably (FW: 18 mmol/kg fresh weight; BW: 

43 mmol/kg fresh weight) (supplementary Figure 28) and did not statistically differ (posthoc test) 

between the collection sites, i.e. FW and BW individuals accumulated proline equally effective. In a 

direct comparison of accumulated proline in the foot muscle of the collection sites with a Kruskal-

Wallis-test detected higher amounts in BW individuals than FW snails under hyperosmotic stress (all 

FW sites to S5: p < 0.05 or p < 0.001; S1 and S2 to S6: p < 0.05). OH-Pro on the other hand, already 

showed much lower amounts in FW (< 0.1 mmol/kg fresh weight) than BW snails (mean of 

1 mmol/kg fresh weight) under control conditions (Figure 15 C). Under hyperosmotic stress the 

quantity of OH-Pro greatly increased in the foot muscle of FW snails (approx. 1 mmol/kg fresh 

weight), while it remained unchanged in BW snails. So, FW individuals showed higher rates of 

degradation of proteins contianing OH-Pro than BW snails when under hyperosmotic stress. 

Active turnover of amino acids as well as accelerated transamination and deamination in the process 

of synthesis and degradation of amino acids may lead to increased free ammonia that, in turn, is 

partly converted to urea (Bröer and Bröer, 2017; Haggag and Fouad, 1968; Horne and Boonkoom, 

1970). Urea quantities in the foot muscle of snails under control conditions were very low in FW 

(~3 mmol/kg fresh weight) snails, but much higher in BW ones (~344 mmol/kg fresh weight). Under 

hyperosmotic stress both subgroups increased the quantities of urea in their foot muscle, but it was 

much more pronounced in BW snails than FW individuals (BW: ~630 mmol/kg fresh weight; FW: 

~65 mmol/kg fresh weight) (Figure 17). The diverging amount of urea may indicate different turnover 

rates and intensities of the amino acid metabolism. 

3.4 Changes of protein expression patterns in snails under osmotic 

stress 

Across all sampled gels numerous spots were detected showing either spot volume increases or 

decreases (all p < 0.05). Gels of each collection site revealed spots that seem to be of interest when 
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considering mechanisms of osmoregulation in Theodoxus fluviatilis, by either appearing as 

significantly changing in more than one collection site, by showing very large rates of change in spot 

volumes, by differing between FW and BW snails under control conditions or by a combination of 

these behaviours (Figure 18). 

 

Figure 18: Fused image of all analysed gels containing every expressed protein spot. Each marked and labelled spot 

showed a significant fold change when comparing samples from control snails with those of osmotically 

stressed individuals or when comparing snails from all collection sites among each other under control 

conditions. Red marked and labelled spots seemed especially interesting because of a very large fold increase, 

appearing in more than one comparison or differing between brackish water (BW) and freshwater (FW) 

snails. pI: Isoelectric point. kDa: molecular mass in kilodalton. 

Spot patterns of the mean spot volume of all control snails grouped according to their collection sites 

(Figure 19). Despite large variances within and between groups (principal component 1 only 

explaining 19% of the total variance), animals from FW sites S1 and S2 grouped together separate 

from BW sites S5 and S6 as well as the FW site S3 snails when considering all expressed spots. 
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To reveal the relative contribution or importance of single proteins the relative change in the spot 

volumes instead of the absolute spot volumes were used for further analysis. Significant fold changes 

in spot volumes of a range of 19 different spots were observed among snails from control conditions 

showing fold changes of up to 4 and 6 in both directions (positive as well negative) (Figure 20). For 8 

of those spots (V5-377, V5-93, V5-386, V5-369, V5-357, V5-311, V5-190, V5-255) BW snails from S5 

and S6 showed a contradicting behaviour towards most FW samples by a decreased spot volume 

while the FW snails expressed increased quantities. In spot V5-283 this behaviour was inversed by 

spot volumes in BW snails being higher, while they were lower in FW snails. The spot pattern in 

samples from S3 snails was not consistent and the rate of change rather grouped with the FW 

samples from S1 and S2 snails for some spots (e.g. V5-190) and with the BW samples for others 

(Figure 21). For 5 of the 8 mentioned spots, where the spot volume changes differed between BW 

and FW individuals, changes in S3 snails were more similar to those of BW animals (V5-377, V5-93, 

V5-386, V5-369, V5-255; Figure 20). 

 

Figure 19: Grouping of samples from the control animals based on a principal component analysis (PCA) of the protein 

spot volumes. Hence, similarities in protein spot patterns are depicted. The x-axis is the principal component 

1 (PC1) and the y-axis is the principal component 2 (PC2). Groups (n=3) of the respective collection sites are 

circled with the colours pink (S1, FW), turquoise (S2, FW), orange (S3, FW), green (S5, BW) and blue (S6, BW). 

FW: freshwater, BW: brackish water



RESULTS 

68 

 

Figure 20: Fold difference in spot volumes in snails from all sites (S1-S6) under control conditions. All spot volumes are in relation to the volumes on n1 (gel of sample S1C9). The depicted 

spots are those that showed significant differences between groups. Each bar represents the fold difference in a sample and each collection site was sampled with an n=3.
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Figure 21: Heat map showing fold differences in spot volumes in snails from all sites (S1-S6) under control conditions (C). 

All spot volumes are in relation to n1 (gel of sample S1C9). The depicted spots are those that showed 

significant differences between collection sites under control (C) conditions. The topside colour coding depicts 

the 5 collection sites (S1: pink, S2: turquoise, S3: orange, S5: green, S6: blue). All values for fold differences 

underwent a z-transformation in order to assign the colour coding. The 'Color Key' shows the colours 

allocated to the z-values. 

Spot volume changes were also detected in snails from each collection site when transferred to 

stressful conditions. The number of all detected spots that significantly changed in either direction 

varied greatly among the sites with snails from S1 only showing changes in 2 spots, while there were 

between 8 and 11 spots for every other collection site (Figure 22-Figure 24). However, they were not 

always the same 11 spots, hence the amount of overlap was very small. Among the FW individuals 

none of the spots that showed changes in spot volumes in a group, appeared in any of the other 

transferred groups. However, spots V5-93, V5-190 and V5-255 also appeared in the comparison of 

the collection sites under control conditions (Figure 22 B, C; Figure 20). In this comparison of the sites 
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under control conditions, these spot volumes were much lower in BW snails, while they were higher 

in FW S1 and S2 snails in relation to the spot volumes on the mastergel (sample S1C9). When FW 

snails were transferred to higher salinities (10‰), the spot volumes of these spots decreased 

compared to their controls (0.5‰). Nearly all spots in FW individuals expressed lower quantities 

when the snails were transferred to higher salinities. The only exceptions were V5-107, V5-124 and 

V5-387. These spots increased their spot volume when either S1 or S3 snails where challenged with 

hyperosmotic stress, but they each only appeared in one of the respective groups (Figure 22 A, C).  

When BW snails were exposed to osmotically challenging conditions—hyper- as well as 

hypoosmotic– the detected spots that showed significant differences in the fold change of their spot 

volumes nearly all decreased (Figure 23 andFigure 24). Only in spots V5-271, V5-367, V5-263, V5-410 

and V5-354 a larger quantity was detected than in the control groups. These spots, however, did not 

show significant spot volume changes in snails from any other collection site. It is striking that the 

quantities of expressed proteins in BW animals mostly decreased irrespective of the kind of osmotic 

stress the snails were exposed to. In BW S5 snails, the spot volume of 5 spots (V5-06, V5-195, V5-199, 

V5-246, V5-405) changed in both treatment conditions and in both of them showed a decrease in the 

spot volume (Figure 23). The fold change was larger in hyperosmotic compared to hypoosmotic 

treatments, which correlates with the rate of change of the environmental osmolality. In BW S6 

snails, two spots (V5-175, V5-246) also appeared in both treatment conditions and showed spot 

volume decreases (Figure 24). Other than for FW animals, an overlap of spots could be observed 

between S5 and S6 snails; V5-199, V5-246 showed spot volume changes in snails from both BW 

collection sites. Spot V5-199 also appeared in the comparison of control conditions, yet did not show 

conclusive differences between subgroups (Figure 20). By an overlapp of spots that were found to 

show spot volume changes when snails were under osmotic stress in BW S5 and S6 individuals, yet 

no such overlapp  was detected in FW individuals, it seemes as though FW snails possess a larger 

variability in their osmoregulatory mechanisms than BW ones. 

When considering changes in spot patterns under osmotically stressful conditions, collection sites 

cannot be grouped as FW and BW, but need to be viewed individually. 
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Figure 22: Fold changes in spot volumes in freshwater snails (FW S1-S3) from control (C, blue) and high salinity 

(10‰, orange) conditions. All spot volumes are in relation to the volumes on the respective n1 gel. The 

changes are from all spots that showed significant differences between the treatments. A: S1; B: S2; C: S3. 

Each bar represents the fold change in a sample and each condition was sampled with an n=3. 
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Figure 23: Fold changes in spot volumes in brackish water (BW) S5 snails from control (C, blue) and osmotic stress 

conditions (20‰: orange and 3.7‰: green). All spot volumes are in relation to the volumes on the respective 

n1 gel. The changes are from all spots that showed significant differences between the treatments. 

A: hyperosmotic stress; B: hypoosmotic stress. Each bar represents the fold change in a sample and each 

condition was sampled with an n=3. 
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Figure 24: Fold changes in spot volumes in brackish water (BW) S6 snails from control (C, blue) and osmotic stress 

conditions (20‰: orange and 3.7‰: green). All spot volumes are in relation to the volumes on the respective 

n1 gel. The changes are from all spots that showed significant differences between the treatments. 

A: hyperosmotic stress; B: hypoosmotic stress. Each bar represents the fold change in a sample and each 

condition was sampled with an n=3. 
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3.5 Use of the Theodoxus-transcript database for the detection of 

potential SNPs in sequences encoding the Theodoxus-

homologue of the ANP-receptor 

The sequences encoding a range of proteins were blasted against the Theodoxus-transcript database,  

resulting in several contig hits for one of them. Among those hits, two contigs (contig_38147 and 

contig_38148) stood out by being nearly identical with the exception of 9 SNPs (single nucleotide 

polymorphism). The SNPs were all silent mutations, except for one, and did not influence the amino 

acid sequence. The contigs most likely code for or are part of the sequence coding for the 

Theodoxus-homologue of the ANP-receptor (NCBI database BLAST; KEGG database). It was shown 

that the transcript encoding the ANP-receptor is expressed in the control individuals from every 

collection site and also in osmotically stressed FW individuals (Figure 25). Since an allocation of the 

contigs to a certain subgroup or treatment was not possible, the sequences from grouped (FW 

control; BW control; FW stressed; BW stressed) samples were determined. The result of comparing 

control animals from every collection site among each other was that samples from all BW and S3 

snails expressed the same genotype that was identical to the contig_38148. The samples of the FW 

individuals all expressed the same genotype that was identical to contig_38147. The only exception 

was a single clone from a FW snail from S1 that expressed the same genotype as the BW individuals 

(supplementary material).  
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Figure 25: Detection of the ANP-Receptor cDNA (expected fragment size is 920 bp) from control individuals from every 

site and from osmotically stressed individuals from every FW site. S1-S6: collection sites. C: control 

conditions; 10: osmotically stressful conditions in 10‰ for FW individuals. M: molecular marker. The 

fragment sizes of the molecular marker are given as the number of base pairs. 

Other transcript sequences were found in the Theodoxus-transcript database containing several SNPs 

and therefore qualifying as potential molecular markers for phylogenetic analyses. The cDNA 

fragments encoding a range of proteins—as annotated in the NCBI database— are as follows: activin-

like type 1 receptor; TGF-beta Type I receptor; PREDICTED: alanine—tRNA ligase, cytoplasmic-like; 

PREDICTED: calreticulin-like; PREDICTED: A disintegrin and metalloproteinase with thrombospondin 

motifs 7-like; glyceraldehyde 3-phosphate dehydrogenase; PREDICTED: isocitrate dehydrogenase 

[NADP], mitochondrial-like; PREDICTED: NAD(P) transhydrogenase, mitochondrial-like; ribosomal 

protein L3, partial. 

3.6 The potential of long distance dispersal by bird 

Within 24 h after feeding 20 snails to 3 ducklings (Anas platyrhynchos), no living or dead snails nor 

shell remainders were found among the droppings. 

Snails in the various pH milieus all survived the 1 h treatment with shells intact. Both snails in pH 2 

closed their operculum upon entering the water and remained that way for the duration of the 

experiment. In pH 3, one of the snails kept its operculum closed while the other snail kept it half 

closed, yet did not move during the hour. The one snail tested in pH 4 opened its operculum after 

entering the water and crawled around the beaker for the entire hour of the experiment. 

All shells were covered with tiny bubbles within the first 15 min indicating corrosion of the shell, yet 

there was no damage or weakening to visually be detected by the end of the experiment. 
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4. DISCUSSION 

The euryhaline snail Theodoxus fluviatilis has shown a large variability in habitat conditions, 

morphology, quantities of produced offspring and the capability to tolerate a range of stressful 

salinities and also exhibits different underlying mechanism when coping with these stressful 

environmental conditions (Zettler et al., 2004; Glöer and Pešić 2015; Bunje, 2005; Skoog, 1978; 

Kirkegaard, 2006; Pauker, unpublished; Bondesen, 1940; Claparêde ,1857; Neumann, 1959; 

Neumann, 1960; Kangas and Skoog, 1978; Symanowski and Hildebrandt, 2010; Wiesenthal et al., 

2018). The distinction of these traits between the FW and BW subgroups has been discussed in the 

literature but to date it is not conclusive as to whether any of them can be used to clearly differ 

between the subgroups. 

The morphometric analysis of shell dimensions of Theodoxus fluviatilis revealed that there are 

differences between BW and most FW individuals. Due to high variability within the FW subgroup, 

the differences became most apparent when analysing the collection sites separately and not 

grouped by FW and BW sites. This heterogeneity might be an explanation for previous studies not 

detecting differences in shell sizes between the two subgroups (Zettler et al. 2004 and Glöer and 

Pešić 2015). However, FW individuals from S3 grouped with BW individuals rather than with 

individuals from the other FW sites that were collected at either end of the neighbouring lake 

'Schmaler Luzin' (Figure 1 andFigure 9). The 3 FW collection sites are in the same vicinity and the two 

lakes 'Schmaler Luzin' (S1 and S2) and 'Carwitzer See' (S3) are less than 1 km apart, yet are separated 

by land. Despite snails from S1 and S2 being collected from the same lake, they are considered 

separate populations based on their reproductive cycle and the geographic conditions of the lake. 

The lake is a very narrow body of water and the two collections sites were about 2 km apart (Figure 

26). Additionally, T. fluviatilis does not have a free swimming larval stage, but instead, adult females 

attach egg capsules to hard substrates like stones or shells of conspecifics, from which very small, but 

fully developed juvenile snails hatch. Thus the distribution potential of T. fluviatilis is highly limited 

and gene flow between snails from the two collection sites in the 'Schmaler Luzin' is unlikely. 

