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Abstract  
 
 

 Mollusks are known for their highly diverse repertoire of body plans especially in 

the Conchifera, one of the two major lineages that comprises those taxa that originated 

from a uni-shelled ancestor (Monoplacophora, Gastropoda, Cephalopoda, Scaphopoda, 

Bivalvia). For most clades, and bivalves in particular, data concerning the molecular basis 

essential to this morphological variation is scarce. In this thesis I initially investigated Hox 

expression during development of the quagga mussel, Dreissena rostriformis, to eluci-

date to which degree they might contribute to specific phenotypic traits as in other con-

chiferans. Hox genes are key developmental regulators that are involved in establishing 

morphological features during animal ontogeny. Hox expression in Dreissena is first de-

tected in the gastrula with widely overlapping expression domains of most genes, shifting 

towards more compact, largely mesodermal domains in the trochophore larva. The non-

collinear mode of Hox expression in Dreissena might be a result of the low degree of body 

plan regionalization along the bivalve anterior-posterior axis as exemplified by the lack of 

key morphological traits such as a distinct head, cephalic tentacles, radula apparatus, 

and a simplified central nervous system. Secondly, the transcriptional complexity of a 

larval stage from Dreissena were investigated. For this, we profiled single cell transcrip-

tomes of distinct cell populations from the trochophore larva. To annotate these cell pop-

ulations, gene sets underlying the clustering were examined and compared to expression 

data of their orthologs in other lophotrochozoans. Genes expected to be specific to certain 

tissues, such as prototrochal cells, muscle cells, among others, corroborate that the re-

covered cell clusters reflect the larval body composition of our animal. In the third chapter 

we compared and analyzed genes expressed in the shell field. Our comparative gene 
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analyses in this cluster indicate that there is a significant emergence of novel genes shap-

ing the unique transcriptomic signatures of shell field cells from Dreissena. Alternating 

temporal expression dynamics of these genes suggests a possible independent evolu-

tionary origin (and thus argue against ontogenetic homology) of the embryonic shell (pro-

toconch I) and the larval shell (protoconch II). Altogether, this thesis provides a molecular 

atlas of developmental processes and tempo-spatial gene expression profiles underlying 

bivalve development that significantly expands our knowledge regarding the ontogenetic 

factors that drive molluscan morphological diversity. 
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Zusammenfassung 
 

Mollusken sind bekannt für ihre grosse morphologische Vielfalt, insbesondere in-

nerhalb der Conchifera, jene der beiden Hauptlinien innerhalb des Tierstammes, welche 

von einem einschaligen Vorfahren abstammt und die Klassen Monoplacophora, Gastro-

poda, Cephalopoda, Scaphopoda und Bivalvia umfasst. Für die meisten dieser Klassen, 

insbesondere der Bivalvia, sind molekuare Daten zur Entwicklung wesentlicher morpho-

logischer Strukturen nur ansatzweise vorhanden. In dieser Dissertation untersuchte ich 

zunächst die Hox-Expression während der Entwicklung der Quagga-Muschel, Dreissena 

rostriformis, um herauszufinden, inwieweit sie zur Ontogenie bestimmter phänotypischer 

Merkmale beitragen. Hox-Gene sind wichtige Entwicklungsregulatoren, die eine Vielzahl 

an Aufgaben während der Entwicklung erfüllen. In Dreissena werden die Hox Gene zu-

erst im Gastrulastadium in überlappenden Domänen exprimiert, die sich in Richtung kom-

pakterer, größtenteils mesodermaler Domänen in der Trochophora-Larve verschieben. 

Der nicht-kollineare Modus der Hox-Expression bei Dreissena könnte auf den geringen 

Grad der Regionalisierung des Körpers entlang der anterior-posterioren Achse der Mu-

scheln zurückzuführen sein, was durch das Fehlen wichtiger morphologischer Merkmale 

wie einem ausgeprägten Kopf, cephaler Tentakel, Radula-Apparat und ein vereinfachtes 

Nervensystems charakterisiert ist. In einer zweiten Studie wurden Einzelzell-Transkrip-

tome im Trochophora-Stadium mittels single cell RNA Sequenzierung untersucht. 

