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Abstract
English

Theodoxus fluviatiligs an euryhaline neritid snail that occurs in freshwater as walh as
brackish water in Europe and west Asia. Previous studies revealed major physiological
differences between the brackish water ecotype and the freshwater ecotype in northern
Germany.This study aims to further elucidate the differences between the ecotigiega
combination of molecular biological methods and classic physiology. The firstestadyine

the differences in expression levels of urea transport@iiséndoxus fluviatiliecotypes under
osmotic stress and the impact of salinity changes on their metabolic rate. Transcriptomic data
identified four putative DUR3ike urea transporters in fluviatilis: TFUT-AL, TIUT-A2, TUT-

A3, and TfUT-B. These transporters belong to two families, with phylogenetic analysis
supporting their presence in other invbriges. gRIPCR analysis revealed significant
differences inTflUT-A3 mRNA expression between brackish and freshwater ecotypes under
osmotic stress, suggesting differential regulatibthis transportethat enables the animals to
adjust their internabsmolalites to the respective environmental osmolaliti€snversely,
TfUT-B showed no significant expression changes across salinities or ecdtiipesecond

study investigated theespiration and motilityof T. fluviatilis. The resultandicated thafT.
fluviatilis ecotypes have similar baseline metabolic ratemadia corresponding to those in
their originalhabitats. Howeveiindividuals ofthe freshwater ecotype showieaver levels in
respirationratesand in motility in media with elevated salinitiesvhile individuals ofthe
brackish water ecotype maintained stable rateless exposed textreme conditions. The
directionality ofchanges irsalinity treatmentsnfluenced respiration rates, likely due to the
energy demands of osmoregulatibnthethird study weaccomplished the deovo generation

of areference genome far. fluviatilis. It was generated using PacBio lered sequencing

and the Flye assembly algoritras well as several polishing and haplotyping stéps final
genome assembtlisplayeda BUSCO completeness score of a@nd an N50 of 73,828 bp,

with a total repeat content of 48.92. Protein prediction and annotation identified 21,220
functional proteircoding genes, with a BUSCO completeness score oft81These findings
provide insights into the physiological adaptationsToffluviatilis to osmotic stress and

establish a genomic foundation for further researtththe population genetics of this species.



German

Theodoxus fluviatilisst eine euryhalineeritide hnecke, die sowohl im Stiwassds auch

im Brackwasser in Europa und Westasien vorkommt. Frihere Studien dpetmigt, dass es
physiologische Unterschiede zwischen dem BrackwaSketyp und dem SuRwass@kotyp

in Norddeutschlandibt. Die vorliegende Studie zielt darauf ab, die Unterschiede zwischen den
Okotypen durch eine Kombination aus molekularbiologischen Methoden und klassischer
Physiologie weitegehend zu beleuchtein der ersten Studie wurdeatie Unterschiede de
Expression von HarnstofftransporternTirfluviatilis-Okotypen unter osmotischem Stress und
die Auswirkungen von Salitdtsanderungenauf ihre Stoffwechselrateuntersucht
Transkriptomische Daten identifizierten vier mutmalfliche DURBnNliche
Harnstofftransporter inl. fluviatilis. Tf-UTAL, TfUT-A2, TfUT-A3 und TfUT-B. Diese
Transporter gehdren zu zwei Familien, wobei eine phylogenetische Analyse ihr Vorkommen
auchin anderen Wirbellosen bestaggbie gRT-PCRAnalyse ergab signifikante Unterschiede

in der mMRNAEXxpression voiffUT-A3 zwischerindividuen deBrackwasserund Sufldwasser
Okotypen unter osmotischem Stress, was auheinterschiedlicheReguhtionsmechanismus

zur Anpassung denternen Osmolalitat an die des externen Mediums unter Stressbedingungen
hindeutet Dagegenzeigte TfUT-B keine signifikantenUnterschiedan der Expression bei
verschiedenen Salzgehalten oder Okotypen. Die zweite Studie untersudRésiitiorund
Motilitat von Individuen beider Okotypen von fluviatilisin unterschiedlichen SalinitateBie
ergab, dass die Okotypen van fluviatilis in ihren jeweiligen Lebensraumen &hnliche
Grundstoffwechselraten aufweisen. Der SiRwaSs@typ zeigte jedoch verriegte
Respiratiosratenund Bewegichkeit bei erh6htem Salzgehattes Mediums wahrend der
BrackwasseOkotyp bishin zu extremen Bedingungen stabile Werte aufwies. Die Richtung
der experimentellen Veranderungerdes Medium-Salzgehalts beeinflusste die
Respirationsaten, wahrscheinlich aufgrund des EnergiebedarfJigee zurOsmoregulation.

In der dritten Studie wurdead Genom voit. fluviatilis de novasequenziertes wurde mithilfe

der PacBieLong-ReadSequenzierung und des FgasemblyAlgorithmus sowie mehrerer
Polishing und Haplotypisierungsschritte erstellt. Die endgultige Genomassemblierung hatte
einen BUSCGVollstandigkeitswert von 76,9 % und einen N&ert von 73828 bp mit einem
GesamiRepeat contenwvon 48,92 %. Bei derAnnotation wurden 2220 funktionelle,
proteinkodierende Gene identifiziert, wober 8USCO-Vollstandigkeitswert 81,8 % betrug.
Diese Ergebnisse geben Aufschluss lber die physiologischen Anpassangeffiuviatilisan
osmotischen Stress und bilden eine Grundlage d@ie weitere Forschung zur
Populationsgenetik dieser Art.



1 Introduction
1.1 Phenotypic plasticitypf organismsn changing environments

On a global scale, environments are affected by an ongoing change in climate. Temperatures
rise and extreme weatheonditionsbecome more and more prevalent (IPCC, 2023). Marine
and limnic habitats are no exception. Increases in temperature, deéneplsle- resulting in

ocean acidification, changes in oxygen concentration and salinity pose great challenges to the
organisms living in these habitats (Doney et al., 2009; Reid et al., 2009). Among those factors
salinity is an important variable, espelyidor species living in shallow coastal habitats. In
shallow water habitats the fluctuations of environmental parameters arecedhdne to the

lower volume of the water body. The increasing global temperature is set to cause a sea level
rise, and with that sea level riseastal habitats, like estuaries, will experience sair@n. This

may also be enhanced by evaporation due to higher temperatures. Hom@vemnly
salinization of the coastal areas needs to be considered, but also the freshening of marine water
bodies, due to increased precipitation, ice melts and changes in ocean circulation (Reid et al.,
2009). All of theseltanges in the environmental conditions most likely will cause physiological
stress to the organisms. In conclusion, organisms will need jtstad the changing
environment, in order to continue to thrive in their natural habitat (Chevin and Hoffmann,
2017). This is especially prevalent in stationary orsiowvi ng or gani s ms, S
easily escape unfavourable conditions (Patadpez etal., 2015;Valesco et al., 2019;
Venancio et al., 2009 Mechanisms or concepts efich adjustmentare plentiful, such as

genetic assimilation, phenotypic accommodation or phenotypic plasticity (Pigliucci et al.,
2006).

Phenotypic plasticity describes an organi sms
physiological constitution or behaviour in response to its environment. In the words of
Schlichting and Smith (2002) : A p hr egnaonti yspm 6¢s
characteristics i n r es pAaathsrevaytofdooking at plasticityiso n me n
that different environmental cues stimulate different transcription factors leading to genes being
differentially expressed or evewitched on or df An example where environmental cues lead

to differential gene expression is the killifishustrofundulus limnaeu¢Schultz, 1949).
Depending on whether the fish were reared in constant or fluctuating temperaifieesnt

genes were expressed (Podrabsky and Somero,. Zitdionment in the context of phenotypic

plasticity covers a wide range of definitions, e.g. physical or biotic environments, exemplifying



external environments, but al@mternal environmesat | c o n suchtas body semperature
(e.g, important for ectotherms) (WeBtberhard, 2003). Examples that illustrate phenotypic
plasticity are: varying leaf morphology under different environmental conditions (Fritz et al.,
2018), cladoceran defensive carapace structures inductee lyresence gfredatorsn the
same habita{Barnhisel, 1991Kerfoot, 1977; Sperfeld et al., 202@,1.5fold increase in
Na'/K™-ATPase activity upon transfer from brackish to sea water conditions in killifish like
Fundulus heteroclitugLinnaeus, 1766)Scott et al. 2008), and the feeding behaviour in
zebrafish Danio rerio (Hamilton, 1822)) being affected by its environmental conditions, i.e.
the amount of vegetation and water fleate(Bhat et al., 2015). These phenotypic changes may
be permanent or temporarfFusco and Minelli, 2010Pigliucci et al., 2006). Phenotypic
plasticity can be either adaptive, resulting in a bet@the organismyr neutral when no clear
benefit isdetectabléLeroi et al., 1994; Pfennig and McGee, 2010; Wilson and Franklin, 2002).
An adaptive or beneficiaplastic change inthe phenotyg would be for instance, the
development oflefensive spines on the head of the cladoc@egrhnia lumholtz{Sars, 1885)
when exposed to predator kairomones. The protective/defensive spines lead to a reduction in
predation upom. lumholtzi(Dzialowski et al., 2003) the responsergo being beneficial to

the cladoceran. An example foeutralphenotypic plasticity is the change in root morphology
in reaction to varying nutrient concentrations ia #oil. Although the change in morphology

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

for now aneutralform of phenotypic plasticity.

Nevertheless, at the basis of all phenotypes is the respective genotype. The genetic makeup of
an individual shapes its phenotyjpeluding the limits ofphenotypic plasticity in response to
environmeral changeg§WestEberhard, 2003). Yet, this does not seem to be avayestreet.
Schlichting and Smith (2002), for example, point out that phenotypic plasticityrn, may

alsolead to genetic adaptation. Meaning that the plastic/phenotypic response of osdgaism

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

of genetic assimilation was first formulated by Waddington (1961) and can be described as the
process by which &ait becomes genetically fixad a population over several generatiores
selecion a process referred t o(Cladesworthaenah, |201Z,at i on
Flatt, 2005; Hallgrimson et al., 2002)/hich in turn would suggest that phenotypic plasticity

is a driver of evolutionWhen selection acts on the expressed phenotyfhesunderlying
genotypes will be favoured (WeBberhardt, 2003)However, plasticity might also put a
damper on evolutiary changesWhen plastic adjustments leadaitered phenotypeso that
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organismsare quite adapted to respond to altered environmental conglitiers no further
change in the population genotype might be necessary, in order to survive stressful
environmental conditions (Pfennig, 2021; Wright, 19&gnerally, genetigariation between
individuals of a populatiorseems to be higher in less variable environsyewhereas
phenotypic plasticity is generally greater in more variable envirors{@mtiong and Gavrilets,
2000; Robinson and Wilson, 1996; Svanback and Eklov, 2@b&)low water habitats can be
categorized as a more variable environment comgarddr example, the deeper waimes

in large lakes or the oceans, whéoe instancetemperature and salinity are typically more
stable. Robinson and Wilson (1996) have found that plasticity and genetic differentiation seem

to interact with each other, resultimga phenotyp@ptimally adjusted to the local habitat.