Shell sizes of S3 individuals being clearly different from shell sizes of snails from the other two FW 

sites showed that the FW subgroup is not as homogenous as believed, and yet 2 of the 3 sampled 

populations differ from the BW snail as a group. These results suggest that the relatedness of the 

individuals from the different collection sites and thus the colonisation history of northern Germany 

could be reconsidered and requires further investigation and research. After all, Bunje (2005) 

reported genetic similarities in individuals from the Black sea and individuals from a collection site in 

northern Germany (the exact position is unknown). Hence, even if it may be true that T. fluviatilis 
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originating from FW habitats re-colonised the Baltic Sea, the modern distribution appears to be 

somewhat more heterogeneous than believed to date. 

The shell size disparity raised the question on whether there are differences in the limits to salinity 

tolerance additional to this shell size differentiation among snails from the various collection sites. 

Therefore, transfer experiments with three distinct treatments were conducted with snails from 

both, FW and BW, sites (Figure 3 andFigure 4). 

FW treatments to 16‰ revealed that only snails from S1 and S2 were markedly affected by the 

osmotic stress after direct transfers (Figure 3, 1st and 3rd treatment). Among the snails from the two 

sites, S1 individuals were more sensitive to the high salinities than S2 individuals, especially in the 3rd 

treatment. In contrast, S3 individuals were barely affected by a direct transfer to 16‰ and were 

more tolerant towards this high salinity environment than the other FW individuals (Figure 3, 1st and 

3rd treatment). Nonetheless, when given the time to acclimatise to the rising environmental salinity, 

individuals from every site increased their tolerance, thus achieving a shift in the slope of their 

reaction norms (supplementary Figure 29 -Figure 31). A hormetic effect, however, was not 

observable in any of the snails (Figure 3, 3rd treatment). Since it was neither observable in 16‰ nor 

21‰, the possible explanation of 16‰ not being challenging enough to show improved survival rates 

caused by preconditioning, after inflicting a high salinity shock had to be rejected. 

When inflicting a high salinity shock of 21‰ on the snails after preconditioning, none of the snails 

showed improved survival rates compared to the 1st treatment (Figure 3, right, 1st and 3rd treatment). 

In fact, none of the FW snails survived a direct transfer to 21‰ for more than 48 h. However, when 

given the time to acclimatise, S3 individuals were able to achieve a shift in the slope of their reaction 

norms and tolerate 21‰ (supplementary Figure 31). Animals from S1 and S2 achieved no such shift 

to allow them coping with such high salinities (supplementary Figure 29 andFigure 30). Unlike the FW 

snails from S1 and S2, S3 snails did not reach their absolute tolerance limit at 21‰. This finding 

supports the observation made with the shell sizes that S3 individuals may represent a separate FW 

group. 

Age differences as an explanation for the diverging results can be neglected for various reasons. The 

demographic distribution among the populations is assumed to be the same at all collection sites, 

thus having the same proportion of representatives of all adult age stages across the collection sites. 

Also, snails were collected randomly with the exception of avoiding juvenile snails by excluding very 

small individuals. The collections of the FW sites took place on the same day, as did the transfer 

experiments. Thus, the higher salinity tolerance in S3 snails was not caused by individuals being 

younger and fitter individuals. S3 individuals must possess a mechanism that enables them to 

achieve a shift in the slope of their reaction norm and cope with challenging salinities. And yet, snails 

from neither one of the FW sites showed a hormetic effect. Hence, any potential physiological, 
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biochemical or epigenetic mechanism leading to a higher salinity tolerance in S3 snails did not persist 

for 5 days in non-stressful environments. 

BW individuals were less sensitive to high or low salinity conditions when reaching the final salinity in 

a stepwise rather than a direct transfer (Figure 4). This observed 'hardening' (Bowler, 2005; 

Loeschcke and Sørensen, 2005) has also been reported by Skoog (1976) in the tolerance of T. 

fluviatilis towards high temperatures. By acclimatising to increasingly/decreasingly challenging 

environments, the snails' tolerance limits were shifted and they were able to survive in conditions 

that would otherwise be lethal (Todd and Dehnel, 1960; McMahon and Russell-Hunter, 1981) 

(supplementary Figure 32 andFigure 33). S5 individuals displayed this hormetic effect and benefited 

from the shifted tolerance limit when experiencing an acute salinity shock after having been exposed 

to a non-stressful environment for 5 days (Figure 4, left). During the preconditioning one or several 

unknown mechanisms were triggered that enabled a shift in the tolerance limits and were still 

present after 5 days of natural salinity to allow the snails to survive an acute salinity shock of either 

28‰ or 0.5‰ (Figure 4). S6 individuals, however, did not show this hormetic effect (Figure 4). 

Triggered mechanisms did not persist during the non-stressful time period, which led to 

preconditioned S6 individuals not performing any better than naive ones. The final survival rates of 

the 3rd treatment under high salinity conditions gives the impression of an improved tolerance, but 

should be treated with great care due to the lack of statistical support (Figure 4, 3rd treatments). For 

S5 individuals, however, the observed and statistically supported hormetic effect in both, 28‰ and 

0.5‰, conditions suggests that the preconditioning benefited the snails’ fitness by leading to a shift 

in the slopes of their reaction norms. The mechanisms behind the shift was maintained through a 

non-stressful period and allowed the snails to survive acute salinity shocks of low (0.5‰) as well as 

high (28‰) osmotic stress. 

As mentioned, shifts in tolerance limits were observed in FW as well as BW individuals. However, the 

degree of the shift under high salinity conditions (21‰ for FW and 28‰ for BW) between direct and 

stepwise transfers was much higher in BW individuals than FW (S1 and S2) ones (supplementary 

Figure 29 -Figure 33). This is an indication for osmotolerance being regulated by mechanisms beyond 

phenotypic plasticity, i.e. genetic differences between BW and FW S1 and S2 individuals. It also 

became evident that S3 individuals expressed slope differences between the direct and stepwise 

increase to 21‰ that were much more similar to those of the BW individuals than to the slopes of 

individuals from the other two FW sites. 

A further indication that BW and FW individuals from S1 and S2 form separate groups, were the 

transfer experiments from chapter 2.4.2 (extraction of accumulated amino acids), where BW snails 

from S5 and S6 experienced a direct transfer to 20‰ for 72 h and 92-100% of the snails survived the 

hyperosmotic stress. Considering the highly successful coping with high salinity stress of 20‰ 
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demonstrated by snails from both BW collection sites, it seems unlikely that 21‰ would be the 

absolute tolerance limit. For FW snails from S1 and S2, however, it does create a physiological limit 

(Figure 3, 1st and 3rd treatment). Here, S3 individuals also grouped with the BW individuals by coping 

with 21‰ and it not being a physiological limit. 

A certain mechanism for snails to cope with rising salinities is the accumulation of free amino acids 

(FAA) in their foot muscle (Gilles and Jeuniaux, 1979; Pierce 1982; Symanowski and Hildebrandt, 

2010). The FAAs act as compatible osmolytes and increase the osmotic potential of the intracellular 

fluids, controlling the water influx and therefore, stabilising their cell and body volume. The extra 

cellular fluids are also affected due to the water permeability of the plasma membranes, yet most 

likely shows a different combination of osmolytes. 

Despite the knowledge of FAA accumulation as a mechanisms of osmoregulation, the specific FAAs 

that are involved in the osmoregulation and thus responsible for osmotolerance in T. fluviatilis have 

not been determined. The question whether BW snails are better at mobilising and accumulating 

FAAs than FW snails was explored and is discussed in more depth later on as well as the identification 

of the most important FAAs and their origin. Mechanisms of ion exchange, the regulation of 

integument permeability as well as the identification of proteins involved in osmoregulation are also 

of great interest as mechanisms of the snail to tolerate a range of challenging environmental 

salinities. The identification of proteins in particular is of interest as they could closely be linked to 

the occurrence of certain FAAs if hydrolysis is a source of compatible osmolytes for the snail.  

Regarding the objectives mentioned in the introduction (chapters 1.3 and 1.7), the results indicate 

that differences in physiological salinity limits between the subgroups exist and that individuals from 

FW habitats exhibit lower tolerance limits than individuals from BW habitats. For BW snails the exact 

upper limit could not be identified for the subgroup as a unit, since it depends on the individual 

collection site these animals were taken from. Though 0.5‰ might mark a physiological limit for long 

term survival, it is not an absolute limit under acute shock because the individuals were capable of 

surviving for at least 3 days. This makes the tolerance range of BW individuals larger than the range 

of FW snails. When experiencing environmental salinity changes in a stepwise manner, however, 

individuals of all collection sites showed a shift in the slope of their reaction norms for most 

conditions (supplementary Figure 29Figure 33). But the degree of the shift differed in snails from the 

collection sites and it was not as pronounced in snails from the FW sites S1 and S2. Despite this shift 

and thus the ability of phenotypic plasticity, the reaction norms of these FW snails could not match 

the tolerance range of BW individuals and therefore, the extend of the shift in the slopes of reaction 

norms does not seem to be a general feature in Theodoxus fluviatilis. However, the shifts observed in 

S3 snails under hyperosmotic stress were similar to those of BW individuals (supplementary Figure 31 

-Figure 33) and indicate a closer relatedness than FW S1 and S2 to the BW snails where genetic 
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differences must be present. Whether S3 snails are able to cope with 28‰ as well as BW snails needs 

to be tested in additional transfer experiments. The observation of FW (S1 and S2) individuals being 

genetically different from BW individuals is in accordance with results from Neumann (1960), who 

studied T. fluviatilis snails from the river 'Werra'. Due to the potash industry, the river's salinity was 

unnaturally high with extreme salinities of 14‰. T. fluviatilis inhabiting the river were exposed to 

increased and fluctuating salinities (Neumann, 1960) and had a lower salinity potential than 

individuals collected in the North Sea-Baltic Sea canal. The reason may be that Werra animals are 

freshwater animals that circumstantially ended up in a brackish water habitat with salinities up to 

14‰, but genetically differ from true brackish water animals (Neumann, 1960).  

The hormetic effect was tested for by acclimating snails to increasing osmotic stress and then 

exposing them to their natural salinity for 5 days before inflicting a final osmotic shock (chapter 

2.3.1). The effect has been observed in humans, insects, nematodes and crustaceans (Yellon and 

Downey, 2003; Le Bourg et al., 2001; Cypser and Johnson, 2002; Todd and Dehnel, 1960), but could 

not be confirmed for Theodoxus fluviatilis as a whole. Only BW animals from one collection site (S5, 

Ludwigsburg) were able to benefit from preconditioning and thus withstand challenging salinities 

better than naive snails. Which mechanisms are responsible for the observed hormetic effect in 

these Theodoxus fluviatilis S5 snails is not yet known. But it has been shown that the physiological, 

biochemical or epigenetic process leading to the improved salinity tolerance is still present after 5 

days of non-challenging conditions. 

The colonisation history of northern Germany and the Baltic Sea can be questioned when considering 

that the results thus far indicate that snails from the FW site 'Carwitzer See' (S3) rather group with 

the BW individuals than with their believed closest relatives from the lake 'Schmaler Luzin' (S1 and 

S2) in terms of physiological capabilities. Possibly, S3 individuals are direct descendants of 

immigrants from the Black Sea that was a refuge of this species during the Pleistocene (Bunje, 2005). 

Individuals might have been transported to northern Germany by man or bird, as discussed later. 

As osmoconformers T. fluviatilis exposed to hypo- or hyperosmotic conditions depend on a rapidly 

functioning mechanism to regulate their intracellular osmolality and thus the volume of their body 

fluids. Like other aquatic gastropods, T. fluviatilis have water-permeable integuments which lead to a 

quick flux of water in either direction depending on the osmotic pressure of the environment in 

relation to the intra- and extracellular compartments of the snails. Since the regulation of 

integument permeability is very limited in aquatic molluscs, they depend on other mechanisms of 

osmoregulation to stabilise their body volume (Deaton, 2009; Gainey, 1987; Hosoi et al., 2003). In 

order to avoid detrimental shrinking (under hyperosmotic stress) or swelling (under hypoosmotic 

stress) of their cells, they accumulate (hyperosmotic stress) organic osmolytes in, or release 

(hypoosmotic stress) them from, their cells, hence adjusting the intracellular osmolality to the 
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external conditions (Pierce, 1982; Hawkins and Hilbish, 1992; Yancey, 2005). The observed 

differences in salinity tolerance enabling BW snails to withstand 28‰ while FW cannot even survive 

in 21‰ despite a shift in their reaction norms, indicates that genetic limitations of plasticity are 

present in the subgroups of T. fluviatilis suggesting local adaptation (Wiesenthal et al., 2018). The 

questions that arise are whether these limitations are caused by the ability to mobilise FAAs and 

which amino acids are important drivers of increasing the intracellular osmotic pressure. Despite the 

combination of mobilised individual FAA in euryhaline molluscs under hyperosmotic stress varying 

considerably, taurine, glycine, alanine, proline but also β-alanine and glutamine have been identified 

as the most relevant osmolytes for the majority of organisms (Deaton, 2009; Hosoi et al., 2003; 

Yancey, 2005; Burg and Ferraris, 2008, Kube et al., 2006). In Theodoxus fluviatilis alanine and proline 

(Figure 15 A, B), but also urea (Figure 17) seem to be the quantitatively most important organic 

osmolytes. Besides alanine and proline, taurine, β-alanine and glycine have been shown to be 

quantitatively important osmolytes in many organisms under hyperosmotic stress (Kube et al., 2006). 

In T. fluviatilis, however, Tau, β-Ala and Gly do not seem to be as relevant, since the contribution to 

the overall osmolality is fairly low (Figure 16). 

A potential source for the large quantity of alanine and proline under hyperosmotic conditions 

(Figure 13) could be the hydrolytic degradation of storage proteins (Bedford, 1971). Quantities of 

essential amino acids (Met, Ile, Leu, Lys, Thr, His, Phe and Val) were detected to increase by 5- to 

11-fold in FW and 2- to 9-fold in BW individuals (Figure 14 A), which supports the hypothesis of 

storage proteins as suppliers for compatible osmolytes. Despite fold changes across the essential 

amino acids being unequal, the magnitude of change is the same. The variance could be explained by 

unequal abundances of individual amino acids in proteins. Additionally, some amino acids might 

enter metabolic cycles shortly after being released, while others remain unchanged for a longer 

period of time. Besides essential, non-essential amino acids also greatly increased their quantity in 

the foot muscle of snails under hyperosmotic stress (Figure 14; supplementary Figure 28). They can 

also have originated from storage proteins, but may additionally have been newly synthesised. 

Especially alanine and proline were accumulated in such large quantities that hydrolysis of storage 

proteins alone could not explain the increase. Alanine and proline are generally only expected to 

account for about 5% of the amino acids in proteins; hence, the fold increases of alanine and proline 

should not surmount those of the other amino acids by such an extent but rather show similar 

increases, if they were in fact solely mobilised from storage proteins. However, the data does not 

allow a final conclusion whether alanine and proline were accumulated by accelerated synthesis or 

by decelerated metabolic conversion. 

In spite of a wide range of molluscs accumulating large amounts of alanine under hyperosmotic 

stress, the source is not entirely clear (Kube et al., 2006). Baginski and Pierce (1975) suggested that 
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alanine may accumulate as an end-product of anaerobic metabolism under hyperosmotic stress in 

molluscs instead of the degradation of storage proteins (Bedford, 1971). They reasoned that under 

the premise of storage protein hydrolysis all detected FAAs should show similar increases in quantity, 

yet their results showed that only certain amino acids peaked and did so in a specific timely order. 

With the glucose degradation pathway being redirected away from the Krebs cycle under hypoxic 

conditions, alanine is synthesised as one of the end-products, explaining an alanine peak (Baginski 

and Pierce, 1975). Other authors, however, support the hypothesis of protein turnover as a major 

source of FAAs (Kube et al., 2006; Deaton, 2009; Bishop et al., 1994; Hawkins and Hilbish, 1992). 

Hydrolysis of proteins with proline-rich repeats (e.g. collagen) are potential sources for proline, as it 

can contribute to about 50% of the amino acids within these domains (Williamson, 1994; Li and Wu, 

2018). When free proline is taken up into the cells, it functions as an intracellular organic osmolyte 

(Bröer and Bröer, 2017). Despite the assumption of proline-rich proteins containing approx. 17% 

proline residues, as is the case in collagen alpha-2(IX) chain-like protein of the freshwater snail 

Biomphalaria glabrata (UniProt A0A2C9KD15), and an even distribution of the other amino acids, the 

ratio of observed proline in the foot muscle of osmotically stressed snails to the quantities of the 

other amino acids is still too large. Assuming an even distribution of the 19 remaining amino acids 

across the rest of the 83% of the protein a ratio of about 4 should be expected. However, the actual 

measured quantities of the amino acids in relation to the proline amounts result in ratios between 3 

and 24 for FW snails (Gly: 10; Ile: 24; Leu: 8; Arg: 3; Thr: 9; Ser: 6; Val: 9;) and between 6 and 67 (Gly: 

6; Ile: 67; Leu: 18; Arg: 9; Thr: 15; Ser: 8; Val: 39) for BW snails. Despite taking into account that the 

assumption of an even distribution among the amino acids is unrealistic and that secondary affects 

like metabolic processes upon mobilisation from proteins apply, hydrolysis of proline rich storage 

proteins cannot be the only explanation for the origin of accumulated proline in the foot muscle of T. 

fluviatilis under hypertonic stress. 

In plant cells, proline quantities are also influenced by proline synthesis as part of the glutamate 

pathway in osmotically stressed cells (Szabados and Savouré, 2010). Glutamate is converted to Δ-1-

pyrroline-5-carboxylate (D1P5C), which in turn is the precursor for proline synthesis. The two key 

enzymes for this synthesis are Δ-1-pyrroline-5-carboxylate synthetase (P5CS; EC 2.7.2.11/1.2.1.41) 

and P5C reductase (P5CR; EC.1.5.1.2) (Hu et al., 1992). The reduction back to glutamate is mediated 

by the enzymes proline dehydrogenase (PDH; EC 1.5.5.2) and P5C dehydrogenase (P5CDH; 

EC 1.2.1.88) (Szabados and Savouré, 2010; Wang et al., 2015). Both genes encoding the enzymes 

involved in proline synthesis were not only present in oysters, but were also found to be 

transcriptionally upregulated when oysters were exposed to any kind of osmotic stress (hypo- as well 

as hyperosmotic) (Meng et al, 2013). Genes encoding enzymes mediating proline reduction to 

glutamate, on the other hand, were found to be down regulated in osmotically stressed animals. 
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Transcript sequences for all 4 key enzymes were detected in the transcriptome of Theodoxus 

fluviatilis in this study. The identification of P5Cs and P5CR indicate that stressed individuals may 

increase their internal proline levels by rapidly synthesising proline from glutamate. 

A second pathway for proline synthesis is the arginine pathway starting with arginine converting it to 

D1P5C via ornithine (Li and Wu, 2018). When arginine is converted to ornithine, urea is released as a 

side product. The large accumulation of urea in osmotically stressed (hyperosmotic) individuals—

especially in BW individuals—therefore supports this pathway as a means of proline synthesis in 

stressed animals (Figure 17). 

In addition to proline synthesis, the hydrolysis of proline-rich storage proteins is still a likely source 

for proline. The aforementioned collagen is not only rich in proline but also in OH-Pro (Li and Wu, 

2018). OH-Pro is a proline residue that is the result of a nonreversible posttranslational modification 

of proline catalyzed by prolyl 4-hydroxylase (Gorres and Raines, 2010). Therefore, protein 

degradation is the only source for the hydroxylated form of proline (OH-Pro) to appear freely and can 

be used as a measure for collagen breakdown (Li and Wu, 2018; Gorres and Raines, 2010; Holm and 

Kjaer, 2010). Thus, the substantial increase of OH-Pro in the foot muscle of hyperosmotically stressed 

FW snails (S1-S3) (Figure 15 C) strongly supports the mechanism of protein hydrolysis for osmolyte 

gain. Since collagen makes up for about 1/3 of the proteins in animals it would create a plentiful 

source for OH-Pro (Li and Wu, 2018; Gorres and Raines, 2010). 

The data suggests that both modes of FAA accumulation, hydrolysis of storage proteins and synthesis 

of new amino acids, take place in hyperosmotically stressed individuals of Theodoxus fluviatilis. 

Furthermore, the data indicates that FW and BW rely on different pathways. FW individuals generate 

the majority of their increment of FAAs by the breakdown of storage proteins like collagen (Figure 15 

B, C), while BW snails depend more on the synthesis of proline where, as a byproduct, urea is 

generated (Figure 15 B andFigure 17). This is also supported by the observation that glutamate 

amounts increase in stressed FW individuals, yet do not change in stressed BW ones (Figure 14 A; 

supplementary Figure 28). Most likely large quantities are being synthesised to proline via the 

glutamate pathway in BW snails. 

The observed different tolerance limits for salinity in FW and BW animals cannot be explained by the 

ability to mobilise FAAs. Under hyperosmotic stress, the total amount of accumulated FAAs reached 

the same levels in BW snails as they did in FW individuals. This means that BW snails do not possess a 

better ability to accumulate free amino acids (Figure 13). The hypothesis that the ability thereof 

serves as an explanation for the BW snails to better withstand high salinities has to be rejected. 

The amount of urea, however, was many times larger in BW snails under hyperosmotic conditions 

than in stressed FW individuals (Figure 17), which indicates that urea is a critical factor in terms of 

osmoregulation, the extension of the tolerance range towards high salinities and the distinction 
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between the subgroups of this species. Urea is a widely used osmolyte most commonly known from 

elasmobranchs, but also from amphibians and reptiles (Tam et al., 2003; Hazon et al., 2003; Tercafs 

and Schoffeniels, 1962; Gilles-Baillien, 1970; Gordon et al., 1961, Tercafs and Schoffeniels, 1962; 

Hammerschlag, 2006). Though urea accumulation has been reported in terrestrial snails in 

aestivation and desiccation, it has not been found in aquatic gastropods in such quantities (Horne 

and Barnes, 1970; Arad, 2001; Hiong et al., 2005). In BW T. fluviatilis, however, stressed individuals 

accumulated concentrations (mmol/l) similar to those of elasmobranchs (Tam et al., 2003). To verify 

an accelerated urea synthesis in the BW snails, transcript sequences of key enzymes of the 

ornithine-urea cycle not only need to be identified in T. fluviatilis, but also need to be studied for up 

or down regulation. Homologue sequences of arginase-1-like-isoform X2 and X3 have already been 

found to be expressed in T. fluviatilis. Additionally, the presence and fold change of urea transporters 

under control conditions compared to osmotic stress should also be researched in further detail, as 

the regulation of transporters can allow the retainment of urea and help make the integument less 

permeable for urea. 

Nonetheless, urea accumulation is not entirely unproblematic. It has detrimental effects on the 

structure and function of macromolecules and inhibits enzymes (Yancey and Somero, 1980; Yancey, 

2001). To counteract the perturbance of their proteins and other macromolecules many animals 

accumulate trimethylamine N-oxide (TMAO) along with urea (Yancey, 2001; Yancey, 2005; Tam et al., 

2003; Hammerschlag, 2006). In species like the white-edge freshwater whipray (Himantura signifer), 

however, no TMAO was detected, but β-alanine and glycine levels were elevated (Tam et al., 2003). 

In T. fluviatilis β-alanine levels were also greatly increased in BW individuals compared to FW snails 

that were exposed to 28‰ (Figure 16 B). This might be an indication for a counteracting function of 

β-Ala towards urea in this BW subgroup (Somero, 1986; Tam et al., 2003). 

The protein expression patterns from control and osmotically stressed snails could largely support 

hydrolysis of storage proteins as the origin of most accumulated FAA in the foot muscle of T. 

fluviatilis. Even though there was no protein that raised attention across all collection sites and 

treatments by a changed spot volume, little less by a clear pattern of change, it was apparent that 

most protein spots decreased in their spot volume under hyper- as well as hypoosmotic stress (Figure 

20,Figure 22Figure 24). Hence, the decrease of protein expression under stressful conditions might 

indicate the degradation of these proteins. For the majority of spots, the volume decreased by a 

factor between 1 and 2, but for a couple of protein spots the decreases of 3 or even up to 9-fold 

indicate that these individual proteins might be main targets for hydrolysis as a source of FAAs in 

osmotically stressful environments. The promising hydrolysis of collagen as a source for FAA cannot 

be supported by the protein analysis via 2D gel electrophoresis as the α and β chains are too large 

and the pI is beyond the scope that was analysed, hence any potential spots were excluded from the 
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analysis (Figure 18). The same is true for the smaller collagen hydrolysates that were excluded due to 

their low pI, so that the spots would not have been clearly identifiable (Zhang et al., 2006). 

The enzymes Δ-1-pyrroline-5-carboxylate synthetase (P5CS) and P5C reductase (P5CR) expected to 

be increasingly expressed in hyperosmotically challenged BW snails for proline synthetase from 

glutamate, were also too large (P5CS: 450 kDa; P5CR: 310 kDa) for the 2D gel electrophoresis to 

verify an increase (Pérez-Arellano et al., 2010; Murahama et al, 2001). This, however, does not rule 

out that collagen decreases—especially in stressed FW individuals—and P5CS as well as P5CR 

increases— especially in stressed BW individuals—take place after all. As a first step towards gaining 

clarity on an in- or decreased expression of these enzymes, transcriptome sequences encoding 

collagen, P5CS and P5CR need to be identified in the Theodoxus-transcript database. Subsequently, 

the respective transcripts need to be tested for up- and downregulation under changing 

environmental conditions. 

Some spots in the BW snails (e.g. V5-246, V5-06, V5-199 and V5-175) are found to decrease in spot 

volume when snails where transferred to 20‰ as well as to 3.7‰. These are not necessarily proteins 

actively involved in osmoregulation but rather represent protein changes as a response to salinity 

stress, irrespective of the direction of the stress (hypo- or hyperosmotic) (Meng et al., 2013). 

Not only protein hydrolysis or the synthesis of proline might play a role in osmoregulation in 

osmotically stressed T. fluviatilis individuals, but also the activation or inhibition of aquaporins (AQP) 

and urea transporters (UT) that can accelerate or limit the movement of water and urea across 

membranes and therefore also in and out of cells (Meng et al., 2013; Trinh-Trang-Tan et al, 2005). 

These proteins, however, were not extracted by the applied sample preparation, because the 

method is not suitable to extract transmembrane proteins. Whether aquaporins or urea transporters 

are expressed and whether they show quantity changes in stressful environments cannot be 

determined by the current data. Hence, a conclusion whether any increased or decreased expression 

of these proteins is a plastic response or genetic differentiation between FW and BW animals cannot 

be made. 

The spot volumes detected in control snails from each collection site showed opposite behaviours of 

fold changes between BW and FW snails in several spots (V5-377; V5-190; V5-386; V5-93; V5-369; 

V5-311; V5-357; V5-255; V5-323) (Figure 20). While the expression of these proteins was upregulated 

in FW snails, it was downregulated in BW ones. Whether these differences are the result of 

phenotypic plasticity or local adaptation cannot be concluded from the data because these 

comparisons where made under control conditions where BW individuals already showed elevated 

AA and urea concentrations (Figure 17). Hence, proteins involved in the regulation of urea 

transporters, water transport, regulation of ion channels, hydrolysis of storage proteins or any other 

aspect involved in body volume regulation in higher salinities (7.5-9‰) could be the reason for these 
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differences. For 2/3 of the proteins, where protein patterns of BW individuals showed the opposite 

behaviour of FW protein patterns, S3 individuals grouped with BW ones rather than with the other 

FW snails (Figure 21). For the remaining 1/3, S3 spot patterns grouped with the FW ones. This 

suggests that the grouping of FW and BW T. fluviatilis might not be as simple as previously thought. 

The proteins that show similar expressions in S3 snails as well as in BW snails might be enzymes that 

explain the increased tolerance towards high salinities and the key to survive in challenging salinities. 

The protein patterns of stressed S3 and stressed BW individuals, however, did not suggest any closer 

relationship to BW individuals than to FW ones. 

The spot patterns observed in snails from the different collection sites and in snails exposed to either 

hypo- or hyperosmotic stress were not conclusive. It was not possible to pinpoint individual spots 

that showed the same pattern across all collection sites, but instead, the heterogeneity of proteins 

affected by environmental salinity stress and the heterogeneity across the collection sites was 

revealed. The data also showed that snails under osmotic stress exhibit a general tendency of protein 

reduction irrespective if the type of osmotic stress (hypo- or hyperosmotic) and partially supported 

the hypothesis of storage protein hydrolysis as a source of FAAs. Increased expression of other 

proteins that would support the hypotheses of osmoregulation via organic osmolytes, namely P5CS, 

P5CR and urea transporters, need to be investigated with the help of the sequenced transcriptome of 

T. fluviatilis. 

The information that the created Theodoxus-transcript database (chapter 2.6.5) contains can be used 

to search for relevant sequences containing SNPs which allow phylogeographic analyses of the 

relationships of T. fluviatilis populations. These sequences might also lead to a better resolution of 

the results than the molecular markers that have been used for analyses to date. 

The sequence most likely coding for an ANP-receptor was found to hold several SNPs distinguishing 

between two genotypes. Because the SNPs were silent mutations and therefore did not change the 

amino acid sequence of the encoded protein, they did not contribute to an improved salinity 

tolerance. The grouping based on the expressed genotype of this transcript, however, was a cue to 

question the relations among the sampled populations. While S3 individuals expressed the same 

genotype as the BW individuals, the FW individuals—with the exception of a single sample—

expressed the other genotype. The single sample expressing a different genotype than the rest of the 

FW samples indicates a higher variability within the FW subgroup. 