1.2 Effects of salinity on the physiolog§aquatic invertebrates

Contrary to organisms on land, organisms inhabitraterare exposed to media with different
osmotic conditions, either freshwater with only minimal amounts of dissolved minerals or salt
water with different levels of dissolved ions (salinitfhus, osmoregulations an important
physiological feature to allquaticanimals even more so in coastal habitats like shallow shores,
intertidal zonesor estuaries wherexternalsalinity varies on a regulareven daily- basis
(Génio et al., 20080 et al., 2019; Javanshir, 2013; Spicer and Strémberg, Z0O0&s et al.,
2006.

Animals can becharacterized a®smoregulators and osmoconforma&spending on the
strategy they use to cope with changes in external salBiignohaline animals can tolerate
only minor changes imediumsalinity, whereas euryhaline animals are able to tolerate a broad
spectrum of salinitiegHildebrandt et al., 2021)0smoregulators actively keep the osmotic
pressure of the body fluids constant in relation to the osmotic pressure of the surrounding
medium. In other words, they regulate their body osntglandependent of the external
conditions which is an enesgically costly processin contrast smoconformersdjust their
body osmolarity to match that of tlseirroundingmedium.Adjustmens of body osmolarity
during changes in external osmolaldginbe achieved eithgrassivéy or activay (Willmer,
2006) While a redution in surface permeabilityo water moleculemay present a first line of
defence for aquatic invertebrates against unwanted water fluxes, ttpsswble for aquatic

invertebrates t@ntirely avoid changes in body fluid volume (loss of water in hyperosmotic



media, gain of water in hypoosmotic mediE)us, integumental permeability changes must be
accompanied by alterations inlagar ion transport and adjustmentiofernal levels obrganic
osmolytes, such as amino acmsurea to balance the body fluid volume. These amgcial
mechanisms employed bgvertebrateosmoconformerg¢and also osmoregulator) adjust
body volumeto levels at whichphysiological cell functions remain operati{Rierce, 1982;
Willmer, 2006)

lon transporacross biological boundaries (integument, gut epithelium, kidney etc.) is generally
mediated by th&la’/K*-pump, also known as N&*-ATPase. This enzymactivelytransports

(by usingenergy acquired through the hydrolysis ATP) sodium ions across the plasma
membrane out of the cell into the extracellular spaceatriie same tim@otassium ions into

the cell(Bejl ek et al., 2021Horisberger, 2004 Another important transport ATPase mediating

the translocation of protons across cellular membrangkeisv-ATPase (Beyenbach and
Wieczorek2006). These active transport mechanisms build up transmembrane gradients which
provide the energy for secondary transport processes mediating translocations of ions and other
solutes across biological membranes or other biological compartment boundeee=t @l,

2022).

Especially in osmoconformers which cannot keep their internal osmolalities independent of
those of the external medium by active osmoregulation, adjustments in internal osmolyte
contents for the stabilization of body fluid volume are mediated by provision
degradation/excretion ofrganic osmolytegand also inorganic ionsuch as intracellular free
amino acidor ureaTypically, the amino acids glycine, alanine, proline, glutamate, taurine, as
well as aspartate and glutamine are utilized as osmotitgesolGilles, 1978; Pierce and
Amende, 1981; Pierce, 1982)nder hyperosmoticonditions,amino acids are accumulatied

the cell while under hypoosmoticonditions,the amino acids are either degraded or excreted
to reduce the osmotic gradigitierce, 1982Willmer, 2006. Similarly to amino acidsjreais
utilisedin many animalss an organic osmolyte undressful salinity conditiondBrowning,

1978; Hazon et al., 2003; Wiesenthahkf 2019. Urea is a small (60 g mid) and uncharged
molecule which formerly prompted scientists to assume that it could passively diffuse through
biological membranes, equilibrate in body fluid compartments, or leave aquatic organisms by
diffusion. However, this hypothesis had to be revissdthere are some waidwelling
organisms which retain urea in high concentrations in their body fluids despite very low urea

concentrations in the outside world, e.g., elasmobranch fish (Fines2&(dl). Such fidings
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suggested that urea is a substance whose translocation of one biological compartment to another
occurs in a highly controlled mannédome aquaporin subtypes are permeable for urea,
resulting in a passive transport along the concentration gradieahd Wang, 2014 Apart

from the passive transport through aquapofimasnely Agp3, Agp7 and Agp9here are also

urea transporters that actively transport urea against concentration gréBeamkir, 2014;

Fines et al., 2001; Morgan et al., 200Bependingon the organism, there are different kinds

of urea transporters (UT), such as-BTand UT-B in vertebrates, DURS3 in yeast, fungi, plants
andinterestinglyalsoin thefluted giant clamTridacna squamos@é.amarck, 1819JAbreu et

al., 2010; Chan et al., 2018; ElBerry et al., 1993; Kojima et al., 2006; Navarathna et al., 2011;
Sands and Blount, 2018&mith, 2009;Sumrada et al., 19J6This suggested that also other
molluscs may be able to express urea transporters and control urea fluxes across compartment
boundaries. Previous investigations on the abilities of the neritid Bmaddoxus fluviatiliso

survive changes in medium salinity and to accumulate organic osmolytes have revealed that
this species is able to accumulate urea in its body fluid under hyperosmotic stress conditions
and retain it against huge gradients to the outside world (Wiedetthl, 2018; Wiesenthal et

al., 2019). Ths prompted an investigation into the presenagred transporters ih. fluviatilis.

Given the ongoing debate about the mechanisms energizing urea transport and the formation
and degradation of other osmolytes, we aimed to study the respiration ratdisidtials ofT.

fluviatilis during changes in externaalinity conditions To elucidate the molecular
mechanisms of phenotypic plasticity in this snail species with respect to osmolyte and body
volume regulation, we set out to de nesaguencehie genome of this species with the
perspective to potentiallge able to relate certain physiological changes in the animals under

osmotic stress to relevant transcriptional changes.

1.3 Sampling locations

Specimens of . fluviatiliswere sampled at seven different locations in northern Germany over
the years. Three populations originéitem the Feldberger Seenlandschaft, two of them are
from the lake Schmaler Luzin and one is from the lake Carw@eer The populations from
the Schmaler Luzin are located on the northern and southern end of the lak@&. 8uatilis

does not produce freevimming larval stages, the assumption was made that the popsilation
do not intermix and are indeed distifrcim each otherThe shallow water zone near the shores
of the Schmaler Luzin is coveredth small to medium stones and pebbles, with tree roots
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growing into the water, providing ample habitat Torfluviatilis. The shore of the Carwitzer

See deepens sooner than that of the Schmaler L4iuviatilis can only be found in a small
section covered with pebbles, underneath a fishing pier. The Carwitzer See is highly frequented
by hobbyfishermen. The brackish water populations origindteth the Baltic Sea anthe
Greifswalder Bodden, more precisely near the settlements Boiensdorf and
Ludwigsburg/Loissin, and the islands Hiddensee and Riems (Tigbl&imilarly to the
freshwater habitats, the shallow waters near the shores of the brackish water habitats are
coveredwith small to medium stones and pebbles. Addition&llycussp. was observeat the

Baltic Sea location near Boiensdorf. Unfortunately, the populations in the Greifswalder Bodden
near Ludwigsburg/Loissin, Hiddensee and Riems could not be recovered on site during the time
of this PhD thesis. Accordingly, the animals from those fagjmns used in this study have all

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

Table 1: Sampling locations ofT. fluviatilis. S5 S6 and S7could not be recovered during the
sampling perids in 2021, 2022 and 2023. Data for&8& S6 weretakenfrom Wiesentha(2018)

Type Location Abbreviation Coordinates Salinity (PSU) Temperature (°C)
FW  Schmaler Luzimorthern end S1 53°19'33"N, 0.5 4.4-21.5
13°26'28"E
FW  Schmaler Luzin southern en S2 53°19'33"N, 0.5 4.2-21.5
13°26'29"E
FW Carwitzer See S3 53°18'21"N, 0.5 3.821.8
13°26'48"E
BW Boiensdorf S4 54°1'2"N, 10.812.1 5-20
11°31'31"E
BW Ludwigsburg/Loissin S5 54°6'59"N, 7.5 7-20
13°28'42"E
BW Hiddensee S6 54°34'40"N, 9 17
13°06'48"E
BW Riems S7 54°1100'N, 7.5 21.1
13°2110.2'E



1.4 Study organism

Within the class Gastropoda, the sr#ileodoxus fluviatiligLinneaus, 1758pelongs to the
subclass Orthogastropoda and the basal family Neritidae. This snail is an euryhaline
osmoconformer that is distributed in limnic and brackish water habitats across Europe and
western Asia (Anistratenko, 2005; Bandel, 2001; Bunje and LindI260Q6; Zettler et al.,
2004). In northern Germany two ecotypes can be differentiated, the freshwater (FW) and
brackish water (BW) ecotypes. Characteristic for this species is the morphological plasticity
that is displayed by the diverse shell patternsedkas the variable shell size and shell thickness
(Gl°er and Pegil, 2015; Kangas alWeseShal®og, 1¢
al., 2018). Although Zettler et al. (2004) did not find significant morphological differences for
population ofT. fluviatilisin northern Germany, the populations examined in this study, differ
significantly in their shell size. The freshwater populations are generally bigger, with an average
shell length of ~ 9 mm, than the brackish water populations, with an awsraljéength of ~

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

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

According to Bunje (2005). fluviatilis populations in northern Europe originated mainly from
individuals located in northern Italy. In northern Germany, there seem to be two highly
divergent haplotype lineages, suggesting at least two postglacial recolonizationéwedtta
suggests thak. fluviatilis originated in brackish water habitats and from there colonized fresh
water habitatsThe populations in the Baltic Sea seem to haveolenized brackish water
habitats from fresh water habitats. Based16S rRNA and cytochrome C oxidase subunit |
(COl) dataT. fluviatilis populations display homogenous genetics in northern Germany (Bunje,
2005; Bunje and Lindberg, 2006).

T. fluviatilis requires hard substratas a habitat, in freshwater the snails are found on stones,
pebbles and wood, such as tree roots growing in the water. In brackish water habitats the snails
are additionally found on a few macroalgal species, su€l@sssp.or Zosterasp. (Zettler et

al., 2004). Given that the right substrate is availdblguviatilisis found from shallow waters

up to a depth of 60 m (Wlodarskawalczuk and Janas, 199@he hard substrate is required

by these snails to mechaally split open the silicatehells of diatom$ their main food source

T using their radula teeth. (Neumann, 1959; Skoog, 1978). If the diatoms remain intact while
ingested, the snails are not able to properly digesh tiideumann, 1961). Interestingly,
population density can vary immensely in this species. Kirkegaard (2005) reported population
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densities varying between 575 and 2115 individuafs with an average of 1150 individuals

m for Lake Esrom in Sweden.

Theodoxus fluviatilisis dioecious and therefore reproduces sexually. The males can be
identified by the penithat islocated on the inner side of their right tentacle. Additionally, males

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

of the rib shield is straight in females and curved inm@lé€sl ° er andThefemales , 201
will lay 20-40 fertilized egg capsules per reproduction cycle (Kirkegaard, 2005). The egg
capsules contain several eggs, howewdy one of those eggs will develop into a juvenile snail,

the remaining eggs serve as nourishing eggs. Since this species develops directly into juvenile
snails, there are no fremvimming larval stages (veligéairvae), which limits the dispersal of

this species substantially (Bondesel®4Q Graham 1988 Kirkegaard 2006 Ulrich and
Neumann1956).

T. fluviatilis also displays quite the array of physiological plasticity. The physiological
tolerance, adaptation and acclimatisation to differing salinitie® baen investigated to
varying degrees over the years. Kangas and Skoog (1978) investigated the salinity tolerance of
Swedish populations af. fluviatilis from freshwater and brackish water habitats. They noted
that the freshwater populations showed a higher tolerance to low salinities than the brackish
water populations and that likewise the biabkvater populations showed a greater tolerance

to the highest salinities tested. They also reported that the tolerance exhibited by the populations
was overall higher at 82 compared to experiments performed at@5Populations in northern
Germany were found to exhibit similar salinity tolerances, with brackish water populations
being able to tolerate a broader range of salinities compared to the freshwater populations.
Important to note is that the reaction norofishe freshwater and brackish watepplations

could not be made to match by stepwise acclimation of the animals to the different salinity
regimes (Wiesenthal et al., 2018). Symanowski and Hildebrandt (2010) have also shown that
the osmotolerance of brackish water populaisrgreater than that of freshwater populations

of T. fluviatilis. Although both freshwater and brackish water populations are able to
accumulate organic osmolytesien exposed tbyperosmotiaconditions the brackish water
populations were able to accumulate roughly éwiee amount of ninhydrin positive substances
under hyperosmoticonditions in comparison to the freshwater populations. Ninhydrin
positive substances, such as organic osmgqlgtesutilized by organisms to maintahre cell

volume under osmotic stress. Amino adidstype of organic osmolytesiave been shown to
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be accumulated equally well by the freshwater and brackish water populations under
hyperosmotic streq®Viesenthal et al., 2019However, the pathwaysy which the freshwater

and brackish water ecotypes accumulate organic osmolytes differ. Alanine, proline and urea
make up the quantitatively largest part of the organic osmolytes accumulated under
hyperosmotic stress. The freshwater populations accumudaitdyralanine, while the brackish
water populations mainly accumulate the amino acid proline aneétbedary metabolite urea
(Wiesenthal et al.2019). Interestingly, N&K*-ATPase and MATPase are neither up nor
downregulated under changing external salinities (Knobloch et al., 2022)tH&dtfa+/K+
ATPase and YATPase play important roles in theocesof osmoregulation. N&K*-ATPase

is a transmembrane protein, which transportsibias out of the cell into the extracellular space
andK-i ons into the cell (Bej TeX-AT®Pase teahsports™ 02 1 ;
ions to the extracellular space, thus creating an ion gradet may fuelsecondary
transmembrane transport proeas$-riedman, 2008; Nelson and Harvey, 1999; Wieczorek et
al., 1999).

The aforementioned studies clearly indicate physiological and morphological differences
between the freshwater and brackish water ecetyp€. fluviatilisin northern Germany. The
guestion arises whether those differences can solely be explained by phenotypic plasticity or
whether genetic assimilation has already taken pleading to detectabléslight) genetic

alterations.

1.5 Genetics of molluscs

Molluscs are abundant in oceans and freshwetbitats as well as on land. They represent the
largest phylum of mostly aquaficextremely diver§ species. Within this phylum roughly 96

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

With the advent of modern genomic techniques sequencing costsltzenaticallydropped

over the last two decades, making whole genome sequencing readily available to almost
anyone. Higkthroughput sequencing (HTS) technologies can be divided interéadyand
shortread sequencers, like Pacific Biosciences (PacBio) and lllumimeeatesely. Generally,

for de-novo sequencing of whole genomes it is advisable to use adadgechnology, in order

to assemble the genome with as few errors as possible@oet al, 2016). During the last
decade mollusc genomes were mostly assembled using a combination of betabbrgd
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shortread technologies, utilizing hybrassemblyalgorithms (GomeslosSantos et al2023,
Goodwin et al 2016;Miller et al., 2017; Renaut et al., 2018).

While invertebrates have receivissattention than vertebrates regarding genomics, among
the invertebratethe phylum Mollusca is especially underrepresented. Among the molluscs,
gastropods and bivalves have been the classes mostly investigated in the field of genomics
(GomesdosSantos et al., 2020). While many mitochondrial genomes are available for
gastropod (De Vivo et al., 2022Feng et al., 2021; Fukumori et al., 2016; Fukumori et al.,
2020; Miao et al., 2022; Varney et al., 2021; White et alLl12€omparatively few species have

been sequenced to the extent of a whole genome assembly (De Jode et al., 2023; Farhat et al.,
2023; Goodheart @t., 2024; Schell et al., 2017; Sun et al., 2020; Zeyuan, 2023), none of which
belong to the family Neritidae. Since the whole genome sequencing of the first gastropod, the
sea haré\plysia californica(Cooper, 1863) in 2009, there has been a steady increase in mollusc
and gastropod genome assemblies published. However, the amount of mollusc genomes
published is ngligible in comparison to the number of extant species within this phylum
(GomesdosSantos et al., 2020).

Sequencing mollusc genomes poses several difficulties. In order to achieve-qudligh

whole genome assembly, DNA quality, quantity and purity is crucial (Schultzhausen et al.,
2019). Longread sequencing technologies, such as PacBio, require highuhaola®ight

DNA, i.e. DNA-strands with a length over 50 kilobases (kb) (Mayonade et al., 2017,
Schultzhausen et al., 2019). Purity can pospecialchallenge in mollusc whole genome
sequencing. Polysaccharides, especially prevalent in gastropods, nagy the enzyme
activity during library preparation or obstruct the pores used in nanopore sequencers (Arseneau
et al., 2017;personal communication with Prof. Haas&hus, it is crucial to use DNA
extraction Kits or workflowsthat are optimized to utilizéissues with high amounts of
mucopolysaccharides) order toyield the required DNA quality needed for next generation
sequencing (NGS). While quality and purity certainly are factors that need consideration in
working with mollusean DNA samples, the qumity is a factor that should not be
underestimated. Small animals naturally yield lower DNA content, additionally some especially
mucus rich body parts may want to be avoided. Furthermore, the fact that the genome sizes are
highly variable even betweeroskly related species of mollusemplicates the estimation of
sufficient sequencing depth/coverage (Davison and Neiman, 2021; Gos8antos et al.,

2020; Takeuchi, 2017).
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Once DNA extraction and sequencing is completed, the de novo assembly of molluscan
genomes poses soradditionaldifficulties, like the presence atpetitive elements and a high
amount of heterozygosithat istypical for mollusc genomes. Heterozygosity is problematic
because it causes fragmentation of the genome (Takeuchi, 2017). Repetitive elements, like short
interspersed nuclear elements (SINES) or long interspersed nuclear elements (LINES), can cause
ambiguties during the alignment and genome asdgmibhis is problematic for later
interpretation of the results, which is why maskofigepetitive elements previous to annotation

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

(GomesdosSantos et al., 2020; Treangen and Salzberg, 2013).

So far none of the gastropod whole genome assemblies published belong to the family
Neritidae (NCBI Genome databas€he snails which genomes have been published to date are
all roughly 400 million years divergent from fluviatilis (www.timetree.org)Within the class
Gastropoda, the family Neritidae is considered phylogenetically basal, with the oldest fossil
records dating back to the Ordovician (Kano et al., 2002; Qui@afeis and RaqueCastro,

2013). Thisillustrates that it was impossible tosasnble the genome at fluviatilis using a

known genome of a closely related species as a reference.

Molluscan genomes can offer insights into a variety of questions. For example, they have
provided insights into bilaterian karyotype development (Wang et al., 2017), bilaterian
evolution (Simakov et al., 2012), biomineralization (Du et al., 2017), stodssaice and
invasive adaptation (Liu et al., 2018), environmental resilience (Powell et al., 20i8)
adaptation to neurotoxins (Li et al., 2017).

1.6 Objectives of the styd

1. Are there differences in expression levels of urea transportefs ftuviatilis

ecotypes under osmotic stress?

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

3. Generation of a reference genofoeT. fluviatilis

Outlook: Are there genetic differences detectable between the populations?
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1.7 Experimental design
1.7.1 The search foureatransportergene expression

The presence of DURGrea transporter genes is well documented for yeast (EIBerry et al.,
1993), plants (Carvalho Ferreira et al., 2024;et al., 2015and molluscs (Chan et al., 2015;
Hermida et al., 2022)In order to investigate thexpressionof DUR3 or DURSIlike urea
transporter genes ih. fluviatilis underhyper and hypoosmotic stressanscriptome sequence
data vereused to identify the relevant coding sequences andRBR was applied to elucidate

differences in expression levels of corresponding mRNAs.

Salinity transfer experiments were conducted using the populations S6 and S7 (BW) and S1
and S2 (FW) (Table 1)-he brackish water populations were transferred in a stepwise manner
from 8 PSU(practical salinity unitsjhabitat salinity) to hypoosmotic conditions of 0.5 PSU,

as well as to hyperosmotic conditions of 28 PSU. The freshwater populations were transferred
stepwise from 0.5 PSU (habitat salinity) to a maximum of 18 PSU. The animals were kept in
the final saliity for 5 days. Afterwards the snailgere anaesthetized &0 °C for 10 min, the

foot muscle was dissected and stored in liquid nitrogen until furtheflis&ozen foot muscle

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

The transcriptomic data used stem from 24 individuals of both brackish water and freshwater
locations, which underwent exposure to different salinities. The RNA was extracted and
sequenced as well as assembled by GATC Biotech AG (Konstanz, Germany).