It would be interesting to see if there is a shift in the expression from one genotype to the other in 

stressed FW individuals and whether these transcripts are regulated by environmental conditions or 

rather in a subgroup-specific manner. However, to receive reliable results for the relations of the 

populations and subgroups many more markers beside the SNPs of the ANP-receptor are necessary. 
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An investigation of the phylogeography of T. fluviatilis using the here generated transcript database 

is recommendable to help reconstruct the colonisation of northern Germany and the Baltic Sea.  

Man- or animal-mediated transport of snails from one site to another within the FW subgroups or 

even between the BW and FW groups may explain the distribution. The data suggested that snails 

were able to survive 1 h in pH values of 2, 3 and 4 potentially enabling them to survive the passing of 

the digestive tract of water fowl where the pH values of different parts lie between 0.2-1.2, 2.1-2.9 

and 3.4-4.0 (Fujimoto et al, 2016; Santamaría et al, 2002; Webster et al, 1978; Duke et al., 1975). 

On average the retention time has been observed to be about 0.5 to 1 h based on a diet consisting of 

invertebrates and nonfibrous aquatic plants (Malone, 1965a; Malone, 1965b; Svihus, 2014 (broiler 

chicken)). The longest detected retention time with this diet was around 2 h. A fibre rich diet, on the 

other hand, can take up to 4 h to pass, yet it is unlikely that T. fluviatilis would be taken up along with 

corn (Malone, 1965a; Malone, 1965b). 

The feeding experiment, however, showed that none of the snails survived the digestive tract of 

14 day old ducklings. Since not even shell remains were found, it seems highly likely that the shells 

could not withstand the mechanical destruction forced upon them by the gizzard. Perhaps the snails 

are able to survive in gizzards of adult ducks as adults have larger gizzards and perhaps the small 

shells find themselves in cavities they can survive in. A meta-analysis by van Leeuwen et al. (2012) 

found that most propagules were present in droppings from water fowl with higher body masses and 

smaller gizzards. The amount of undigested macroinvertebrates and propagules may depend on the 

season, the activity and the rest of the diet and could allow dispersion of snails under favourable 

conditions (van Leeuwen, 2012). Whether the hypothesis of T. fluviatilis surviving the digestive tract 

of water fowl and then being introduced into a new environment that the bird has reached by the 

time until the snail is passed was neither supported nor completely rejected by these findings. There 

is, however, the need for further experiments with a wider range of pH values, a longer incubation 

time and a larger sample size. Feeding experiments should also be conducted on adult fowl to see if 

snails can survive the digestive tract and use it as a means of transportation, despite the gizzard 

being more muscular than in ducklings. 

A potential alternative mode of dispersal is the transport of snails or egg capsules on the legs or in 

the plumage of birds. This mode of transport would allow a distribution across further distances, 

because the time that snails can survive desiccation while attached to the birds' plumage exceeds the 

average retention time. 

The data collected in the transfer experiments for salinity tolerance and survival investigation 

(chapter 3.2, Figure 10) supports a bird or man mediated dispersal. It indicates that a number of FW 

snails can tolerate a salinity of 16‰ after an acute shock and would be able to survive for at least 

72 h in the brackish water if transported there. If introduced into brackish waters with lower 
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salinities, e.g. areas north or east in the Baltic Sea (2-6‰), T. fluviatilis FW snails should not have 

troubles surviving and even thriving in the newly inhabited environment. Under laboratory 

conditions BW individuals were observed to lay egg capsules and juveniles hatching in salinities as 

high as 16‰ (Pauker, unpublished bachelor thesis, 2018). Once established in the low salinity area of 

the Baltic sea, individuals might have dispersed or have been transported to more areas in the Baltic 

Sea or possibly back into freshwaters. Adult snails or egg capsules could also be dispersed when 

attached to drifting Fucus spp. or other plants (Skoog, 1978). Adult snails have been shown to survive 

the potential change in salinity that would most likely be a slow increase rather than an acute shock 

in the case of drifting plants. For egg capsules it has been shown that they can develop and hatch in 

salinities up to at least 16‰, hence it is reasonable to believe they would tolerate salinity changes 

during the development. 

The shell sizes (Figure 9), salinity tolerances (Figure 10 andFigure 11), protein expression patterns 

(Figure 19) as well as the genotype of expressed transcripts encoding the Theodoxus-homologue of 

the ANP-receptor indicate that S3 individuals are more similar to the BW snails from S5 and S6 than 

to the other FW snails from S1 and S2. A possible explanation for this is bird- or man mediated 

dispersal (adult snails or egg capsules in the digestive tract or plumage of birds or attached to fishery 

or private boats) of snails from FW to BW and potentially back to FW habitats. Phylogeographic 

analyses carried out with SNPs more suitable for high resolution results than the mitochondrial COI 

marker when comparing closely related populations, could bring clarification. 

Interestingly, the patterns of accumulated amino acids and amino acid derivatives as organic 

osmolytes in FW S3 animals showed a closer resemblance to those of the FW snails (S1 and S2) than 

to those of the BW ones (S5 and S6). This behaviour could perhaps be an indication of a certain local 

adaptation to FW habitats in these snails. 

It has been shown that salinity presents a critical factor for long-term survival in T. fluviatilis and that 

the species as a whole can cope with changing environmental salinities by phenotypic plasticity 

within limits. These plastic responses allow the snails to expand and maximise their tolerance range. 

The species also demonstrated genetic adaptation enabling BW individuals to cope with higher 

salinities than most sampled FW snails. Most likely this is caused by different underlying mechanisms 

to cope with osmotic stress. 
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5. ABSTRACT 

Unstable environments and habitats changing due to climate change force individuals to either 

respond by genetic adaptation, phenotypic plasticity or by dispersal to suitable environments. 

Theodoxus fluviatilis (Linneaus, 1758) is a good study organisms when researching phenotypic 

plasticity and genetic adaptation as it naturally appears in freshwater (FW) as well as brackish water 

(BW) and thus inhabits a wide range of environmental salinities (0-18‰). It is a euryhaline snail that 

can be found in shallow waters with stony ground or on Fucus spp. and has formed regional 

subgroups. The brackish water and the freshwater subgroups are spatially separated and the species 

cannot be found in areas inbetween, e.g. estuaries.  

The species shows great variability in shell patterning and shell size and there is still debate whether 

the subgroups are distinguishable by these traits or not. The mitochdrial RNA marker cytochrome c 

subunit I did not show differences between the subgroups indicating that they must be closely 

related, but salinity tolerance has been observed to be higher in BW snails. This might be caused by 

the different protein expression patterns and osmolyte accumulation (measured as ninhydrin-

positive substances) observed in this species in previous studies. The exact mechanisms regulating 

protein expression and osmolyte accumulation, however, are not fully understood yet. 

Data collected for this thesis shows differences in shell size and suggests a less strict grouping of FW 

and BW individuals as shell sizes of one FW site are more similar to BW individuals than the other FW 

ones. A better salinity tolerance towards high salinities and a higher physiological salinity limit of BW 

snails was confirmed and extended by demonstrating an expanded tolerance range through slow 

acclimation to challenging salinities in snails from both subgroups. This was achieved by a shift in the 

slope of their reaction norms that was much more pronounced in BW snails than FW ones. S3 

individuals showed a shift similar to that of BW individuals. The data for the salinity tolerance 

indicates that the underlying mechanism for these tolerances are a combination of phenotypic 

plasticity and genetic adaptation. Despite an acclimation and shift in the slope of the reaction norms 

and therefore an increased tolerance towards high salinities (plasticity) FW individuals from two 

collection sites were not able to cope with salinities as high as BW individuals (local adaptation). The 

general ability to mobilise free amino acids (FAA) as organic osmolytes was not the reason for this 

tolerance difference. Individuals from BW and FW sites were capable of accumulating quantities of 

FAAs equally well. Proline, alanine and urea were the most important components of the 

accumulated cocktail of organic osmolytes. Even though the total amount of FAAs accumulated 

under hyperosmotic conditions was the same in both subgroups, there were differences in the 

metabolic pathways involved in osmolyte accumulation in the foot muscle. The data indicates that 

the hydrolysis of storage proteins and the synthesis of proline and alanine are the main processes to 
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avoid detrimental body volume shrinkage in T. fluviatilis. While FW individuals seemed to rely on the 

degradation of proteins and synthesis of alanine, BW individuals depended on newly synthesising 

proline and alanine and accumulating urea as a side product of transamination. The accumulation of 

urea is a new finding in aquatic living snails and has not been reported as a mechanism to avoid cell 

volume shrinkage in these animals. 

Differing protein expression patterns were observed under control conditions across all collection 

sites. 9 spots showed volume changes in BW snails opposite to those of FW snails from collection 

sites S1 and S2. For 6 of those spots, S3 individuals showed patterns similar to those of BW 

individuals and for the remaining 3 they showed patterns similar to those of FW animals. The 

patterns observed when exposing snails to hypo- or hyperosmotic stress were not conclusive in 

relation to pinpointing individual spots that show the same pattern in all collection sites, but 

revealed the heterogeneity of protein expression in snails from the different collection sites and in 

the process of osmoregulation. It also showed the general tendency of protein reduction when snails 

where under osmotic stress of either kind (hypo- or hyperosmotic), which supports the hypothesis of 

storage protein degradation. 

The investigation of an ANP-receptor showed two variations of the encoding sequence expressed in 

T. fluviatilis. S3 individuals as well as BW individuals were found to express one type, while FW 

individuals, with the exception of one sample expressed the other type. This showed that the FW 

subgroup of T. fluviatilis seems to be more heterogeneous than the BW subgroup, but also raises the 

question of the dispersal history of this species. The collected data indicates that T. fluviatilis 

individuals are firstly capable of surviving the acidity of a duck's gizzard and secondly can tolerate 

acute salinity changes to 16‰ when introduced into a new environment. Hence, if snails from the 

FW were to be transported to waters with a salinity of up to 16‰ by man, bird, drifting plants or 

some other means of transport, they would most likely survive and possibly be able to thrive and 

spread. 
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Figure 26: Sampling sites of the FW Theodoxus fluviatilis in northern Germany (modified from Wiesenthal et al., 2018 supplementary material).  
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Figure 27: Sampling sites of the BW Theodoxus fluviatilis in northern Germany (modified from Wiesenthal et al., 2018 supplementary material). 
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Figure 28: Mean amount of detected organic osmolytes (mmol/kg fresh weight) in the foot muscle of snails from 5 different (FW: S1-S3; BW: S5-S6) collection sites. A: Mean amounts of 

detected NPS under control conditions (FW: 0.5 ‰; BW: 7.8 ‰ (S5) and 8 ‰ (S6)). B: Mean amount of NPS under hyperosmotic stress  conditions (FW: 21 ‰; BW: 28 ‰). 
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cDNA sequences of fragments encoding the Theodoxus-homologue of the ANP-receptor from control snails from freshwater (FW) and brackish water (BW) 
collection sites obtained by molecular cloning. The fragments at the top and bottom of each block are the sequences found in the Theodoxus-transcript 
database. Primer sequences (forward and reverse) are underlined. The red and yellow highlights mark the SNPs (single nucleotide polymorphisms) 
distinguishing the two expressed genotypes (fragment 38147 and 38148). Other single nucleotide changes are marked in grey. 
 

                  1        10        20        30        40        50        60    70      80  90  100 