The genomic data used stem from one brackish water individtial. DNA extraction, the
library preparation and whole genome sequencing (PacBio) were carried out at the Competence

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

In orderto identify coding sequences piitativeDUR3-like urea transporters in the respective
transcriptomic sequences of fluviatilis, known coding sequences of several mollusc species
were usedTheidentifiedputative DUR3like urea transporter coding sequences were then used

to generate primers for gRACR analysis.
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1.7.2 Metabolic rate of T. fluviatilis imlifferentsalinities

In order to nornvasively test the metabolic rate ©f fluviatilis over a range of salinities
respiratory measurements werenducted There are three types of aquatic respirometry
systems: flowthrough respirometry, closed respirometry and intermifient respirometry.
Flow-through respirometry assesses the oxygen consumption of the experimental animal in a
chamber with constant water flow, where the oxygen concentration of the water is measured at
the entrance and exit of the chamber. Thus, it is possible to calhdat&ytgen consumption

of the animal in the chamber. Advantages of this method are thecolgrisk of hypoxia and
hypercapniaas well as the longme an experiment can be run for. However, the disadvantages
of this method, such as the careful control of water flow and the need for a precise calibration
of both oxygersensors, makes this method rather time consuming and full of probable technical
pitfalls (Steffensen, 1989 The closed respirometry system measurements are, as the name
suggests, conducted in a closed chamber, where the ogggeantration is measured at the
start of the experiment, before closing ttleamber off and then again at the end of the
experiment. While it is a simple experiment to get and can be e@s conduced the
disadvantages are plentiful; for examptlee high risk of hypoxia and hypercapnia if the
experimental time is not chosen correctly, which leads to a limited duration an experiment can
be run for. It also requires careful control of the initial and final oxygen concentrations
measuredAdditionally, there is na@hanceo monitorthe processes happeniwghin the closed

off chamber. The intermittentflow respirometry combines the best features of both -flow
through and closed respirometry systeergo it is a hybrid of both methad&he ntermittent

flow respirometryis conducted in a closezkperimental chambehat is periodically flushed

with fresh water, in order to combat the risk of hypoxia and hypercapnia, as well as the
accumulationof waste products. The oxygen depletion in theerimental chambeis
measured continually over the time of the experimenismialy interrupted when the chamber

is flushed with fresh, oxygenated water. Although it is a slightly more complicated experimental
setup in comparison to the closed respiromet
suited for longterm experiments, where the animal can be sufficiently acclimated to the

experimental setip while already gaining inside into the metabolic rate.

In order to study the metabolic rateToffluviatilis the intermittentflow respirometry system

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

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

12h:12h light:dark cycleThe animals were kept in the experimental chambers for a duration
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of 24 or 48hours During this time, the experimental chambers were flushed periodically to
avoid hypoxia in the <chamber, which <coul d
(McMahon and Russdflunter, 1973 At the end of the respiration rate measurements, the
snailswereremoved fronthe chambers and put into beakers filled with substrate and diatoms.
Another factor influencing respiration rates in gastropods is food availafillieung and

Wong, 2001; Maas et al., 201 By allowing the snails toeled on the diatoms in the beakers

while background respiration was measured in the empty chamizeenisured the snails were

fed sufficiently as to not influence the respiration régditionally, prior to the experiments,

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

by the different reproductive physiology of females and males.
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Figure 1 Schematicrepresentationof the experimental setup for the aquati
intermittent -flow respirometry. The figure was modified after the Qt
Systems mirAQUA Aquatic Respirometry Package Manual. DO prok
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= pressure sensor, Mini 1 and Mini 2 are the intersections between the prc
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The salinity ranges tested, corresponded with the upper and lower survival limits of the two
ecotypes ofT. fluviatilis. The brackish water ecotyg®W) individuals wereexposed to
hyperosmotic and hypoosmotic conditions, while the freshwater ed@tyyeindividuals only
experienced hyperosmotic salinity conditiohke respiration rasof theFW individuals were
recorded at 0.5, 6, 12, and 18 PSU (practical salinity units). The salinity of 0.5 PSU represents
freshwater, ergo the natural habitat salinity of this ecotype. The brackish water ecotype
i ndi vi dual s éwereeestep startiag at tlkematurahhialetat salinity of 12 PSU, then
either going into hypersaline conditions fig$6, 22 and 28 PSJor hyposaline conditions first

(8, 4and0.5 PSU) (Fig. 2).

BW (A) ’lZPSU(a)H 16 PSU H 22 PSU |’—>{ 28 PSU l

—

‘mpsum)}—»{ 8 PSU H 4PSU H 0.5 PSU ‘
BW (B) lepswa) }—»{ 8 PSU }—»{ 4PSU J—»[ 0.5 PSU J

|
v

{npsum) ]—»{ 16 PSU )—»{ 22 PSU }—-[ 28 PSU ’
FwW [ 0.5 PSU H 6 PSU H 12 PSU 18 PSU

Figure 2: Salinity treatment regimes for the brackish water and freshwate
ecotype individuals.BW(A)=Br a c ki s lypensadirityfirsto trdaimentBW
(B)=Br ac ki s gposalmityfastotrdatmentFW = Freshwater hypersalin
treatment

At the end of theespirometry experiments the snails were anaesthetis&0 &C for 15

minutes and the foot muscles were dissedtathediatelyfrozen in liquid nitrogen and kept at

-80 °C for later DNA extraction and whole genomeseguencing with the goal of performing
genome wide association studies to understand the differences in metabolic rates between the

ecotypes on a genomic level.

17



1.7.2.1 Motility of T. fluviatilisin differentsalinities

The motility of animals can be influenced by environmental factors, such as temperature or
salinity (Chen et al., 2022; Ho et al., 20D et al., 2020Svetlichny and Obertegger, 2022

The motility experiments were conducted in small glass aquaria, filled with 2 L of experimental
medium. The motility of the snails was tracked usandethovision XT video tracking system

with two cameras (Noldus, Wageningen, Netherlandi®ng with the experimental medium,

an aquarium with the original habitat salinitfy tbhe corresponding ecotype was set up as a
control. The freshwater ecotype snails were tracked in their original habitat salinity of 0.5 PSU,
as well as hypessmoticconditions of 5 and 10 PSU. Whereas the brackish water ecotype snails
were tracked in their original habitat salinity of 8 PSU, as aglinhyper and hypoosmotic
conditions of 15 or 22 PSU and 4 or 0.5 PSU, respectifély.experimental salinities were
adjusted carefully and the measurements were started after an acclimation period of 4 hours.

1.7.3 Generation of a reference genooferl . fluviatilis

The snails used for the generation of the reference genome were sampled at three freshwater
and three brackish water locations, as described above in section 1.3 (populatdnS6S1

S7). The generation of the reference genome required the use of acBi®ad data, lllumina
shortread data and transcriptomic sequences. For the generation of whole genome sequences
the foot muscles were dissected and frozen in liquid nitrogen. The DNA was extracted
according to the manufacturers protocol, using theAttagct HMW DNA kit (Qiagen) for the
long-read dataset (PacBio) and th&leasy Blood and Tissue Kit (Qiagen) for the stiestd
datasetThe PacBio sequences were generated using one brackish water individual, while the
low-coverage shomtead Illumina sequences were generated using 50 individuals from both
brackish water and freshwatecations The DNA was quality controlled and sequenced at the
Competence Centre for Genomic Analysis (CCGA, Kiel, Germdmg transcriptomic dataset

was generated as debed above in section 1.7.1.

The initial genome assembly was generated with thedead sequence dataset (PacBio) using
Flye v.2.8 (Kolmogorov et al., 2019). The quality vessessed witBenchmarking Universal
SingleCopy Orthologs (BUSCO) v5.3.2 (Manni et al., 202&)ng the metazoan database.
Contamination of the initial genome assembly was checked with BlobTools blobtoolkit v3.3.4
(Laetsch & Blaxter, 2017)he initial assembly was polished with Racon v1.4.3 (Vaser et al.,
2017) using all 50 shoread sequence datasets. HISAZ.2 (Kim et al., 2019) was used to

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

of the shorread datasets, the scaffolded genome was polished two consecutive times with Pilon
v1.24 (Walker at al., 2014). The final genome was again checked for contamination and quality,
utilizing BlobTools blobtoolkitv3.3.4and BUSCQrespectively Prior to annotationrepeats

were identified and soft masked using RepeatMasker version 4.1.4 (A.F.A. Smit, R. Hubley
and P. Green RepeatMaskehép://repeatmasker.oygBraker3(Bruna et al.2020; Bruna et

al., 2021; Buchfink et a).2015; Gotoh2008; Hoff et al, 2016 Hoff et al, 2019; lwata and

Gotoh 2012; Kovaka et gl2019; Lomsadze et ak005;Lomsadze et gl2014; Perteand
Pertea2020;Stanke et a]2006 Stanke et al2008 was used with a custom molluscan protein

dataset and the RNAseq data to perform the annotationder to filter out single exon genes,
TSEBRA (Gabriel et al., 2021) was used gost to enforce the gene set created by Augustus
(Stanke et al 2004; Stanke et al., 2005; Stanke et al., 2006). A@AT script
agat_sp_keep_longest_isoformvpl60 (https://github.com/NBISweden/AGATas utilized

to only keep the longest isofornksnally, a functional annotation of the annotated proteins was
performed usindeEggNOGmapper version 2.0.1. (Cantalapiedra et2l21, HuertaCepas et

al,, 2019).
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2 Synopsis

2.1 Are thereanydifferences in expression levels of urea transporters in T. fluviatilis
ecotypes under osmotic strass

Urea is accumulated by terrestrial snails during aestivation and desiccation, as a means to
prevent the loss of wateHong et al., 2005; Horne and Barnes, 1970; Rees and Hand, 1993
Wiesenthal et al. (2019) found thgt fluviatilis also accumulates urea as a way to cope with
stressful salinity condition®Jrea is less toxic than ammoraadit is readily excreted via the
kidney or gills in aquatic animals (Oja et al., 200IH)e different amounts of urea accumulated

by T. fluviatilis ecotypes during osmotically challenging conditierese the caustor further
researchThe transcriptomic sequence data revedhedexpession offour different putative
DUR3like urea transporters in. fluviatilis, namelyTf-Al, TfUT-A2, TFUT-A3 andTfUT-B.