                  |        |         |         |         |         |         |   |       |  |   | 

 38147_fragment   ----------GACGCTAGAGGATTTCGACTGTCCCTGTGACGAGCTGGCTCAGGTCATACGACGCTGCTGGGCCGACGACCCTGTCGAGCGACCTGACTT 

   Probe490_S1C   AAGCTTGATTGACGCTAGAGGATTTCGACTGTCCCTGTGACGAGCTGGCTCAGGTCATACGACGCTGCTGGGCCGACGACCCTGTCGAGCGACCTGACTT 

   Probe491_S1C   GAATTCGATTGACGCTAGAGGATTTCGACTGTCCCTGTGACGAGCTGGCTCAGGTCATACGACGCTGCTGGGCCGACGACCCTGTCGAGCGACCTGACTT 

   Probe492_S1C   GAATTCGATTGACGCTAGAGGATTTCGACTGTCCTTGTGACGAGCTGGCTCAGGTCATACGACGCTGCTGGGCCGACGACCCTGTCGAGCGACCTGACTT 

   Probe493_S1C   GAATTCGATTGACGCTAGAGGATTTCGACTGTCCCTGTGACGAGCTGGCTCAGGTCATACGACGCTGCTGGGCCGACGACCCTGTCGAGCGACCTGACTT 

   Probe494_S1C   AAGCTTGATTGACGCTAGAGGATTTCGACTGTCCCTGTGACGAGCTGGCTCAGGTCATACGACGCTGCTGGGCCGACGACCCTGTCGAGCGACCTGACTT 

   Probe495_S1C   AAGCTTGATTGACGCTAGAGGATTTCGACTGTCCCTGTGACGAGCTGGCTCAGGTCATACGACGCTGCTGGGCCGACGACCCTGTCGAGCGACCTGACTT 

   Probe496_S1C   AAGCTTGATTGACGCTAGAGGATTTCGACTGTCCCTGTGACGAGCTGGCTCAGGTCATACGACGCTGCTGGGCCGACGACCCTGTCGAGCGACCTGACTT 

   Probe501_S2C   AAGCTTGATTGACGCTAGAGGATTTCGACTGTCCCTGTGACGAGCTGGCTCAGGTCATACGACGCTGCTGGGCCGACGACCCTGTCGAGCGACCTGACTT 

   Probe502_S2C   AAGCTTGATTGACGCTAGAGGATTTCGACTGTCCCTGTGACGAGCTGGCTCAGGTCATACGACGCTGCTGGGCCGACGACCCTGTCGAGCGACCTGACTT 

   Probe503_S2C   GAATTCGATTGACGCTAGAGGATTTCGACTGTCCCTGTGACGAGCTGGCTCAGGTCATACGACGCTGCTGGGCCGACGACCCTGTCGAGCGACCTGACTT 

   Probe504_S2C   AAGCTTGATTGACGCTAGAGGATTTCGACTGTCCCTGTGACGAGCTGGCTCAGGTCATACGACGCTGCTGGGCCGACGACCCTGTCGAGCGACCTGACTT 

   Probe497_S3C   AAGCTTGATTGACGCTAGAGGATTTCGACTGTCCTTGTGACGAGCTGGCTCAGGTCATACGACGCTGCTGGGCCGACGACCCTGTCGAGCGACCTGACTT 

   Probe498_S3C   AAGCTTGATTGACGCTAGAGGATTTCGACTGTCCTTGTGACGAGCTGGCTCAGGTCATACGACGCTGCTGGGCCGACGACCCTGTCGAGCGACCTGACTT 

   Probe499_S3C   GAATTCGATTGACGCTAGAGGATTTCGACTGTCCTTGTGACGAGCTGGCTCAGGTCATACGACGCTGCTGGGCCGACGACCCTGTCGAGCGACCTGACTT 

   Probe500_S3C   AAGCTTGATTGACGCTAGAGGATTTCGACTGTCCTTGTGACGAGCTGGCTCAGGTCATACGACGCTGCTGGGCCGACGACCCTGTCGAGCGACCTGACTT 

   Probe449_S5C   GAATTCGATTGACGCTAGAGGATTTCGACTGTCCTTGTGACGAGCTGGCTCAGGTCATACGACGCTGCTGGGCCGACGACCCTGTCGAGCGACCTGACTT 

   Probe448_S5C   GAATTCGATTGACGCTAGAGGATTTCGACTGTCCTTGTGACGAGCTGGCTCAGGTCATACGACGCTGCTGGGCCGACGACCCTGTCGAGCGACCTGACTT 

   Probe447_S5C   GAATTCGATTGACGCTAGAGGATTTCGACTGTCCTTGTGACGAGCTGGCTCAGGTCATACGACGCTGCTGGGCCGACGACCCTGTCGAGCGACCTGACTT 

   Probe446_S5C   GAATTCGATTGACGCTAGAGGATTTCGACTGTCCTTGTGACGAGCTGGCTCAGGTCATACGACGCTGCTGGGCCGACGACCCTGTCGAGCGACCTGACTT 

   Probe479_S6C   GAATTCGATTGACGCTAGAGGATTTCGACTGTCCTTGTGACGAGCTGGCTCAGGTCATACGACGCTGCTGGGCCGACGACCCTGTCGAGCGACCTGACTT 

   Probe480_S6C   AAGCTTGATTGACGCTAGAGGATTTCGACTGTCCTTGTGACGAGCTGGCTCAGGTCATACGACGCTGCTGGGCCGACGACCCTGTCGAGCGACCTGACTT 

   Probe476_S6C   AAGCTTGATTGACGCTAGAGGATTTCGACTGTCCTTGTGACGAGCTGGCTCAGGTCATACGACGCTGCTGGGCCGACGACCCTGTCGAGCGACCTGACTT 

   Probe477_S6C   AAGCTTGATTGACGCTAGAGGATTTCGACTGTCCTTGTGACGAGCTGGCTCAGGTCATACGACGCTGCTGGGCCGACGACCCTGTCGAGCGACCTGACTT 

   Probe478_S6C   AAGCTTGATTGACGCTAGAGGATTTCGACTGTCCTTGTGACGAGCTGGCTCAGGTCATACGACGCTGCTGGGCCGACGACCCTGTCGAGCGACCTGACTT 

 38148_fragment   ----------GACGCTAGAGGATTTCGACTGTCCTTGTGACGAGCTGGCTCAGGTCATACGACGCTGCTGGGCCGACGACCCTGTCGAGCGACCTGACTT 
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                  101      110       120       130       140       150       160    170      180 190  200 

                  |        |         |         |         |         |         |   |       |  |   | 

 38147_fragment   CCAGGCACTCAAGTCCATCATTCGAAAACTCAACAAGGATGGAGACAAGGGCAACATCCTGGACAACTTGCTGTCCAGAATGGAGCAGTACGCCAACAAC 

   Probe490_S1C   CCAGGCACTCAAGTCCATCATTCGAAAACTCAACAAGGATGGAGACAAGGGCAACATCCTGGACAACTTGCTGTCCAGAATGGAGCAGTACGCCAACAAC 

   Probe491_S1C   CCAGGCACTCAAGTCCATCATTCGAAAACTCAACAAGGATGGAGACAAGGGCAACATCCTGGACAACTTGCTGTCCAGAATGGAGCAGTACGCCAACAAC 

   Probe492_S1C   CCAGGCACTCAAGTCCATCATTCGAAAACTCAACAAGGATGGAGACAAGGGCAACATCCTGGACAACTTGCTGTCCAGAATGGAGCAGTACGCCAACAAC 

   Probe493_S1C   CCAGGCACTCAAGTCCATCATTCGAAAACTCAACAAGGATGGAGACAAGGGCAACATCCTGGACAACTTGCTGTCCAGAATGGAGCAGTACGCCAACAAC 

   Probe494_S1C   CCAGGCACTCAAGTCCATCATTCGAAAACTCAACAAGGATGGAGACAAGGGCAACATCCTGGACAACTTGCTGTCCAGAATGGAGCAGTACGCCAACAAC 

   Probe495_S1C   CCAGGCACTCAAGTCCATCATTCGAAAACTCAACAAGGATGGAGACAAGGGCAACATCCTGGACAACTTGCTGTCCAGAATGGAGCAGTACGCCAACAAC 

   Probe496_S1C   CCAGGCACTCAAGTCCATCATTCGAAAACTCAACAAGGATGGAGACAAGGGCAACATCCTGGACAACTTGCTGTCCAGAATGGAGCAGTACGCCAACAAC 

   Probe501_S2C   CCAGGCACTCAAGTCCATCATTCGAAAACTCAACAAGGATGGAGACAAGGGCAACATCCTGGACAACTTGCTGTCCAGAATGGAGCAGTACGCCAACAAC 

   Probe502_S2C   CCAGGCACTCAAGTCCATCATTCGAAAACTCAACAAGGATGGAGACAAGGGCAACATCCTGGACAACTTGCTGTCCAGAATGGAGCAGTACGCCAACAAC 

   Probe503_S2C   CCAGGCACTCAAGTCCATCATTCGAAAACTCAACAAGGATGGAGACAAGGGCAACATCCTGGACAACTTGCTGTCCAGAATGGAGCAGTACGCCAACAAC 

   Probe504_S2C   CCAGGCACTCAAGTCCATCATTCGAAAACTCAACAAGGATGGAGACAAGGGCAACATCCTGGACAACTTGCTGTCCAGAATGGAGCAGTACGCCAACAAC 

   Probe497_S3C   CCAGGCACTCAAGTCCATCATTCGAAAACTCAACAAGGATGGAGACAAGGGCAACATCCTGGACAACTTGCTGTCCAGAATGGAGCAGTACGCCAACAAC 

   Probe498_S3C   CCAGGCACTCAAGTCCATCATTCGAAAACTCAACAAGGATGGAGACAAGGGCAACATCCTGGACAACTTGCTGTCCAGAATGGAGCAGTACGCCAACAAC 

   Probe499_S3C   CCAGGCACTCAAGTCCATCATTCGAAAACTCAACAAGGATGGAGACAAGGGCAACATCCTGGACAACTTGCTGTCCAGAATGGAGCAGTACGCCAACAAC 

   Probe500_S3C   CCAGGCACTCAAGTCCATCATTCGAAAACTCAACAAGGATGGAGACAAGGGCAACATCCTGGACAACTTGCTGTCCAGAATGGAGCAGTACGCCAACAAC 

   Probe449_S5C   CCAGGCACTCAAGTCCATCATTCGAAAACTCAACAAGGATGGAGACAAGGGCAACATCCTGGACAACTTGCTGTCCAGAATGGAGCAGTACGCCAACAAC 

   Probe448_S5C   CCAGGCACTCAAGTCCATCATTCGAAAACTCAACAAGGATGGAGACAAGGGCAACATCCTGGACAACTTGCTGTCCAGAATGGAGCAGTACGCCAACAAC 

   Probe447_S5C   CCAGGCACTCAAGTCCATCATTCGAAAACTCAACAAGGATGGAGACAAGGGCAACATCCTGGACAACTTGCTGTCCAGAATGGAGCAGTACGCCAACAAC 

   Probe446_S5C   CCAGGCACTCAAGTCCATCATTCGAAAACTCAACAAGGATGGAGACAAGGGCAACATCCTGGACAACTTGCTGTCCAGAATGGAGCAGTACGCCAACAAC 

   Probe479_S6C   CCAGGCACTCAAGTCCATCATTCGAAAACTCAACAAGGATGGAGACAAGGGCAACATCCTGGACAACTTGCTGTCCAGAATGGAGCAGTACGCCAACAAC 

   Probe480_S6C   CCAGGCACTCAAGTCCATCATTCGAAAACTCAACAAGGATGGAGACAAGGGCAACATCCTGGACAACTTGCTGTCCAGAATGGAGCAGTACGCCAACAAC 

   Probe476_S6C   CCAGGCACTCAAGTCCATCATTCGAAAACTCAACAAGGATGGAGACAAGGGCAACATCCTGGACAACTTGCTGTCCAGAATGGAGCAGTACGCCAACAAC 

   Probe477_S6C   CCAGGCACTCAAGTCCATCATTCGAAAACTCAACAAGGATGGAGACAAGGGCAACATCCTGGACAACTTGCTGTCCAGAATGGAGCAGTACGCCAACAAC 

   Probe478_S6C   CCAGGCACTCAAGTCCATCATTCGAAAACTCAACAAGGATGGAGACAAGGGCAACATCCTGGACAACTTGCTGTCCAGAATGGAGCAGTACGCCAACAAC 

 38148_fragment   CCAGGCACTCAAGTCCATCATTCGAAAACTCAACAAGGATGGAGACAAGGGCAACATCCTGGACAACTTGCTGTCCAGAATGGAGCAGTACGCCAACAAC 
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                  201      210       220       230       240       250       260    270      280 290  300 

                  |        |         |         |         |         |         |   |       |  |   | 

 38147_fragment   TTGGAGGCACTGGTGGCGGAGCGCACTGCAGACTACTTGGAGGAGAAGAAGCGTGCGGAGGACCTTCTCTACTCCATGCTGCCCAAGTCCATCGCTGTAC 

   Probe490_S1C   TTGGAGGCACTGGTGGCGGAGCGCACTGCAGACTACTTGGAGGAGAAGAAGCGTGCGGAGGACCTTCTCTACTCCATGCTGCCCAAGTCCATCGCTGTAC 

   Probe491_S1C   TTGGAGGCACTGGTGGCGGAGCGCACTGCAGACTACTTGGAGGAGAAGAAGCGTGCGGAGGACCTTCTCTACTCCATGCTGCCCAAGTCCATCGCTGTAC 

   Probe492_S1C   TTGGAGGCACTGGTGGCGGAGCGCACTGCAGACTACTTGGAGGAGAAGAAGCGTGCCGAGGACCTTCTCTACTCCATGCTGCCCAAGTCCATCGCTGTAC 

   Probe493_S1C   TTGGAGGCACTGGTGGCGGAGCGCACTGCAGACTACTTGGAGGAGAAGAAGCGTGCGGAGGACCTTCTGTACTCCATGCTGCCCAAGTCCATCGCTGTAC 

   Probe494_S1C   TTGGAGGCACTGGTGGCGGAGCGCACTGCAGACTACTTGGAGGAGAAGAAGCGTGCGGAGGACCTTCTGTACTCCATGCTGCCCAAGTCCATCGCTGTAC 

   Probe495_S1C   TTGGAGGCACTGGTGGCGGAGCGCACTGCAGACTACTTGGAGGAGAAGAAGCGTGCGGAGGACCTTCTCTACTCCATGCTGCCCAAGTCCATCGCTGTAC 

   Probe496_S1C   TTGGAGGCACTGGTGGCGGAGCGCACTGCAGACTACTTGGAGGAGAAGAAGCGTGCGGAGGACCTTCTGTACTCCATGCTGCCCAAGTCCATCGCTGTAC 

   Probe501_S2C   TTGGAGGCACTGGTGGCGGAGCGCACTGCAGACTACTTGGAGGAGAAGAAGCGTGCGGAGGACCTTCTCTACTCCATGCTGCCCAAGTCCATCGCTGTAC 

   Probe502_S2C   TTGGAGGCACTGGTGGCGGAGCGCACTGCAGACTACTTGGAGGAGAAGAAGCGTGCGGAGGACCTTCTCTACTCCATGCTGCCCAAGTCCATCGCTGTAC 

   Probe503_S2C   TTGGAGGCACTGGTGGCGGAGCGCACTGCAGACTACTTGGAGGAGAAGAAGCGTGCGGAGGACCTTCTCTACTCCATGCTGCCCAAGTCCATCGCTGTAC 

   Probe504_S2C   TTGGAGGCACTGGTGGCGGAGCGCACTGCAGACTACTTGGAGGAGAAGAAGCGTGCGGAGGACCTTCTCTACTCCATGCTGCCCAAGTCCATCGCTGTAC 

   Probe497_S3C   TTGGAGGCACTGGTGGCGGAGCGCACTGCAGACTACTTGGAGGAGAAGAAGCGTGCCGAGGACCTTCTCTACTCCATGCTGCCCAAGTCCATCGCTGTAC 

   Probe498_S3C   TTGGAGGCACTGGTGGCGGAGCGCACTGCAGACTACTTGGAGGAGAAGAAGCGTGCCGAGGACCTTCTCTACTCCATGCTGCCCAAGTCCATCGCTGTAC 

   Probe499_S3C   TTGGAGGCACTGGTGGCGGAGCGCACTGCAGACTACTTGGAGGAGAAGAAGCGTGCCGAGGACCTTCTCTACTCCATGCTGCCCAAGTCCATCGCTGTAC 

   Probe500_S3C   TTGGAGGCACTGGTGGCGGAGCGCACTGCAGACTACTTGGAGGAGAAGAAGCGTGCCGAGGACCTTCTCTACTCCATGCTGCCCAAGTCCATCGCTGTAC 

   Probe449_S5C   TTGGAGGCACTGGTGGCGGAGCGCACTGCAGACTACTTGGAGGAGAAGAAGCGTGCCGAGGACCTTCTCTACTCCATGCTGCCCAAGTCCATCGCTGTAC 

   Probe448_S5C   TTGGAGGCACTGGTGGCGGAGCGCACTGCAGACTACTTGGAGGAGAAGAAGCGTGCCGAGGACCTTCTCTACTCCATGCTGCCCAAGTCCATCGCTGTAC 

   Probe447_S5C   TTGGAGGCACTGGTGGCGGAGCGCACTGCAGACTACTTGGAGGAGAAGAAGCGTGCCGAGGACCTTCTCTACTCCATGCTGCCCAAGTCCATCGCTGTAC 

   Probe446_S5C   TTGGAGGCACTGGTGGCGGAGCGCACTGCAGACTACTTGGAGGAGAAGAAGCGTGCCGAGGACCTTCTCTACTCCATGCTGCCCAAGTCCATCGCTGTAC 

   Probe479_S6C   TTGGAGGCACTGGTGGCGGAGCGCACTGCAGACTACTTGGAGGAGAAGAAGCGTGCCGAGGACCTTCTCTACTCCATGCTGCCCAAGTCCATCGCTGTAC 

   Probe480_S6C   TTGGAGGCACTGGTGGCGGAGCGCACTGCAGACTACTTGGAGGAGAAGAAGCGTGCCGAGGACCTTCTCTACTCCATGCTGCCCAAGTCCATCGCTGTAC 

   Probe476_S6C   TTGGAGGCACTGGTGGCGGAGCGCACTGCAGACTACTTGGAGGAGAAGAAGCGTGCCGAGGACCTTCTCTACTCCATGCTGCCCAAGTCCATCGCTGTAC 

   Probe477_S6C   TTGGAGGCACTGGTGGCGGAGCGCACTGCAGACTACTTGGAGGAGAAGAAGCGTGCCGAGGACCTTCTCTACTCCATGCTGCCCAAGTCCATCGCTGTAC 

   Probe478_S6C   TTGGAGGCACTGGTGGCGGAGCGCACTGCAGACTACTTGGAGGAGAAGAAGCGTGCCGAGGACCTTCTCTACTCCATGCTGCCCAAGTCCATCGCTGTAC 

 38148_fragment   TTGGAGGCACTGGTGGCGGAGCGCACTGCAGACTACTTGGAGGAGAAGAAGCGTGCCGAGGACCTTCTCTACTCCATGCTGCCCAAGTCCATCGCTGTAC 
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                  301      310       320       330       340       350       360    370      380 390  400 

                  |        |         |         |         |         |         |   |       |  |   | 

 38147_fragment   AGCTGATCCGAGGCGTGTCAGTGCACGCGGAGACCTATGAGAGCGTCACCATCTACTTCTCGGACATATGTGGCTTCACGGCCATGTCTGCCAAGTCCAC 

   Probe490_S1C   AGCTGATCCGAGGCGTGTCAGTGCACGCGGAGACCTATGAGAGCGTCACCATCTACTTCTCGGACATATGTGGCTTCACGGCCATGTCTGCCAAGTCCAC 

   Probe491_S1C   AGCTGATCCGAGGCGTGTCAGTGCACGCGGAGACCTATGAGAGCGTCACCATCTACTTCTCGGACATATGTGGCTTCACGGCCATGTCTGCCAAGTCCAC 

   Probe492_S1C   AGCTAATCCGAGGCGTGTCAGTGCACGCGGAGACCTATGAGAGCGTCACCATCTACTTCTCGGACATATGTGGCTTCACGGCCATGTCTGCCAAGTCCAC 

   Probe493_S1C   AGCTGATCCGAGGCGTGTCAGTGCACGCGGAGACCTATGAGAGCGTCACCATCTACTTCTCGGACATATGTGGCTTCACGGCCATGTCTGCCAAGTCCAC 

   Probe494_S1C   AGCTGATCCGAGGCGTGTCAGTGCACGCGGAGACCTATGAGAGCGTCACCATCTACTTCTCGGACATATGTGGCTTCACGGCCATGTCTGCCAAGTCCAC 

   Probe495_S1C   AGCTGATCCGAGGCGTGTCAGTGCACGCGGAGACCTATGAGAGCGTCACCATCTACTTCTCGGACATATGTGGCTTCACGGCCATGTCTGCCAAGTCCAC 

   Probe496_S1C   AGCTGATCCGAGGCGTGTCAGTGCACGCGGAGACCTATGAGAGCGTCACCATCTACTTCTCGGACATATGTGGCTTCACGGCCATGTCTGCCAAGTCCAC 

   Probe501_S2C   AGCTGATCCGAGGCGTGTCAGTGCGCGCGGAGACCTATGAGAGCGTCACCATCTACTTCTCGGACATATGTGGCTTCACGGCCATGTCTGCCAAGTCCAC 

   Probe502_S2C   AGCTGATCCGAGGCGTGTCAGTGCACGCGGAGACCTATGAGAGCGTCACCATCTACTTCTCGGACATATGTGGCTTCACGGCCATGTCTGCCAAGTCCAC 

   Probe503_S2C   AGCTGATCCGAGGCGTGTCAGTGCACGCGGAGACCTATGAGAGCGTCACCATCTACTTCTCGGACATATGTGGCTTCACGGCCATGTCTGCCAAGTCCAC 

   Probe504_S2C   AGCTGATCCGAGGCGTGTCAGTGCACGCGGAGACCTATGAGAGCGTCACCATCTACTTCTCGGACATATGTGGCTTCACGGCCATGTCTGCCAAGTCCAC 

   Probe497_S3C   AGCTAATCCGAGGCGTGTCAGTGCACGCGGAGACCTATGAGAGCGTCACCATCTACTTCTCGGACATATGTGGCTTCACGGCCATGTCTGCCAAGTCCAC 

   Probe498_S3C   AGCTAATCCGAGGCGTGTCAGTGCACGCGGAGACCTATGAGAGCGTCACCATCTACTTCTCGGACATATGTGGCTTCACGGCCATGTCTGCCAAGTCCAC 

   Probe499_S3C   AGCTAATCCGAGGCGTGTCAGTGCACGCGGAGACCTATGAGAGCGTCACCATCTACTTCTCGGACATATGTGGCTTCACGGCCATGTCTGCCAAGTCCAC 

   Probe500_S3C   AGCTAATCCGAGGCGTGTCAGTGCACGCGGAGACCTATGAGAGCGTCACCATCTACTTCTCGGACATATGTGGCTTCACGGCCATGTCTGCCAAGTCCAC 

   Probe449_S5C   AGCTAATCCGAGGCGTGTCAGTGCACGCGGAGACCTATGAGAGCGTCACCATCTACTTCTCGGACATATGTGGCTTCACGGCCATGTCTGCCAAGTCCAC 

   Probe448_S5C   AGCTAATCCGAGGCGTGTCAGTGCACGCGGAGACCTATGAGAGCGTCACCATCTACTTCTCGGACATATGTGGCTTCACGGCCATGTCTGCCAAGTCCAC 

   Probe447_S5C   AGCTAATCCGAGGCGTGTCAGTGCACGCGGAGACCTATGAGAGCGTCACCATCTACTTCTCGGACATATGTGGCTTCACGGCCATGTCTGCCAAGTCCAC 

   Probe446_S5C   AGCTAATCCGAGGCGTGTCAGTGCACGCGGAGACCTATGAGAGCGTCACCATCTACTTCTCGGACATATGTGGCTTCACGGCCATGTCTGCCAAGTCCAC 

   Probe479_S6C   AGCTAATCCGAGGCGTGTCAGTGCACGCGGAGACCTATGAGAGCGTCACCATCTACTTCTCGGACATATGTGGCTTCACGGCCATGTCTGCCAAGTCCAC 

   Probe480_S6C   AGCTAATCCGAGGCGTGTCAGTGCACGCGGAGACCTATGAGAGCGTCACCATCTACTTCTCGGACATATGTGGCTTCACGGCCATGTCTGCCAAGTCCAC 

   Probe476_S6C   AGCTAATCCGAGGCGTGTCAGTGCACGCGGAGACCTATGAGAGCGTCACCATCTACTTCTCGGACATATGTGGCTTCACGGCCATGTCTGCCAAGTCCAC 

   Probe477_S6C   AGCTAATCCGAGGCGTGTCAGTGCACGCGGAGACCTATGAGAGCGTCACCATCTACTTCTCGGACATATGTGGCTTCACGGCCATGTCTGCCAAGTCCAC 

   Probe478_S6C   AGCTAATCCGAGGCGTGTCAGTGCACGCGGAGACCTATGAGAGCGTCACCATCTACTTCTCGGACATATGTGGCTTCACGGCCATGTCTGCCAAGTCCAC 

 38148_fragment   AGCTAATCCGAGGCGTGTCAGTGCACGCGGAGACCTATGAGAGCGTCACCATCTACTTCTCGGACATATGTGGCTTCACGGCCATGTCTGCCAAGTCCAC 
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                  401      410       420       430       440       450       460    470      480 490  500 

                  |        |         |         |         |         |         |   |       |  |   | 

 38147_fragment   CCCTATGCAGGTAGTAGACTTGCTCAATGACCTCTACACAACGTTCGACTCCATCATTGAACATTTCGATGTCTACAAGGTGGAGACCATTGGAGACGCC 

   Probe490_S1C   CCCTATGCAGGTAGTAGACTTGCTCAATGACCTCTACACAACGTTCGACTCCATCATTGAACATTTCGATGTCTACAAGGTGGAGACCATTGGAGACGCC 

   Probe491_S1C   CCCTATGCAGGTAGTAGACTTGCTCAATGACCTCTACACAACGTTCGACTCCATCATTGAACATTTCGATGTCTACAAGGTGGAGACCATTGGAGACGCC 

   Probe492_S1C   CCCTATGCAGGTAGTAGACTTGCTCAATGACCTCTACACAACGTTCGACTCCATCATTGAACATTTCGATGTCTACAAGGTGGAGACCATTGGAGACGCC 

   Probe493_S1C   CCCTATGCAGGTAGTAGACTTGCTCAATGACCTCTACACAACGTTCGACTCCATCATTGAACATTTCGATGTCTACAAGGTGGAGACCATTGGAGACGCC 

   Probe494_S1C   CCCTATGCAGGTAGTAGACTTGCTCAATGACCTCTACACAACGTTCGACTCCATCATTGAACATTTCGATGTCTACAAGGTGGAGACCATTGGAGACGCC 

   Probe495_S1C   CCCTATGCAGGTAGTAGACTTGCTCAATGACCTCTACACAACGTTCGACTCCATCATTGAACATTTCGATGTCTACAAGGTGGAGACCATTGGAGACGCC 

   Probe496_S1C   CCCTATGCAGGTAGTAGACTTGCTCAATGACCTCTACACAACGTTCGACTCCATCATTGAACATTTCGATGTCTACAAGGTGGAGACCATTGGAGACGCC 

   Probe501_S2C   CCCTATGCAGGTAGTAGACTTGCTCAATGACCTCTACACAACGTTCGACTCCATCATTGAACATTTCGATGTCTACAAGGTGGAGACCATTGGAGACGCC 

   Probe502_S2C   CCCTATGCAGGTAGTAGACTTGCTCAATGACCTCTACACAACGTTCGACTCCATCATTGAACATTTCGATGTCTACAAGGTGGAGACCATTGGAGACGCC 

   Probe503_S2C   CCCTATGCAGGTAGTAGACTTGCTCAATGACCTCTACACAACGTTCGACTCCATCATTGAACATTTCGATGTCTACAAGGTGGAGACCATTGGAGACGCC 

   Probe504_S2C   CCCTATGCAGGTAGTAGACTTGCTCAATGACCTCTACACAACGTTCGACTCCATCATTGAACATTTCGATGTCTACAAGGTGGAGACCGTTGGAGACGCC 

   Probe497_S3C   CCCTATGCAGGTAGTAGACTTGCTCAATGACCTCTACACAACGTTCGACTCCATCATTGAACATTTCGATGTCTACAAGGTGGAGACCATTGGAGACGCC 

   Probe498_S3C   CCCTATGCAGGTAGTAGACTTGCTCAATGACCTCTACACAACGTTCGACTCCATCATTGAACATTTCGATGTCTACAAGGTGGAGACCATTGGAGACGCC 

   Probe499_S3C   CCCTATGCAGGTAGTAGACTTGCTCAATGACCTCTACACAACGTTCGACTCCATCATTGAACATTTCGATGTCTACAAGGTGGAGACCATTGGAGACGCC 

   Probe500_S3C   CCCTATGCAGGTAGTAGACTTGCTCAATGACCTCTACACAACGTTCGACTCCATCATTGAACATTTCGATGTCTACAAGGTGGAGACCATTGGAGACGCC 

   Probe449_S5C   CCCTATGCAGGTAGTAGACTTGCTCAATGACCTCTACACAACGTTCGACTCCATCATTGAACATTTCGATGTCTACAAGGTGGAGACCATTGGAGACGCC 

   Probe448_S5C   CCCTATGCAGGTAGTAGACTTGCTCAATGACCTCTACACAACGTTCGACTCCATCATTGAACATTTCGATGTCTACAAGGTGGAGACCATTGGAGACGCC 

   Probe447_S5C   CCCTATGCAGGTAGTAGACTTGCTCAATGACCTCTACACAACGTTCGACTCCATCATTGAACATTTCGATGTCTACAAGGTGGAGACCATTGGAGACGCC 

   Probe446_S5C   CCCTATGCAGGTAGTAGACTTGCTCAATGACCTCTACACAACGTTCGACTCCATCATTGAACATTTCGATGTCTACAAGGTGGAGACCATTGGAGACGCC 

   Probe479_S6C   CCCTATGCAGGTAGTAGACTTGCTCAATGACCTCTACACAACGTTCGACTCCATCATTGAACATTTCGATGTCTACAAGGTGGAGACCATTGGAGACGCC 

   Probe480_S6C   CCCTATGCAGGTAGTAGACTTGCTCAATGACCTCTACACAACGTTCGACTCCATCATTGAACATTTCGATGTCTACAAGGTGGAGACCATTGGAGACGCC 

   Probe476_S6C   CCCTATGCAGGTAGTAGACTTGCTCAATGACCTCTACACAACGTTCGACTCCATCATTGAACATTTCGATGTCTACAAGGTGGAGACCATTGGAGACGCC 

   Probe477_S6C   CCCTATGCAGGTAGTAGACTTGCTCAATGACCTCTACACAACGTTCGACTCCATCATTGAACATTTCGATGTCTACAAGGTGGAGACCATTGGAGACGCC 

   Probe478_S6C   CCCTATGCAGGTAGTAGACTTGCTCAATGACCTCTACACAACGTTCGACTCCATCATTGAACATTTCGATGTCTACAAGGTGGAGACCATTGGAGACGCC 

 38148_fragment   CCCTATGCAGGTAGTAGACTTGCTCAATGACCTCTACACAACGTTCGACTCCATCATTGAACATTTCGATGTCTACAAGGTGGAGACCATTGGAGACGCC 
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                  501      510       520       530       540       550       560    570      580 590  600 