The degregof similarity between the transporterglicatedthat they belong to two different
families. The presence of the two families of UT in other invertebratescaasborated by
phylogenetic analysissing the respective protein sequences from a variety of GenBank entries.
In contrast tahetwo UTs of vertebrateshataresplice variants o single gene, thEfUTs are

all encoded by different genes (Sands et al., 2014; Smith, 2D0frent isoforms of urea
transporters, each encoded by a different géiaee also been reported for the fungus
Aspergillus nidulangEidam, 1883jand the macroalg@yropia yezoensi@Jeda, 1932)Abreu

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

Computational structure analysis of fi@T sequences revealed tA@JT-A1-A3 containl5
transmembrandomainsand TfUT-B contains 14 transmembrademains This corresponds
well to thenumberof transmembrangomaingound in DUR3like UT in Tridacana squamosa
Aspergillus nidulangand plantgAbreu et al., 2010Chan et al., 2018; Sanguinetti et al., 2014
Althougha fewamino acid residues, which azensidered to banmportant for the function of
DURS3-like UT, are missing in th&fUTs, most of thefunctionally crucialamino acid residues
in DUR3-like protein inAspergillus nidulang@nd Tridacna squamosare also present in the
TfUTs (Chan et al., 2018; Sanguinetti et al., 2014). Therefoeefunctionality of the proteins
shoul dndt b,dutstibneeds to be icanfended

As described aboveT. fluviatilis ecotypes accumulate organic osmolytes under increased

salinity conditions, including urea. The brackish water ecotype typically shows a higher base
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level concentratiorof urea, compared to the freshwater ecotype. With the aim of quantifying
the relative mRNA expressidavelsof TIlUT-A3 andTfUT-B in T. fluviatilis ecotypes, qRT

PCR wvereperformed orboth freshwater and brackish watedividualsthat were exposed to
either control (natural habitat) or hyperosmotic (for FW individuals) or both -hgpd
hyperosmotic (for BW individuals) condition¥he overall baseline expressitmvel (at the
respective habitat salinities) ©fUT-A3 wereremarkably dferent between the brackish water
(normalized Ct value of 0.9 on averaged freshwatemprmalized Ct value &.9on average
ecotypes.In hyperosmotic conditions the brackish water ecotype expressed significantly
decreased levels of mMRNA, while in hypoosmotic conditions, there was a slight, but not
significant increase in MRNA expression levelsT&dT-A3. Since wholebody extract were

used in this experiment it is not possible to differentiate in which type of tissue the expression
levels were significantlydifferent Assuming that urea is mainly excreted via the gills or
integument, the expression of urea transporters can be assurfiaeditiate urea excretion.

Thus, the downregulation of &Tin brackish water individualsnder hyperosmotic conditions

may aid in accumulating urea to increase internal osmolality, as was described in Wiesenthal et
al. (2019).Accordingly, he expression levels &fT mRNAs in individuals of thdreshwater
ecotypeunderhyperosmotic conditions did slightly, but not significantly, decre@sasidering

the generally lower amounts of urea, compared to other organic osmolytes, in individuals of the
freshwater eotype, it is not surprising that urea should play a minor role in osmotic acclimation
(Wiesenthal et al., 2019nterestingly, as indicated by the normalizedv@lues forTfUT-A

MRNA expression, the base level expression in the freshwater ecotype seems to be generally
lower than that of the brackish water ecotype. In contrast to the results fOiUMeA3, the
TfUT-B mRNA expression levels showed significant changes in expression levels in any of
the salinities nor between ecotypétowever, the qRIPCR data did show high standard
deviation errors, rendering the statistical analysis useless. Furthermore, the urea transporters
TfUT-A1l and TfUT-A2 were not tested in this study, their expression across tissues may be
substantially different. Appropriate methodsfaother investigate the topic of urea excretion
and/or accumulation ifi. fluviatilis under osmotically challenging conditions, would be e.g.
fluorescence in situ hybridization (FISH), immune fluorescence or Western blot experiments.
In summary, further analysis of tissugpecific expression patterns of DURe urea
transporters inT. fluviatilis is needed in order to gain a deeper understanding of the
physiological challenges this snail is capable of conquering under varying salinities.
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2.2 Isthe metabolic rate of T. fluviatilis affected by changes in salinity?

As described above, slow moving organisms are especially prone to changes in their
environment, since they canodt easil yfTheescape
respiration ratesas well as the motilitypf the freshwater and brackish water ecotypie$.
fluviatilis did not significantly differ in their respective habitat salini(iBsv 12 PSU, FW 0.5

PSU) which is in accordance with the results of Lumbye (1968 suggests that the baseline
metabolic rate of théwo T. fluviatilis ecotypess very similar. With increasing salinityhe
respiration rates of the freshwater ecotype individuals decteask thesnails stilled their
movement in the motility experiments. Similarly, freshwater gastropo@hilina dombeiana
(Bruguiere, 1789as reported to reduce respiration rate when exposed to brackish water (12
PSU) as well (Barriogigueroa and Urbina, 2023)he respiration rateand movementf the
brackish water individuals stayed more or less constant tnemoderately hypersaline
condiions tested (1836 PSU). However, at the highest salinities tested2@®SU), the
respiration rates decreased and the movemeppst Similar observations could be made in
moderately hypoosmotic conditions (5 PSU), where neither respiration rate, nor motility were
significantly affected. While there was no significant change in respiration rates in the lowest
salinities tested (0.5 PSlthe brackish water ecotype individuals, didpstheir movementA
decrease in locomotor activity in dilgtenedia hagpreviously been recorded for tdapanese

mud snaiBatillaria attramentaria(Sowerby Il, 1855fHo et al., 2019; Ho et al., 202@&s well

as for veliger larvae of the slipper limp€repipatelle peruviang_amarck, 1822fMontory et

al., 2014).

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

of T. fluviatilis. n t he A hy psetughae tespination satesfincreased oakrtested

salinities, whereas in the fAhyposalinity fir

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

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

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

whenindividuals ofT. fluviatilis were confronted with subsequent hyposaline conditions (in

the fAhypersalinity fir ateastare patly trele@sedt into theh e s e

surrounding medium to avoid tissue swelling by osmotic water infln@.active accumulation

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

explain the generally higher respiration rates in the brackish water ecotypéluativ

undergoing the fAhyplacostrast ihei fiyyyfpiosat ¢ ndidt ¢ a ff me
22



not affect the metabolism of the brackish water ecotype individuals as much; and thus, the

respiration rate remaga mostly unchanged under changing salinity conditions.

2.3 Generation of a reference genowfel . fluviatilis

Typically, the denovo generation of aeference genome iaccomplishedwith longread
sequence datésuch asgenerated byPacBio or Nanoporgéechnologies)using a cleawup
pipeline and de novo assembly algorithm suited to those long reads. Sometimes, a hybrid
assembly algorithm is used, where the loegd sequence dataset@nplementedy a shor

read sequence dataset (e.g. lllumif@pmesdosSantos et al.2023 Goodwin et al 2016;

Miller et al.,, 2017; Renaut et al., 201Burco et al., 2023 A de-novo asselnly with only low-
coverageshortread sequence data is not advisable, dineeesulting genome assembly will
likely be highly fragmente¢Earl et al., 2011Wick et al., 201Y. The denovo assembly of the
reference genome at. fluviatilis was accomplished by using PacBio leregd sequence data

and the assembly algorithm FlyEhe initial genome assembly comprised 1,045,476,465 bp,
spread across 40,380 contigghile the first version of the reference genome was qualitatively
inadequate, with a BUSCO cqteteness of only 67,5 % and N50 of 55,460 bp, the consecutive
polishing and haplotyping steps in the pipeline did improve the quality of the reference genome
substantially The final genome assembly was comprised of 35,695 contigs, with a BUSCO
completeness score of 76,9% and a N50 of 73,828l still only moderate BUSCO count
might be due to the fact that the lllumina sequencing data was comprised of wegvienage
sequences. Working with gastropod genomes can pose some difficulties, like palisasch
interfering with DNA extraction and more importantly library preparation. Stieaezing the
samples in liquid nitrogen can aid in tackling the nuisance of polysaccharides in gastropod
samples. Anothechallengewhen working with gastropod genomean bethe high repeat
contenf Schell et al. (2017) reported a repeat content of 70 % for the genome of thiRadnail
auricularia (Linnaeus, 1758). However, thie fluviatilis genome shows a total interspersed

repeat content of 38.09 %.

Prior to the annotation of the final genome assembly, RepeatMasker was used to softmask
repeat sequences. Repdasker identified and masked a total of 510,160,421 bp repeat
sequences, correspondity48.92 % of thd'. fluviatilis genomeThis includedretroelements

like long interspersed nuclear elements (LINEB)ch made up 7.7% of the genomeas well

23



as DNA transposons, which in total made up 2.81 % of the gen¢see
AGenomel mpr ov e me n thRps:fideilory/H06@84/n9 ifigsrare. A36235).
Transposable elements and repeat sequences are quite variable in molluscs, e.g. the frequency
of LINEs can vary between 1.15 % in the polyplacoph@&eanthopleuragranulate(Gmelin,

1791)to 24.78 % in the gastropdichatina immaculatgdLamarck, 1822)Martelossi et al.,

2023; ThomaBulle et al., 2018)Braker3 and TSEBRAredicted 71,293 proteing/hich was
suspected to be an overprediction, when compared to other mollusc genome annotations. The
number of proteins predicted for mollusc species varies greatly. While the genome of the sea
hareAplysia californica(Cooper, 1863¢ncode®6,656 proteinsGenBank accession number
GCA_000002075.2)the genome of the oyst€rassostrea virginia (Gmelin, 1791)encodes

60,213 proteingGenBank accession numb&CA 0020227654 However, by employing

the AGAT script agat_sp_keep_longest_isoform.pl the number of proteins predicted dropped
down to 64,459. Additionally, EggNO@apper identified 21,220 functional protein coding
genes. As with the genome assembly, the annotation aéis/eghecked by BUSCO, resulting

in a completeness score of 81,8 Blae comparatively high number of predicted proteingtfor
fluviatilis in comparison to other gastropod species Akdysia californica(26,656 proteins)

or Biomphalaria glabratgSay, B18) (36,675 proteinsinight be due to the great phylogenetic
distance between the species. However, the annotations were done with different algorithms,
which can also greatly impact the results.
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3 Outlook on the population genetic relationships of. fluviatilis in

northern Germany
The generation of the reference genome and the followhwe genomee-sequencing of a
total of 83 snail genomes paved the way into population genetic analysifiwfiatilis. In an
effort to understan@hether the obvious physiological differences, between the population of
T. fluviatilisin northern Germany, are solely due to phenotypic plasticity, or whether they might
be based in genetic differencggenome widessociation studies are planned. Howesega
first steptowardsunderstanding the relationship between the populations in northern Germany
i.e. the population structurpopulation admixture analysasmda principal component analysis
wereperformed(Liu et al., 2020) Admixture analysigan highlightthe geographical origins
based on the genetic makeup of the individual, ia.gsolated populationgn offspring may
show a certain mixture of alleles, depending on the origins of its parental genEsabte et
al., 2013) Alongside admixture analysis, the principal component analysis (PCA) is one of the
most commonlyusedmethods to describe population structu@ayall-Sforzaet al.,1994;
Menozzi et al., 1978; Pattersonet al., 2006 Price et al. 2006. The principal component
analysis reduces a multidimensional dataset to a smaller number of dimensions, which allows
an easier visual comprehension of the dataset. In the case of genetic data, for each individual,

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

The admixture analysis was performed utilizing ANG8{orneliussen et al., 2014nd
NGSAdmix (Skotte et al., 2013)Depending on how strict the SNP calling and admixture
analysis was performed, different population groups were identified. Wsiimgent SNP

calling and relaxed parameters NGSAdmix, six population groups corresponding to gie
populations sampledere identified The population S7 resembles a hybrid mix of populations

S4, S6 and S8ig. 3 A). Whereas, with the stricter SNP calling and stricter parameters in
NGSadmix applied, only three population groups are identified. The freshwater population S1
and S2 make up one group, the freshwater population S3 another, and the remaining brackish
water populations make up the third graifag. 3 B) However, the Admixture proportions
displayedn figure 3 A seem to be more in accordance with the PCA (Fig. 4) perfoRned.

to the PCA, utilizing ANGSD, SNPs were called based on the genotype likelinodddhe
covariance matrix was estimated. The PCA (Fig. 4) is based upon the covariance matrix
estimated by ANGSD. Similar to the admixture analysis, the PQ#lagis the populations in
distinct groups. The freshwater populations S1 and S2 group closely together, the freshwater

population S3 is located far away from any other population, and the brackish water populations

25



S4, S6 and S7 group closely togetherthe PCA the populations S4 and S7 even overlap for
the most part, which might be explained by the admixture analysis (Fig. 3 A), where S7 seems
to represent a hybrid of S4 and S6.

The freshwater populations S1 and S2 both stem frontakeeSchmaler Luzin (Table 1),

however they are located at opposite ends of the lake. The fack.tRatiatilis does not

produce freeswimming larval stages has led to the assumption that those populations are indeed
distinct and do not intamix. This assumption seems to be corroborated according to the
admixture analysis and the PCA. The freshwater population S3, which origirateshe

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

analysis and the PCA. The Carwitzer See is highly frequented by hobby fishermen, which might
have introduced this lineage at fluviatilis into this lake, which might explain the two
individuals in the admixture analysis that resemble S4 individuals. Another explanation could

be that the individuals migratdxetween thequaria in the laboratory undetectédmixup of

the samples during DNA extraction and sequencing is highly unlikely. The brackish water
populations S4and S6 appear to be distinctly sepataecording to the admixture analysis

(Fig. 3 A) and the PCA (Fig. 4). Whereas the brackish water population S7 appears to be a
hybrid of populations S4, S6 and S3. The br e
situated along the coast of the Baltbea in Mecklenburyorpommern. The Ahybri d
popul ationo S7 is | ocated near the I sland of
near Boiensdorf and the island of Hiddensee, respecti@elygraphically it might be possible

for both individualf the S4 and S6 populations to have migrated to the Riems locality, either
through driftwood, bird plumage or maybe fishermeat, with regard to the morphological

and physiological differences displayed Dyfluviatilis populations in northern Germany, as

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

B).
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Figure 3: Admixture analysis of the 6 populations ofT. fluviatilis in northern Germany. 3 A depict:
the results of the admixture analysis with stricter SNP calling and more relaxed paramete
admixture analysis3 B depicts the results of the admixture analysis with strict SNP calling an
parameter in the admixture analysis.

27



0.2-

0.1- pop

S1
52
S3

X2
[ ]

56

57
0.0-

-0.1-

-01 0.0
X1

Figure 4: Principle component analysis of the six populations oT.
fluviatilis in northern Germany. The PCA is based on the covaria
matrix estimated using single read sampling in ANGSD.

While the admixture analysis and PCA offer a small insight into the population genetics and
especially the population structure ©f fluviatilis in northern Germany, there are still many
guestions to be answered. One such approach will be the pairwise comparison of populations
via Fst. This shouldurtherelucidatethe population differentiation dF. fluviatilis in northern
Germany.Overall, the need to delve further into the population genetics dtviatilis is
apparent.
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Abstract: Theodoxus fluviatilis (Linnaeus, 1758) (Gastropoda: Neritidae) is an oligohaline aquatic
gastropod that inhabits most of Europe and adjacent areas of Asia. Two different ecotypes can be
distinguished: One in freshwater (FW) and another along the Baltic Sea coast in brackish water habi-
tats (BW). Individuals of either ecotype use free amino acids and urea as organic osmolytes to adjust
body fluid osmolality to the external medium; however, the BW ecotype is able to accumulate them
in larger quantities. The use of urea as an organic osmolyte in aquatic gastropods such as T. fluviatilis
has only recently been initially described and raised the question of how urea transport between body
fluids and the environment is balanced. Upon examining transcriptome and preliminary genome
sequence data of T. fluviatilis, we identified putative homologues of DUR3 genes, which code for urea
transporters (UTs) in other organisms. In this study, we provide evidence for the presence of four
different subtypes of DUR3-like UTs that belong to two distinct families. Two of the UT subtypes were
subject to qRT-PCR analyses to investigate differences in mRNA expression during the acclimation of
individuals of both ecotypes to different salinities. Our results indicate that only BW animals regulate
DURS3 gene expression in the context of osmoregulation.

Keywords: osmoregulation; snail; Theodoxus; urea transporter; salinity acclimation

1. Introduction

Urea is one of the terminal products of nitrogen metabolism in animals, e.g., the
breakdown of proteins and nucleotides [1]. Compared with ammonia, it is a less toxic
substance [2] that is readily excreted via the kidney or the gills in water-dwelling organisms.
In certain organisms, however, urea serves as an organic osmolyte to adjust the osmolality
of body fluids to those of adjacent organs or organ compartments or to the external medium.
Prominent examples are the renal medulla in mammalian kidneys for the retention of water
during urine formation [3] or the adjustment of the body fluids in elasmobranch fishes such
as sharks or rays to the osmolality of their marine environment [4,5].

Urea is produced intracellularly, but in order to be excreted or to act as an organic
osmolyte also in extracellular body fluids, it has to be transported across cell membranes.
Since the passive diffusion of urea is very limited, several channels and transporters act
to enhance the permeability of cell membranes for urea. Some aquaporine subtypes,
namely the aquaglyceroporines Aqp3, 7, 9, and 10, are permeable for urea [6]. Specific
transport of urea across biological membranes may occur by facilitated diffusion (along the
concentration gradient) [7] or may be energized by a sodium concentration gradient that
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drives urea/Na™ cotransport [8,9] or antiport [10] depending on the animal species, the
respective organ, or the subcellular localization [11].

In vertebrates, the specific transport of urea is mediated by the urea transporters UT-A
and UT-B [12,13]. Both UTs facilitate the transport of urea down a concentration gradi-
ent [14]. In contrast, DUR3 is the urea transporter in yeast [15,16], fungi [17,18], plants [19],
and the fluted giant clam, Tridacna squamosa (Lamarck, 1819) (Cardiida: Cardiidae) [20].
DUR3 is a urea/H* symporter and hence also allows, in principle, for the transport of
urea against a concentration gradient. Indeed, an active urea uptake from the environment
has been described for yeast [21], plants [22-24], and molluscs [20]. The presence of the
DURB-like urea transporter encoding genes in invertebrates has so far been confirmed in
mollusc species [20,25], but reports for other invertebrate groups are spare.

Aquatic snails can be classified according to their origin (marine, freshwater, and
brackish water species) and their osmoregulatory capacity (stenohaline and eury- or oligo-
haline species). In general, all groups keep the osmolality of their body fluids close to the
level of their environment (osmoconformers) to reduce the necessity of energy-consuming
osmoregulatory processes. However, oligohaline snails are able to hyperregulate their
internal osmolality under very low-salinity conditions [26-29].

Recently, the nerite snail Theodoxus fluviatilis (Linnaeus, 1758) (Gastropoda: Neritidae),
a representative of the oligohaline gastropods, was reported to accumulate urea under hy-
perosmotic conditions. T. fluviatilis naturally occurs in both freshwater (FW, 0.5%o salinity)
and brackish water (BW, approximately 8%o salinity) habitats, and the accumulation of
urea in body fluids upon transfer of an animal to hyperosmotic conditions was observed in
representatives of both ecotypes [30]. However, BW individuals displayed a much higher
base level of urea already when they were kept under natural water conditions (8% salin-
ity), and they were capable of increasing the concentration of urea to 500-700 mmol/kg
fresh mass under hyperosmotic conditions (28%. salinity). In contrast, FW individuals
reached a maximal urea concentration under hyperosmotic conditions (21%. salinity) of just
50 mmol/kg fresh mass. Further investigations indicated that FW individuals primarily
rely on the accumulation of amino acids instead of urea to increase the osmolality of their
body fluids [30].

Osmoregulation is an energy-demanding process, and a detailed look at both the
expression levels and the activities of transport ATPases that are potentially relevant for a
successful adaptation to changing external salinities revealed that the V-ATPase may not
be important at all for ion homeostasis and that the basal activity of the Na*/K*-ATPase
seems to be sufficient for both ion and volume balances in T. fluviatilis [31].

The main objective of the present study was to further evaluate the molecular mech-
anisms behind the osmoregulatory processes in T. fluviatilis and to elucidate whether or
not differences in the expression of putative urea transporters occur between the two
ecotypes and after exposure of respective individuals to either hyper- or hypoosmotic con-
ditions. We used transcriptome sequence data (NCBI, accession numbers SRR15300633 and
GKDH00000000.1) to identify relevant coding sequences and applied a qRT-PCR approach
to detect differences in the expression levels of corresponding mRNAs. Our results indicate
the presence of two families of putative DUR3-like urea transporters in T. fluviatilis and
provide evidence for their contribution to the changes in body fluid urea concentrations
during osmotic acclimation of the animals.

2. Materials and Methods
2.1. Animals

Adult snails were collected from late spring to early autumn in 2019-2021. Local
water temperatures (approximately 12-20 °C) and salinity conditions (0.5%. for FW and
approximately 8 %o for BW sampling sites, respectively) were determined. BW snails were
collected at the southern shore of the Baltic Sea in shallow water near the island of Riems
(54°11'00"” N, 13°21'10.2"” E) and the island of Hiddensee (54°34'40"” N, 13°06'48" E). FW
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animals originated from the lake ‘Schmaler Luzin’ in northern Germany (53°18'01.4" N,
18°25'53.2" E).

T. fluviatilis individuals were kept along with stones and substrate from their natural
habitat in aerated glass aquariums with a ground area of 30 x 60 cm at room temperature
(20 °C) and a 16 to 8 h day-night cycle in addition to the natural light cycle. The salinity
level of the water was adjusted to the level of their native environment (BW animals at 8%o
salinity, FW animals at 0.5%o salinity), achieved by dissolving “Tropic Marine Classic” sea
salt (Dr. Biener GmbH, Wartenberg, Germany) in deionized water and monitored with a
conductivity meter (CO 301, VWR International GmbH Germany, Darmstadt, Germany) in
a daily routine.

2.2. Transfer Experiments

The transfer experiments followed the same routine as already described in great
detail in Knobloch et al. [31]. The two control groups were maintained at salinity levels
corresponding to the natural habitat (BW 8%., FW 0.5%0). Two hyperosmotic groups
with final salinities of 28%. for BW and 187%. for FW individuals, respectively, and one
hypoosmotic group (final salinity of 0.5%o0) for the BW snails were formed. The animals
were stepwise transferred to the different salinity levels (see Supplementary Material Figure
S1) and kept together at room temperature and a 16 to 8 h day-night cycle in small glass
tanks with a ground area of 24 x 15 cm that were filled with 1 L of water and some pebbles.
The duration of the experiment was limited to 10 days with 2 intermediate stages before
the animals were kept in the final salinity for 5 days (see Figure S1). Survival was checked
every 24 h. Sexes were not separated for the experiments. At the end, the animals were
stored at —20 °C for 10 min to induce an anesthetic effect before the shells and the opercula
were removed. The wet weight of the remaining tissue was measured for each animal, and
the tissue samples were separately stored in liquid nitrogen until further use.