                  |        |         |         |         |         |         |   |       |  |   | 

 38147_fragment   TACATGGTGGTCTCGGGACTTCCTGTCAGGAACGGAAATCTGCATGCTCGAGAAATCGCCCGGATGTCTCTTGCTTTGTTGGAGGCCACCAAGACTTTCC 

   Probe490_S1C   TACATGGTGGTCTCGGGACTTCCTGTCAGGAACGGAAATCTGCATGCTCGAGAAATCGCCCGGATGTCTCTTGCTTTGTTGGAGGCCACCAAGACTTTCC 

   Probe491_S1C   TACATGGTGGTCTCGGGACTTCCTGTCAGGAACGGAAATCTGCATGCTCGAGAAATCGCCCGGATGTCTCTTGCTTTGTTGGAGGCCACCAAGACTTTCC 

   Probe492_S1C   TACATGGTGGTCTCGGGACTTCCTGTCAGGAACGGAAACCTGCATGCTCGAGAAATCGCCCGGATGTCTCTTGCTTTGTTGGAGGCCACCAAGACTTTCC 

   Probe493_S1C   TACATGGTGGTCTCGGGACTTCCTGTCAGGAACGGAAATCTGCATGCTCGAGAAATCGCCCGGATGTCTCTTGCTTTGTTGGAGGCCACCAAGACTTTCC 

   Probe494_S1C   TACATGGTGGTCTCGGGACTTCCTGTCAGGAACGGAAATCTGCATGCTCGAGAAATCGCCCGGATGTCTCTTGCTTTGTTGGAGGCCACCAAGACTTTCC 

   Probe495_S1C   TACATGGTGGTCTCGGGACTTCCTGTCAGGAACGGAAATCTGCATGCTCGAGAAATCGCCCGGATGTCTCTTGCTTTGTTGGAGGCCACCAAGACTTTCC 

   Probe496_S1C   TACATGGTGGTCTCGGGACTTCCTGTCAGGAACGGAAATCTGCATGCTCGAGAAATCGCCCGGATGTCTCTTGCTTTGTTGGAGGCCACCAAGACTTTCC 

   Probe501_S2C   TACATGGTGGTCTCGGGACTTCCTGTCAGGAACGGAAATCTGCATGCTCGAGAAATCGCCCGGATGTCTCTTGCTTTGTTGGAGGCCACCAAGACTTTCC 

   Probe502_S2C   TACATGGTGGTCTCGGGACTTCCTGTCAGGAACGGAAATCTGCATGCTCGAGAAATCGCCCGGATGTCTCTTGCTTTGTTGGAGGCCACCAAGACTTTCC 

   Probe503_S2C   TACATGGTGGTCTCGGGACTTCCTGTCAGGAACGGAAATCTGCATGCTCGAGAAATCGCCCGGATGTCTCTTGCTTTGTTGGAGGCCACCAAGACTTTCC 

   Probe504_S2C   TACATGGTGGTCTCGGGACTTCCTGTCAGGAACGGAAATCTGCATGCTCGAGAAATCGCCCGGATGTCTCTTGCTTTGTTGGAGGCCACCAAGACTTTCC 

   Probe497_S3C   TACATGGTGGTCTCGGGACTTCCTGTCAGGAACGGAAACCTGCATGCTCGAGAAATCGCCCGGATGTCTCTTGCTTTGTTGGAGGCCACCAAGACTTTCC 

   Probe498_S3C   TACATGGTGGTCTCGGGACTTCCTGTCAGGAACGGAAACCTGCATGCTCGAGAAATCGCCCGGATGTCTCTTGCTTTGTTGGAGGCCACCAAGACTTTCC 

   Probe499_S3C   TACATGGTGGTCTCGGGACTTCCTGTCAGGAACGGAAACCTGCATGCTCGAGAAATCGCCCGGATGTCTCTTGCTTTGTTGGAGGCCACCAAGACTTTCC 

   Probe500_S3C   TACATGGTGGTCTCGGGACTTCCTGTCAGGAACGGAAACCTGCATGCTCGAGAAATCGCCCGGATGTCTCTTGCTTTGTTGGAGGCCACCAAGACTTTCC 

   Probe449_S5C   TACATGGTGGTCTCGGGACTTCCTGTCAGGAACGGAAACCTGCATGCTCGAGAAATCGCCCGGATGTCTCTTGCTTTGTTGGAGGCCACCAAGACTTTCC 

   Probe448_S5C   TACATGGTGGTCTCGGGACTTCCTGTCAGGAACGGAAACCTGCATGCTCGAGAAATCGCCCGGATGTCTCTTGCTTTGTTGGAGGCCACCAAGACTTTCC 

   Probe447_S5C   TACATGGTGGTCTCGGGACTTCCTGTCAGGAACGGAAACCTGCATGCTCGAGAAATCGCCCGGATGTCTCTTGCTTTGTTGGAGGCCACCAAGACTTTCC 

   Probe446_S5C   TACATGGTGGTCTCGGGACTTCCTGTCAGGAACGGAAACCTGCATGCTCGAGAAATCGCCCGGATGTCTCTTGCTTTGTTGGAGGCCACCAAGACTTTCC 

   Probe479_S6C   TACATGGTGGTCTCGGGACTTCCTGTCAGGAACGGAAACCTGCATGCTCGAGAAATCGCCCGGATGTCTCTTGCTTTGTTGGAGGCCACCAAGACTTTCC 

   Probe480_S6C   TACATGGTGGTCTCGGGACTTCCTGTCAGGAACGGAAACCTGCATGCTCGAGAAATCGCCCGGATGTCTCTTGCTTTGTTGGAGGCCACCAAGACTTTCC 

   Probe476_S6C   TACATGGTGGTCTCGGGACTTCCTGTCAGGAACGGAAACCTGCATGCTCGAGAAATCGCCCGGATGTCTCTTGCTTTGTTGGAGGCCACCAAGACTTTCC 

   Probe477_S6C   TACATGGTGGTCTCGGGACTTCCTGTCAGGAACGGAAACCTGCATGCTCGAGAAATCGCCCGGATGTCTCTTGCTTTGTTGGAGGCCACCAAGACTTTCC 

   Probe478_S6C   TACATGGTGGTCTCGGGACTTCCTGTCAGGAACGGAAACCTGCATGCTCGAGAAATCGCCCGGATGTCTCTTGCTTTGTTGGAGGCCACCAAGACTTTCC 

 38148_fragment   TACATGGTGGTCTCGGGACTTCCTGTCAGGAACGGAAACCTGCATGCTCGAGAAATCGCCCGGATGTCTCTTGCTTTGTTGGAGGCCACCAAGACTTTCC 
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                  601      610       620       630       640       650       660    670      680 690  700 

                  |        |         |         |         |         |         |   |       |  |   | 

 38147_fragment   GCTTACGTCACATGCCTGACGAGAAGCTCAGGCTGCGTATCGGCATCCACACAGGTCCTGTGTGTGCGGGTGTGGTGGGGCTGAAGATGCCACGCTACTG 

   Probe490_S1C   GCTTACGTCACATGCCTGACGAGAAGCTCAGGCTGCGTATCGGCATCCACACAGGTCCTGTGTGTGCGGGTGTGGTGGGGCTGAAGATGCCACGCTACTG 

   Probe491_S1C   GCTTACGTCACATGCCTGACGAGAAGCTCAGGCTGCGTATCGGCATCCACACAGGTCCTGTGTGTGCGGGTGTGGTGGGGCTGAAGATGCCACGCTACTG 

   Probe492_S1C   GTTTACGTCACATGCCTGACGAGAAGCTCAGGCTGCGTATCGGCATCCACACAGGTCCGGTGTGTGCGGGAGTGGTGGGGCTGAAGATGCCACGCTACTG 

   Probe493_S1C   GCTTACGTCACATGCCTGACGAGAAGCTCAGGCTGCGTATCGGCATCCACACAGGTCCTGTGTGTGCGGGTGTGGTGGGGCTGAAGATGCCACGCTACTG 

   Probe494_S1C   GCTTACGTCACATGCCTGACGAGAAGCTCAGGCTGCGTATCGGCATCCACACAGGTCCTGTGTGTGCGGGTGTGGTGGGGCTGAAGATGCCACGCTACTG 

   Probe495_S1C   GCTTACGTCACATGCCTGACGAGAAGCTCAGGCTGCGTATCGGCATCCACACAGGTCCTGTGTGTGCGGGTGTGGTGGGGCTGAAGATGCCACGCTACTG 

   Probe496_S1C   GCTTACGTCACATGCCTGACGAGAAGCTCAGGCTGCGTATCGGCATCCACACAGGTCCTGTGTGTGCGGGTGTGGTGGGGCTGAAGATGCCACGCTACTG 

   Probe501_S2C   GCTTACGTCACATGCCTGACGAGAAGCTCAGGCTGCGTATCGGCATCCACACAGGTCCTGTGTGTGCGGGTGTGGTGGGGCTGAAGATGCCACGCTACTG 

   Probe502_S2C   GCTTACGTCACATGCCTGACGAGAAGCTCAGGCTGCGTATCGGCATCCACACAGGTCCTGTGTGTGCGGGTGTGGTGGGGCTGAAGATGCCACGCTACTG 

   Probe503_S2C   GCTTACGTCACATGCCTGACGAGAAGCTCAGGCTGCGTATCGGCATCCACACAGGTCCTGTGTGTGCGGGTGTGGTGGGGCTGAAGATGCCACGCTACTG 

   Probe504_S2C   GCTTACGTCACATGCCTGACGAGAAGCTCAGGCTGCGTATCGGCATCCACACAGGTCCTGTGTGTGCGGGTGTGGTGGGGCTGAAGATGCCACGCTACTG 

   Probe497_S3C   GTTTACGTCACATGCCTGACGAGAAGCTCAGGCTGCGTATCGGCATCCACACAGGTCCGGTGTGTGCGGGAGTGGTGGGGCTGAAGATGCCACGCTACTG 

   Probe498_S3C   GTTTACGTCACATGCCTGACGAGAAGCTCAGGCTGCGTATCGGCATCCACACAGGTCCGGTGTGTGCGGGAGTGGTGGGGCTGAAGATGCCACGCTACTG 

   Probe499_S3C   GTTTACGTCACATGCCTGACGAGAAGCTCAGGCTGCGTATCGGCATCCACACAGGTCCGGTGTGTGCGGGAGTGGTGGGGCTGAAGATGCCACGCTACTG 

   Probe500_S3C   GTTTACGTCACATGCCTGACGAGAAGCTCAGGCTGCGTATCGGCATCCACACAGGTCCGGTGTGTGCGGGAGTGGTGGGGCTGAAGATGCCACGCTACTG 

   Probe449_S5C   GTTTACGTCACATGCCTGACGAGAAGCTCAGGCTGCGTATCGGCATCCACACAGGTCCGGTGTGTGCGGGAGTGGTGGGGCTGAAGATGCCACGCTACTG 

   Probe448_S5C   GTTTACGTCACATGCCTGACGAGAAGCTCAGGCTGCGTATCGGCATCCACACAGGTCCGGTGTGTGCGGGAGTGGTGGGGCTGAAGATGCCACGCTACTG 

   Probe447_S5C   GTTTACGTCACATGCCTGACGAGAAGCTCAGGCTGCGTATCGGCATCCACACAGGTCCGGTGTGTGCGGGAGTGGTGGGGCTGAAGATGCCACGCTACTG 

   Probe446_S5C   GTTTACGTCACATGCCTGACGAGAAGCTCAGGCTGCGTATCGGCATCCACACAGGTCCGGTGTGTGCGGGAGTGGTGGGGCTGAAGATGCCACGCTACTG 

   Probe479_S6C   GTTTACGTCACATGCCTGACGAGAAGCTCAGGCTGCGTATCGGCATCCACACAGGTCCGGTGTGTGCGGGAGTGGTGGGGCTGAAGATGCCACGCTACTG 

   Probe480_S6C   GTTTACGTCACATGCCTGACGAGAAGCTCAGGCTGCGTATCGGCATCCACACAGGTCCGGTGTGTGCGGGAGTGGTGGGGCTGAAGATGCCACGCTACTG 

   Probe476_S6C   GTTTACGTCACATGCCTGACGAGAAGCTCAGGCTGCGTATCGGCATCCACACAGGTCCGGTGTGTGCGGGAGTGGTGGGGCTGAAGATGCCACGCTACTG 

   Probe477_S6C   GTTTACGTCACATGCCTGACGAGAAGCTCAGGCTGCGTATCGGCATCCACACAGGTCCGGTGTGTGCGGGAGTGGTGGGGCTGAAGATGCCACGCTACTG 

   Probe478_S6C   GTTTACGTCACATGCCTGACGAGAAGCTCAGGCTGCGTATCGGCATCCACACAGGTCCGGTGTGTGCGGGAGTGGTGGGGCTGAAGATGCCACGTTACTG 

 38148_fragment   GTTTACGTCACATGCCTGACGAGAAGCTCAGGCTGCGTATCGGCATCCACACAGGTCCGGTGTGTGCGGGAGTGGTGGGGCTGAAGATGCCACGCTACTG 
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                  701      710       720       730       740       750       760    770      780 790  800 