2.3. Total RNA Extraction and cDNA Synthesis

RNA extraction was performed using the Monarch Total RNA Miniprep Kit (New
England Biolabs GmbH, Frankfurt am Main, Germany). Because of size variances, 400 pL of
the 1X DNA /RNA Protection Reagent was used for the generally smaller BW animals and
800 uL for the larger FW snails. The total soft tissues of individual snails were weighed and
homogenized in 2 mL tubes on ice with a T8-Ultra-Turrax (IKA-Werke, Staufen im Breisgau,
Germany). After a centrifugation step for 2 min at 16,000 g, the supernatant was filled in
a new tube. The recommended proteinase K treatment was skipped based on experiences
in previous preparations. All further steps, however, followed the recommendations of the
manufacturer, including the DNAse I treatment to remove remaining DNA contaminations.
Total RNA was eluted using 100 uL of RNAse free water with an incubation step of 2 min
prior to the centrifugation. Aliquots were used for the photometric determination of RNA
concentration and purity. Furthermore, agarose gel electrophoresis (2% gels) and ethidium
bromide staining were carried out to check the integrity of the RNA. Eluates were stored at
—80 °C until further use.

RNA was transcribed into cDNA using the reverse transcriptase RevertAid (EP0441,
Fisher Scientific, Schwerte, Germany). Each 20 pL reaction volume aliquot contained approxi-
mately 300 ng of total RNA, 2.5 umol/L each of random hexamer- and oligod T-primer, and
200 U of the enzyme. The reactions were performed according to the manufacturer’s protocol.

2.4. Generation and Assembly of Transcriptome Data

A pool of foot muscle preparations of 24 individuals that were collected at freshwater
and brackish water locations in Northern Germany and exposed to different salinities
under laboratory conditions was homogenized in an adequate amount of TRIzol reagent
(Thermo Fisher Scientific, Schwerte, Germany). Total RNA was extracted according to
the manufacturer’s protocol and solubilized in 500 pL. RNase free water. Sequencing
and assembling were carried out by GATC Biotech AG (Konstanz, Germany) using an
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Illumina HiSeq2500 system with 300-bp paired-end reads. The obtained raw data consisted
of 64,383,400 reads and were uploaded to Genbank (SRR15300633). The CLC mapper
software (version: 4.22.107090) was used to assemble the raw data. A total of 442,667 de
novo transcriptome contigs were generated and uploaded to GenBank (GKDH00000000.1).

2.5. Generation and Assembly of Genome Data

The tissue of the foot muscle from one individual of the brackish water ecotype was
disrupted in liquid nitrogen using a mortar and pestle and an additional proteinase K
digestion step. The DNA extraction was performed using the MagAttract HMW DNA
Kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol. The DNA was
stored at —80 °C until use. The sample and library preparation, as well as the sequencing
procedure, were carried out in the Competence Centre for Genomic Analysis (CCGA Kiel,
Kiel, Germany). A PacBio SMRTcell express template prep kit 2.0 (PacBio, Menlo Park,
CA, USA) was used to prepare the library with a modification for low-input samples
without size selection. The library was sequenced on 4 SMRTcells (SMRTCell 1M v3,
sequencing chemistry 2.1) obtaining 14 Gb of data and a raw read length of approximately
5.7 Kb. PacBio subreads were assembled using Flye v2.8 [32] with the PacBio-raw mode. The
resulting genome assembly of T. fluviatilis was 1.04 Gb in size with a fragment N50 of
55.4 Kb. The assembly contains 67.5% complete metazoan conserved orthologs, as analyzed
using BUSCO v5.3.2 [33].

2.6. Identification and Characterization of DUR3-like Urea Transporter Homologues

Coding sequences for DUR3-like urea transporters of various mollusc species
(e.g., T. squamosa [MF073181.1] and Biomphalaria glabrata (Say, 1818) (Basommatophora:
Planorbidae) [XM_013209241.1]) were used to identify respective sequences in the T. fluviatilis
transcriptome. Searches were performed using the Geneious software version 9.1.5. (Biomat-
ters Ltd., Auckland, New Zealand). Repeatedly found BLAST hits with an E-value cut-off
smaller than 107'0 were used for further investigation. To enhance the reliability of the
outputs, the newly identified sequences were re-blasted against the NCBI database using
both the blastn and tblastn functions, respectively. Final sequences of four different putative
DURS-like urea transporters of T. fluviatilis were deposited in GenBank under the accession
numbers OP762683, OP762684, OP762685, and OP762686.

The putative DUR3-like urea transporters were analyzed for the presence of transmem-
brane (TM) regions/helices using the MEMSAT3 and MEMSAT_SVM algorithms provided
by the PSIPRED protein structure prediction server (http:/ /bioinf.cs.ucl.ac.uk/psipred,
accessed on 17 March 2022). Further analyses to identify conserved domains or puta-
tive ATP binding sites were conducted using either the Conserved Domain Database
(https:/ /www.ncbinlm.nih.gov/Structure/cdd/docs/cdd_search.html, accessed on 17
March 2022) [34] or NsitePred (http:/ /biomine.cs.vcu.edu/servers/NsitePred /, accessed
on 17 March 2022) [35], respectively.

2.7. Bioinformatic Tools

Basic Local Alignment Search Tool (BLAST) searches were performed using the re-
spective NCBI web portal and default settings for search algorithm parameters. Multiple
sequence alignments were generated using the CLC Sequence Viewer software package v8.0
(CLC bio, QIAGEN Aarhus A/S, Aarhus, Denmark) with the following settings: Gap open
cost: 5.0; gap extension cost: 2.0; end gap cost: as any other. Alignments were exported as
msf files and further processed using GeneDoc v2.7 [36]. The neighbor-joining algorithm,
Jukes—Cantor distance measurement, and bootstrapping with 10,000 replicates were used
to create an unrooted phylogenetic tree of putative mollusc DUR3-like urea transporters.

2.8. Primer Design for qRT-PCR

Two of the four putative DUR3-like urea transporters coding sequences of T. fluviatilis
were selected as targets for the deduction of primers for qRT-PCR analyses. The coding
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sequence of the glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as the
control target. Suitable corresponding primer pairs were derived and selected based on the
localization in different exons. The sequences of all primers are listed in Table 1.

Table 1. Sequences of forward and reverse primer pairs that were used for qRT-PCR amplification of
target genes (TfUT-A3 and TfUT-B) and the reference gene (GAPDH).

Target Gene Primer Sequence Expected Amplicon Size
GAPDH fw 5'-GACCTTGAAGGCAAGCTGAC-3' 17b
rev 5-GGCTTTCTTGATCTCGTCGT-3' P
TfUT-A3 fw 5'-GTGGCCCGCCACGATGAG-3' 1221
rev 5'-GGGCACACACCTTCCTGCA-3' p
TfUT-B fw 5'-CAACGCGGGTCTGGTGCC-3' 127b
Tev 5'-GGTCACGGCCATGATCTCTGC-3' P

2.9. qRT-PCR Reactions and Gene Expression Analyses

qRT-PCR reactions were performed on an Applied Biosystems 7900 HT Fast Real-
Time PCR System (Thermo Fisher Scientific, Schwerte, Germany) with the Fast Evagreen
qPCR master mix (Biotrend, Cologne, Germany). The master mix was used in a 0.75x
concentration. Further components of the reaction mix were 1x ROX as the reference
dye, 0.5 umol/L of both the forward and the reverse primer, and 60 pg (for GAPDH
and TfUT-A3) or 1.5 ng (for TfUT-B) of the template cDNA. The reaction volume of 10
uL was applied on an Applied Biosystems MicroAmp Optical 96-Well Reaction Plate
(Thermo Fisher Scientific, Schwerte, Germany). The PCR program consisted of an initial
denaturation step (95 °C for 2 min) followed by 45 cycles of 95 °C for 10 s, 60 °C for 10
sec, and 72 °C for 15 sec each. Fluorescence data were collected at the end of each cycle. A
dissociation curve analysis was used after each qRT-PCR reaction to ensure the specificity
of the PCR product and the quality of each reaction. Standard curve testing was performed
using a cDNA mixture of all samples in a series of ten-fold dilutions and was repeated with
a series of five-fold dilutions for all targets.

The qRT-PCR results were analyzed according to Pfaffl [37]. The Ct average of all
animals in the experimental control conditions from one population was used as the
reference (calibrator). The Ct values for each biological replicate were subtracted from the
calibrator of the respective gene and snail population (ACt). The relative quantity (RQ) was
calculated using the primer efficiency (E) as a base to the ACt as an exponent. The ratio
of gene expression was obtained by dividing the RQ of the gene of interest (GOI) by the
housekeeping gene GAPDH.

2.10. Statistical Analyses

The transcript expression fold changes of experimental groups compared to the control
group were logarithmized and tested for their normal distribution using the Kolmogorov—
Smirnov test followed by Levene’s test to evaluate the homogeneity of variance. Differences
between the mean values of the experimental groups and the mean values of the corre-
sponding control groups were tested for statistical significance. If variances were equal
between groups, the two-sided t-test was used to test for significant differences in means,
otherwise the Welch'’s t-test was used. Significant differences in means were presented as
p <0.05 (*), p <0.01 (**), or p < 0.001 (***).

3. Results
3.1. Identification of Putative DUR3-like Urea Transporter Sequences

As abasis for the current manuscript and also for future research projects, we generated
both the first transcriptome sequence and the first preliminary genome sequence dataset
of Theodoxus fluviatilis. Whereas the transcriptome sequence dataset was generated from a
pool of 24 individuals of both the freshwater and the brackish water ecotypes of T. fluviatilis,
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the preliminary genome dataset was generated from a single individual of the brackish
water ecotype. The transcriptome sequence data have already been uploaded to GenBank
both as raw (SRR15300633) and as assembled data (GKDHO00000000.1). The preliminary
genome dataset is still under revision; a respective manuscript, however, is currently in
preparation (Fuchs et al., in preparation)

A thorough analysis of the transcriptome data revealed strong evidence for the ex-
pression of at least four different DUR3-like urea transporters in T. fluviatilis, namely
TfUT-A1-A3 and TfUT-B. Where necessary, complete consensus sequences were manually
generated and assembled from overlapping transcriptome contigs, whereas the genome
contigs served as controls. All final sequences were uploaded to GenBank and are available
under the accession numbers OP762683, OP762684, OP762685, and OP762686, respec-
tively. A multiple-sequence alignment of all four putative DUR3-like urea transporters
of T. fluviatilis together with respective sequences of T. squamosa and Aspergillus nidulans
(Winter, 1884) (Eurotiales: Trichocomaceae) is provided in Figure 1.