                  |        |         |         |         |         |         |   |       |  |   | 

 38147_fragment   TCTGTTTGGAGACACCGTCAACACTGCCTCCAGAATGGAGTCCAATGGCCTACCACTGAAGATCCACGTCAGCCCGCAGTGCCACGCTGTCTTGGAGACG 

   Probe490_S1C   TCTGTTTGGAGACACCGTCAACACTGCCTCCAGAATGGAGTCCAATGGCCTACCACTGAAGATCCACGTCAGCCCGCAGTGCCACGCTGTCTTGGAGACG 

   Probe491_S1C   TCTGTTTGGAGACACCGTCAACACTGCCTCCAGAATGGAGTCCAATGGCCTACCACTGAAGATCCACGTCAGCCCGCAGTGCCACGCTGTCTTGGAGACG 

   Probe492_S1C   TCTGTTTGGAGACACCGTCAACACTGCCTCCAGAATGGAGTCCAATGGCCTACCACTGAAGATCCACGTCAGCCCGCAGTGCCACGCTGTCTTGGAGACG 

   Probe493_S1C   TCTGTTTGGAGACACCGTCAACACTGCCTCCAGAATGGAGTCCAATGGCCTACCACTGAAGATCCACGTCAGCCCGCAGTGCCACGCTGTCTTGGAGACG 

   Probe494_S1C   TCTGTTTGGAGACACCGTCAACACTGCCTCCAGAATGGAGTCCAATGGCCTACCACTGAAGATCCACGTCAGCCCGCAGTGCCACGCTGTCTTGGAGACG 

   Probe495_S1C   TCTGTTTGGAGACACCGTCAACACTGCCTCCAGAATGGAGTCCAATGGCCTACCACTGAAGATCCACGTCAGCCCGCAGTGCCACGCTGTCTTGGAGACG 

   Probe496_S1C   TCTGTTTGGAGACACCGTCAACACTGCCTCCAGAATGGAGTCCAATGGCCTACCACTGAAGATCCACGTCAGCCCGCAGTGCCACGCTGTCTTGGAGACG 

   Probe501_S2C   TCTGTTTGGAGACACCGTCAACACTGCCTCCAGAATGGAGTCCAATGGCCTACCACTGAAGATCCACGTCAGCCCGCAGTGCCACGCTGTCTTGGAGACG 

   Probe502_S2C   TCTGTTTGGAGACACCGTCAACACTGCCTCCAGAATGGAGTCCAATGGCCTACCACTGAAGATCCACGTCAGCCCGCAGTGCCACGCTGTCTTGGAGACG 

   Probe503_S2C   TCTGTTTGGAGACACCGTCAACACTGCCTCCAGAATGGAGTCCAATGGCCTACCACTGAAGATCCACGTCAGCCCGCAGTGCCACGCTGTCTTGGAGACG 

   Probe504_S2C   TCTGTTTGGAGACACCGTCAACACTGCCTCCAGAATGGAGTCCAATGGCCTACCACTGAAGATCCACGTCAGCCCGCAGTGCCACGCTGTCTTGGAGACG 

   Probe497_S3C   TCTGTTTGGAGACACCGTCAACACTGCCTCCAGAATGGAGTCCAATGGCCTACCACTGAAGATCCACGTCAGCCCGCAGTGCCACGCTGTCTTGGAGACG 

   Probe498_S3C   TCTGTTTGGAGACACCGTCAACACTGCCTCCAGAATGGAGTCCAATGGCCTACCACTGAAGATCCACGTCAGCCCGCAGTGCCACGCTGTCTTGGAGACG 

   Probe499_S3C   TCTGTTTGGAGACACCGTCAACACTGCCTCCAGAATGGAGTCCAATGGCCTACCACTGAAGATCCACGTCAGCCCGCAGTGCCACGCTGTCTTGGAGACG 

   Probe500_S3C   TCTGTTTGGAGACACCGTCAACACTGCCTCCAGAATGGAGTCCAATGGCCTACCACTGAAGATCCACGTCAGCCCGCAGTGCCACGCTGTCTTGGAGACG 

   Probe449_S5C   TCTGTTTGGAGACACCGTCAACACTGCCTCCAGAATGGAGTCCAATGGCCTACCACTGAAGATCCACGTCAGCCCGCAGTGCCACGCTGTCTTGGAGACG 

   Probe448_S5C   TCTGTTTGGAGACACCGTCAACACTGCCTCCAGAATGGAGTCCAATGGCCTACCACTGAAGATCCACGTCAGCCCGCAGTGCCACGCTGTCTTGGAGACG 

   Probe447_S5C   TCTGTTTGGAGACACCGTCAACACTGCCTCCAGAATGGAGTCCAATGGCCTACCACTGAAGATCCACGTCAGCCCGCAGTGCCACGCTGTCTTGGAGACG 

   Probe446_S5C   TCTGTTTGGAGACACCGTCAACACTGCCTCCAGAATGGAGTCCAATGGCCTACCACTGAAGATCCACGTCAGCCCGCAGTGCCACGCTGTCTTGGAGACG 

   Probe479_S6C   TCTGTTTGGAGACACCGTCAACACTGCCTCCAGAATGGAGTCCAATGGCCTACCACTGAAGATCCACGTCAGCCCGCAGTGCCACGCTGTCTTGGAGACG 

   Probe480_S6C   TCTGTTTGGAGACACCGTCAACACTGCCTCCAGAATGGAGTCCAATGGCCTACCACTGAAGATCCACGTCAGCCCGCAGTGCCACGCTGTCTTGGAGACG 

   Probe476_S6C   TCTGTTTGGAGACACCGTCAACACTGCCTCCAGAATGGAGTCCAATGGCCTACCACTGAAGATCCACGTCAGCCCGCAGTGCCACGCTGTCTTGGAGACG 

   Probe477_S6C   TCTGTTTGGAGACACCGTCAACACTGCCTCCAGAATGGAGTCCAATGGCCTACCACTGAAGATCCACGTCAGCCCGCAGTGCCACGCTGTCTTGGAGACG 

   Probe478_S6C   TCTGTTTGGAGACACCGTCAACACTGCCTCCAGAATGGAGTCCAATGGCCTACCACTGAAGATCCACGTCAGCCCGCAGTGCCACGCTGTCTNGGAGACG 

 38148_fragment   TCTGTTTGGAGACACCGTCAACACTGCCTCCAGAATGGAGTCCAATGGCCTACCACTGAAGATCCACGTCAGCCCGCAGTGCCACGCTGTCTTGGAGACG 
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                  801      810       820       830       840       850       860    870      880 890  900 

                  |        |         |         |         |         |         |   |       |  |   |   

 38147_fragment   TTCAACATCTTTGATATGGAACTCCGTGGAGAGGTGGAGATGAAGGGCAAGGGAAAGGTCACTACCTACTGGCTTATCTCAGAGGCGGATTCTTCAACAG 

   Probe490_S1C   TTCAACATCTTTGATATGGAACTCCGTGGAGAGGTGGAGATGAAGGGCAAGGGAAAGGTCACTACCTACTGGCTTATCTCAGAGGCGGATTCTTCAACAG 

   Probe491_S1C   TTCAACATCTTTGATATGGAACTCCGTGGAGAGGTGGAGATGAAGGGCAAGGGAAAGGTCACTACCTACTGGCTTATCTCAGAGGCGGATTCTTCAACAG 

   Probe492_S1C   TTCAACATCTTTGATATGGAACTCCGTGGAGAGGTGGAGATGAAGGGCAAGGGAAAGGTCACGACCTACTGGCTTATCTCAGAGGCAGATTCTTCAACAG 

   Probe493_S1C   TTCAACATCTTTGATATGGAACTCCGTGGAGAGGTGGAGATGAAGGGCAAGGGAAAGGTCACTACCTACTGGCTTATCTCAGAGGCGGATTCTTCAACAG 

   Probe494_S1C   TTCAACATCTTTGATATGGAACTCCGTTTTGAGGAGGAGATGAAGGGCAAGGGAAAGGTCACTACCTACTGGCTTATCTCAGAGGCGGATTCTTCAACAG 

   Probe495_S1C   TTCAACATCTTTGATATGGAACTCCGTGGAGAGGTGGAGATGAAGGGCAAGGGAAAGGTCACTACCTACTGGCTTATCTCAGAGGCGGATTCTTCAACAG 

   Probe496_S1C   TTCAACATCTTTGATATGGAACTCCGTGGAGAGGTGGAGATGAAGGGCAAGGGAAAGGTCACTACCTACTGGCTTATCTCAGAGGCGGATTCTTCAACAG 

   Probe501_S2C   TTCAACATCTTTGATATGGAACTCCGTGGAGAGGTGGAGATGAAGGGCAAGGGAAAGGTCACTACCTACTGGCTTATCTCAGAGGCGGATTCTTCAACAG 

   Probe502_S2C   TTCAACATCTTTGATATGGAACTCCGTGGAGAGGTGGAGATGAAGGGCAAGGGAAAGGTCACTACCTACTGGCTTATCTCAGAGGCGGATTCTTCAACAG 

   Probe503_S2C   TTCAACATCTTTGATATGGAACTCCGTGGAGAGGTGGAGATGAAGGGCAAGGGAAAGGTCACTACCTACTGGCTTATCTCAGAGGCGGATTCTTCAACAG 

   Probe504_S2C   TTCAACATCTTTGATATGGAACTCCGTGGGGAGGTGGAGATGAAGGGCAAGGGAAAGGTCACTACCTACTGGCTTATCTCAGAGGCGGATTCTTCAACAG 

   Probe497_S3C   TTCAACATCTTTGATATGGAACTCCGTGGAGAGGTGGAGATGAAGGGCAAGGGAAAGGTCACGACCTACTGGCTTATCTCAGAGGCGGATTCTTCAACAG 

   Probe498_S3C   TTCAACATCTTTGATATGGAACTCCGTGGAGAGGTGGAGATGAAGGGCAAGGGAAAGGTCACGACCTACTGGCTTATCTCAGAGGCGGATTCTTCAACAG 

   Probe499_S3C   TTCAACATCTTTGATATGGAACTCCGTGGAGAGGTGGAGATGAAGGGCAAGGGAAAGGTCACGACCTACTGGCTTATCTCAGAGGCGGATTCTTCAACAG 

   Probe500_S3C   TTCAACATCTTTGATATGGAACTCCGTGGAGAGGTGGAGATGAAGGGCAAGGGAAAGGTCACGACCTACTGGCTTATCTCAGAGGCGGATTCTTCAACAG 

   Probe449_S5C   TTCAACATCTTTGATATGGAACTCCGTGGAGAGGTGGAGATGAAGGGCAAGGGAAAGGTCACGACCTACTGGCTTATCTCAGAGGCGGATTCTTCAACAG 

   Probe448_S5C   TTCAACATCTTTGATATGGAACTCCGTGGAGAGGTGGAGATGAAGGGCAAGGGAAAGGTCACGACCTACTGGCTTATCTCAGAGGCGGATTCTTCAACAG 

   Probe447_S5C   TTCAACATCTTTGATATGGAACTCCGTGGAGAGGTGGAGATGAAGGGCAAGGGAAAGGTCACGACCTACTGGCTTATCTCAGAGGCGGATTCTTCAACAG 

   Probe446_S5C   TTCAACATCTTTGATATGGAACTCCGTGGAGAGGTGGAGATGAAGGGCAAGGGAAAGGTCACGACCTACTGGCTTATCTCAGAGGCGGATTCTTCAACAG 

   Probe479_S6C   TTCAACATCTTTGATATGGAACTCCGTGGAGAGGTGGAGATGAAGGGCAAGGGAAAGGTCACGACCTACTGGCTTATCTCAGAGGCGGATTCTTCAACAG 

   Probe480_S6C   TTCAACATCTTTGATATGGAACTCCGTGGAGAGGTGGAGATGAAGGGCAAGGGAAAGGTCACGACCTACTGGCTTATCTCAGAGGCGGATTCTTCAACAG 

   Probe476_S6C   TTCAACATCTTTGATATGGAACTCCGTGGAGAGGTGGAGATGAAGGGCAAGGGAAAGGTCACGACCTACTGGCTTATCTCAGAGGCGGATTCTTCAACAG 

   Probe477_S6C   TTCAACATCTTTGATATGGAACTCCGTGGAGAGGTGGAGATGAAGGGCAAGGGAAAGGTCACGACCTACTGGCTTATCTCAGAGGCGGATTCTTCAACAG 

   Probe478_S6C   TTCAACATCTTTGATATGGAACTCCGTGGAGAGGTGGAGATGAAGGGCAAGGGAAAGGTCACGACCTACTGGCTTATCTCAGAGGCGGATTCTTCAACAG 

 38148_fragment   TTCAACATCTTTGATATGGAACTCCGTGGAGAGGTGGAGATGAAGGGCAAGGGAAAGGTCACGACCTACTGGCTTATCTCAGAGGCGGATTCTTCAACAG 
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                  901      910       920       930       940         

                  |        |         |         |         |         

 38147_fragment   CGAAACGCACGGGTCCGTTGTGACCTACCTGAGCGA---------- 

   Probe490_S1C   CGAAACGCACGGGTCCGTTGTGACCTACCTGAGCGAAATCGAATTC 

   Probe491_S1C   CGAAACGCACGGGTCCGTTGTGACCTACCTGAGCGAAATCAAGCTT 

   Probe492_S1C   CGAAACGCGCGGGTCCGTTGTGACCTACCTGAGCGAAATCAAGCTT 

   Probe493_S1C   CGAAACGCACGGGTCCGTTGTGACCTACCTGAGCGAAATCAAGCTT 

   Probe494_S1C   CGAAACGCACGGGTCCGTTGTGACCTACCTGAGCGAAATCGAATTC 

   Probe495_S1C   CGAAACGCACGGGTCCGTTGTGACCTACCTGAGCGAAATCGAATTC 

   Probe496_S1C   CGAAACGCACGGGTCCGTTGTGACCTACCTGAGCGAAATCGAATTC 

   Probe501_S2C   CGAAACGCACGGGTCCGTTGTGACCTACCTGAGCGAAATCGAATTC 

   Probe502_S2C   CGAAACGCACGGGTCCGTTGTGACCTACCTGAGCGAAATCGAATTC 

   Probe503_S2C   CGAACGCCACGGGTCCGTTGTGACCTACCTGAGCGAAATCAAGCTT 

   Probe504_S2C   CGAAACGCACGGGTCCGTTGTGACCTACCTGAGCGAAATCGAATTC 

   Probe497_S3C   CGAAACGCGCGGGTCCGTTGTGACCTACCTGAGCGAAATCGAATTC 

   Probe498_S3C   GGAAACGCGCGGGTCCGTTGTGACCTACCTGAGCGAAATCGAATTC 

   Probe499_S3C   CGAAACGCGCGGGTCCGTTGTGACCTACCTGAGCGAAATCAAGCTT 

   Probe500_S3C   CGAAACGCGCGGGTCCGTTGTGACCTACCTGAGCGAAATCGAATTC 

   Probe449_S5C   CGAAACGCGCGGGTCCGTTGTGACCTACCTGAGCGAATCAAGCTT- 

   Probe448_S5C   CGAAACGCGCGGGTCCGTTGTGACCTACCTGAGCGAAATCAAGCTT 

   Probe447_S5C   CGAAACGCGCGGGTCCGTTGTGACCTACCTGAGCGAAATCAAGCTT 

   Probe446_S5C   CGAAACGCGCGGGTCCGTTGTGACCTACCTGAGCGAAATCAAGCTT 

   Probe479_S6C   CGAAACGCGCGGGTCCGTTGTGACCTACCTGAGCGAAATCAAGCT- 

   Probe480_S6C   CGAAACGCGCGGGTCCGTTGTGACCTACCTGAGCGAAATCGAATTC 

   Probe476_S6C   CGAAACGCGCGGGTCCGTTGTGACCTACCTGAGCGAAATCGAATTC 

   Probe477_S6C   CGAAACGCGCGGGTCCGTTGTGACCTACCTGAGCGAAATCGAATTC 

   Probe478_S6C   CGAAACGCGCGGGTCCGTTGTGACCTACCTGAGCGAAATCGAATTC 

 38148_fragment   CGAAACGCGCGGGTCCGTTGTGACCTACCTGAGCGA---------- 
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Figure 29:  Slopes of the reaction norms of snails from the freshwater (FW) collection site S1 (Schmaler Luzin, north end) in a direct and a stepwise transfer from their natural to a challenging 

salinity. The left graph shows a transfer from 0.5‰ to 16‰ and the right shows a transfer from 0.5‰ to 21‰ (from Wiesenthal et al., 2018 supplementary material). 
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Figure 30: Slopes of the reaction norms of snails from the freshwater (FW) collection site S2 (Schmaler Luzin, south end) in a direct and a stepwise transfer from their natural to a challenging 

salinity. The left graph shows a transfer from 0.5‰ to 16‰ and the right shows a transfer from 0.5‰ to 21‰ (from Wiesenthal et al., 2018 supplementary material). 
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Figure 31: Slopes of the reaction norms of snails from the freshwater (FW) collection site S3 (Carwitzer See) in a direct and a stepwise transfer from their natural to a challenging salinity. The 

left graph shows a transfer from 0.5‰ to 16‰ and the right shows a transfer from 0.5‰ to 21‰ (from Wiesenthal et al., 2018 supplementary material). 
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Figure 32: Slopes of the reaction norms of snails from the brackish water (BW) collection site S5 (Ludwigsburg) in a direct and a stepwise transfer from their natural to a challenging salinity. 

The left graph shows a transfer from 7.5‰ to 0.5‰ and the right shows a transfer from 7.5‰ to 28‰ (from Wiesenthal et al., 2018 supplementary material). 
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Figure 33: Slopes of the reaction norms of snails from the brackish water (BW) collection site S6 (Hiddensee) in a direct and a stepwise transfer from their natural to a challenging salinity. The 

left graph shows a transfer from 9‰ to 0.5‰ and the right shows a transfer from 9‰ to 28 ‰ (from Wiesenthal et al., 2018 supplementary material). 