The multiple-sequence alignment indicates that the four putative DUR3-like urea
transporters of T. fluviatilis very likely belong to two different families, named type A
(with the members Al, A2, and A3) and type B (with only one member). The over-
all degree of sequence identity/similarity among the TfUT-A family members is be-
tween 44-52% and 63-68% compared to 28-30% and 45-48% for TfUT-B. Interestingly,
the DUR3-like urea transporter of T. squamosa displays higher degrees of sequence iden-
tity/similarity to the TfUT-A family members (37-41%/60-61%) compared to the TfUT-B
family member (26%/41%). In contrast, the DUR3-like urea transporter of A. nidulans ex-
hibits almost the same degrees of sequence identity/similarity to members of both families
(18-24%/34-40%).

To evaluate whether or not the two families of DUR3-like urea transporters are a
feature of the genus Theodoxus only or are present in other invertebrate genera as well,
we collected respective protein sequences from various GenBank entries and performed a
phylogenetic analysis. The resulting unrooted tree is shown in Figure 2 and supports the
presence of two families of DUR3-like urea transporters in invertebrates. Interestingly, also
for Crassostrea gigas (Thunberg, 1793) (Ostreoida: Ostreidae) (the Pacific oyster), members
of both families have been identified (GenBank entries XP_034300843.1 for CgUT-A and
XP_011441136.2 for CgUT-B).
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Figure 1. Multiple-sequence alignment of DUR3-like urea transporters of Aspergillus nidulans (Anid),
Tridacna squamosa (Tsqu), and Theodoxus fluviatilis (Tflu_A1, A2, A3, and B). The black background
indicates conserved amino acid residues; the gray background indicates similar residues. The red
bars mark the position of transmembrane segments (TMS). The yellow background indicates highly
conserved residues that are involved in urea binding and translocation (*), protein folding and
structure (#), and Na*/H?-binding (~). The green background indicates amino acid residues with
coding triplets that comprise introns in the respective gene sequences.

As already pointed out in the Introduction section, vertebrates express two types of
urea transporters as well, namely UT-A and UT-B. Whereas six isoforms of UT-A exist,
for UT-B, two (almost identical) isoforms have been described. However, both for UT-A
and UT-B, the respective isoforms are encoded by the same gene and hence represent
different splice variants [12,13]. In contrast, each of the three isoforms of TfUT-A and
TfUT-B of T. fluviatilis is encoded by an individual gene. The structures of all four genes
were determined and are given in Figure 3. Additionally, we have identified the exact
localizations of all introns within the four gene sequences and marked them according
to the positions of the respective amino acid residues (see Figure 1). The localizations of
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three introns are conserved among all TfUT genes, the localizations of two additional ones
are conserved among the TfUT-A genes, and one is conserved among the TfUT-A1/A2,
TfUT-A1/3, and TfUT-A2/3 genes each, respectively (see Figure 1 for details).

J

Figure 2. Unrooted phylogenetic tree of invertebrate DUR3-like urea transporters. The red ellipse
encloses UT-A type transporters and the blue ellipse encloses UT-B type transporters. The digits
at the nodes represent the bootstrap values after 10,000 replications. Tflu = Theodoxus fluviatilis;
Cgig-A = Crassostrea gigas XP_034300743.1; Cgig-B = Crassostrea gigas XP_01441136.2; Lpol = Limulus
polyphemis XP_13776744.1; Skow = Saccoglossus kowalevskii XP_006823326.1; Spur = Strongylocentrotus
purpuratus XP_030829061.1; Gaeg = Gigantopelta aegis XP_041377330.1; Tsqu = Tridacna squaniosa
ARQ84970.1; Osin = Octopus sinensis XP_029639211.1; Myes = Mizuhopecten yessoensis OWF45146.1;
Pmax = Pecten maximus XP_033744244.1; Acal = Aplysia californica XP_035827281.1; Anid = Aspergillus
nidulans ACZ62639.1.
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Figure 3. Schematic representation of the gene structures of the DUR3-like urea transporters TfUT-

A1-A3 and TfUT-B in Theodoxus fluviatilis. Size and position of exons (blue) and introns (grey) are
marked. Red indicates uncertainty (extended repetitive sequences, TfFUT-A1) or lack of data (TfUT-B).

50



Physiologia 2023, 3

290

3.2. Structural Features of Putative DUR3-like Urea Transporters of T. fluviatilis

DUR3-like urea transporters are membrane proteins and contain 14 to 15 transmem-
brane segments (TMSs) [18]. Computational structure analyses for all four putative DUR3-
like urea transporters of T. fluviatilis using PSIPRED concordantly revealed the presence
of 15 TMSs for TfUT-A1-A3 und 14 for TfUT-B (see Figure 1, TMSs are numbered and
highlighted in red). The position and lengths of TMSs in TfUT-As and TfUT-B of T. fluviatilis
are in agreement with the corresponding domains in UreA of A. nidulans [18].

In addition to the overall structure, several amino acid residues are of particular
importance for the correct function of DUR3-like urea transporters including substrate
binding and translocation and folding and membrane sorting [18]. An in-depth analysis
revealed that most, but not all, of these functionally relevant residues are present in TfUT-
As and TfUT-B of T. fluviatilis. In detail, this encompasses residues that are supposed to be
involved in urea binding and translocation (W120, Y142, A /1146, T169, D324, Y429, and
W549; marked with an * in Figure 1, numbers are according to UreA of A. nidulans), in
protein folding and structure (G99, R141, G168, and P639, marked with a # in Figure 1),
and in Na*/H*-binding (S80, L/T/F83, A/S370, S373, and T/A374, marked with a ~ in
Figure 1), respectively. However, the residues W82, N279, T282, Y437, and S446 of UreA are
missing in TfUT-A1-A3 and the DUR3-like urea transporter of T. squamosa, but are present
in TfUT-B. For W82, N279, and T282, direct involvement in urea binding and translocation
has recently been shown [38], whereas Y437 seems to be involved in substrate selectivity
and S446 is necessary for the correct sorting of UreA to the membrane [39].

Although we have not yet performed any functional tests with the T. fluviatilis proteins,
we are nevertheless confident that the putative DUR3-like urea transporters of T. fluviatilis
are very likely functional proteins.

3.3. Effects of Osmotic Stress on Transcript Levels of TFUT-A3 and TfUT-B

In the course of physiological adaptation to higher salinities, individuals of T. fluviatilis
accumulate organic osmolytes including larger quantities of urea. In addition, individuals
of the brackish water ecotype exhibit a considerably higher base level of urea in their
body fluids compared to individuals of the freshwater ecotype [30]. In order to obtain a
better understanding of the regulatory mechanisms behind these observations, we con-
ducted qRT-PCR experiments to quantify the relative mRNA expression of two types of
putative DUR3-like urea transporters, namely TfUT-A3 and TfUT-B. Individuals of the
brackish water ecotype were exposed to both hyper- (28%. salinity) and hypoosmotic
(0.5%o salinity) conditions, whereas individuals of the freshwater ecotype were exposed
to hyperosmotic (18%. salinity) conditions only. Individuals that were kept under their
natural conditions (8 %o salinity for BW and 0.5%. salinity for FW individuals, respectively)
served as the controls.

The qRT-PCR data for TfUT-A3 revealed a significant (p < 0.05) decrease in mRNA
expression when brackish water individuals of T. fluviatilis were exposed to higher salin-
ities. A slight but statistically insignificant increase in mRNA expression occurred upon
the transfer to freshwater conditions (Figure 4A). For individuals of the freshwater eco-
type, a slight but statistically non-significant increase in mRNA expression of TfUT-A3
could be observed. Strikingly, the normalized Ct-values for TfUT-A3 mRNA expression
in freshwater individuals were approximately 1.5-2.2 cycles higher compared to brack-
ish water individuals, indicating a generally lower base level of TfUT-A3 expression in
freshwater individuals.

For the expression of TfUT-B mRNA, our analyses did not reveal any statistically
significant changes in mRNA expression in either ecotype or kind of salinity change
(Figure 4B). However, there is a certain increase in the mRNA expression of TfUT-B in
brackish water individuals following a transfer to lower salinities, and it might be that
the high degree of biological variability (as indicated by the large standard deviation bars)
obscures any effect that may actually be present.
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Figure 4. Relative expression levels of urea transporter mRNAs in whole-body tissue preparations of
brackish water and freshwater individuals of Theodoxus fluviatilis upon transfer to different salinities
for TfUT-A3 (A) and TfUT-B (B). * p < 0.05; ** p < 0.005; error bars indicate standard deviation; n = 4
with 3 technical replicates each.

When both ecotypes were kept under control conditions (8% salinity for BW and
0.5%o salinity for FW individuals), the normalized Ct-values for TfUT-A3 differed markedly
between the BW (0.9 on average) and the FW (2.9 on average) individuals, whereas the
respective value for TfUT-B was the same for both ecotypes (1.9).

4. Discussion

Urea has long been known as a key osmolyte in the body fluids of elasmobraches
to maintain an osmotic balance with the external medium [5,40,41]. However, terrestrial
snails also accumulate urea during aestivation and desiccation to prevent water loss [42—44].
For the first time, Wiesenthal et al. [30] described the use of urea as an organic osmolyte
in the course of adaptation to higher salinities in aquatic snails, namely the euryhaline
nerite snail T. fluviatilis. However, striking quantitative differences could be observed in
the use of urea during osmotic adaptation between the two ecotypes of T. fluviatilis. It was
hence very likely that distinct molecular mechanisms exist that take responsibility for the
observed differences.

Urea uptake, release, or retention is influenced by membrane permeability and
specific urea transporters [10,45,46]. UT-A and UT-B are the major urea transporters
in vertebrates [12,13,47], whereas in plants [19], yeast/fungi [15,18], and some mollusc
species [20,25], the DUR3 proteins fulfil the respective functions.

In the current manuscript, we describe the identification and molecular characteriza-
tion of putative DUR3-like protein coding sequences in T. fluviatilis. Four different coding
sequences (Figure 1) and the respective genes (Figure 3) representing two families of puta-
tive DUR3-like urea transporters could be identified in transcriptome and genome sequence
datasets, named TfUT-A and TfUT-B, respectively. Phylogenetic analyses strongly sup-
ported the presence of two DUR3 families in invertebrates (see Figure 2). Members of both
families have so far been identified both in T. fluviatilis and in C. gigas, but the presence
of isoforms (TfUT-A1-A3) is currently a unique feature in T. fluviatilis. It is important to
note in that context that both the families and the isoforms are present in each of the two
ecotypes (FW and BW) of T. fluviatilis. In addition, the isoforms of TfUT-A do not represent
splice variants of one gene as it is described for the vertebrate urea transporters but are
encoded by separate genes. Similar observations for the presence of families and isoforms
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