Dadurch konnten distinkte Zellpopulationen basierend auf ihrem Genexpressionsprofil 

identifiziert werden. Um diese Zellpopulationen zu annotieren, wurden die der jeweiligen 

Cluster zugrunde liegenden Expressionsprofile untersucht und diese mit der Expression 

bekannter Genorthologe innerhalb der Lophotrochozoen verglichen. Gene, von denen 

erwartet wird, dass sie spezifisch für die Ausbildung bestimmter Gewebe bzw. Zelltypen 

verantwortlich sind, wie z. B. Prototrochzellen, Muskelzellen oder Nervenzellen, konnten 
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hierbei auch im Trochophorastadium von Dreissena identifiziert werden. In der dritten 

Studie wurden jene Gene näher untersucht, die im Schalenfeld der Dreissena-Trocho-

phora exprimiert werden. Hierbei wurde eine hohe Anzahl an Genen identifiziert, für die 

keine entsprechenden Orthologe innerhalb der Metazoa gefunden werden konnten. Ins-

gesamt liefert diese Arbeit einen ersten molekularen Atlas der Entwicklungsprozesse, die 

der Entwicklung eines Vertreters der Bivalvia zugrunde liegt, und schafft damit eine we-

sentliche Basis für weitere vergleichende Studien zur Evolution der morphologischen 

Diversität innerhalb der Mollusca. 
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1. General Introduction  
 

1.1. Who are the Mollusks? 

   

Among all extant clades of animals, Mollusca is without doubt one of the most 

diverse phyla. It constitutes the second most specious phylum after Arthropoda with 

around 85000 recognized living species (Rosenberg, 2014), without counting the fossil 

record that estimates between 60000 and 100000 more species (Taylor & Lewis, 2007). 

Many of these species play an important role to humans. In recent years mollusks have 

been gaining commercial, scientific and cultural value in the fields of gastronomy (e.g. 

clams, mussels, snails, squids, octopuses), jewelry (e.g. shell currency and pearls), inva-

sive species ecology (e.g. garden slugs, quagga and zebra mussels), and biomedical 

research (e.g. analgesic development based on cone snails toxin and studies related to 

schistosomiasis) (reviewed in Wanninger and Wollesen, 2019).  

According to recent phylogenomic studies, the phylum Mollusca is composed of 

two sublineages, Aculifera and Conchifera. The Aculifera includes the vermiform, spicule-

bearing Solenogastres (Neomeniomorpha) and Caudofoveata (Chaetodermomorpha) as 

well as the dorso-ventrally flattened Polyplacophora with eight shell plates, while the pri-

marily single-shelled Conchifera contains the Monoplacophora, Cephalopoda, Scaph-

opoda, Gastropoda, and Bivalvia (Kocot et al., 2011; Smith et al., 2011; Wanninger & 

Wollesen, 2015). Most class-level lineages emerged in the Cambrian around 500 million 

years ago (mya) from a common ancestor (Vinther, 2015; Parkhaev, 2017).  
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Figure 1. Molluscan intraphyletic relationships and hypothesized evolutionary pathways of major exoskeletal and 

muscular subsets modified from Wanniger & Wollesen, 2019. Only changes in character states are indicated (red 

rectangles). Phylogeny based on Smith et al. (2011) and Vinther et al. (2017). Ventro-lateral muscle (green), enrolling 

muscle (light blue), rectus muscle (red), ring muscles (dark blue), bivalvian adductor muscles (orange).  

 

The dramatic variations in morphological sizes and shapes have allowed mollusks 

to conquer a large spectrum of habitats and evolve a variety of life history strategies. They 

may swim in the water column actively or passively, can have a sessile or motile lifestyle, 

have predatory, foraging or filtering behaviors, and possess different life cycle stages 

(e.g., trochophore, veliger, glochidium larval types). Due to this variety in morphology and 

lifestyles, Mollusca has become a group of interest for comparative evolutionary studies 

on the macroscopic, microscopic, and molecular level. 

 

 

  

https://onlinelibrary.wiley.com/doi/full/10.1111/brv.12439#brv12439-bib-0116
https://onlinelibrary.wiley.com/doi/full/10.1111/brv.12439#brv12439-bib-0136
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1.2.   Integrative tools for understanding mollusks  
 

 

The field of evolutionary developmental biology (Evo-Devo) is a discipline with the 

goal of gaining evolutionary insights from developmental processes involved in morpho-

logical diversity (Müller, 2007; Carroll, 2008). Accordingly, mollusks have recently entered 

the limelight of studies aiming at understanding the molecular mechanisms underlying 

their phenotypic variation. Recent gene expression profiling on a variety of molluscan 

taxa by in situ hybridization has provided detailed insights into differences and common-

alities on the ontogeny of tissues and organ systems (e.g., Hinman et al., 2003; Lee et 

al., 2003; Wollesen et al., 2015a; 2015b; Redl et al., 2016; Wang et al., 2017; Wollesen 

et al., 2018; this thesis). However, this approach is obstructed by the fact that only a 

fraction of genes is known to be active in certain regions and developmental stages of 

the respective target species. At the same time, more traditional studies have focused on 

the ontogeny of different tissues by tracing the mitotic history of a cell and generating so-

called fate maps, resulting in the reconstruction of so-called cell lineages (Dictus & 

Damen, 1997; Farrell et al., 2018; Hejnol et al., 2007; Henry et al., 2004; Lillie, 1895; 

Luetjens & Dorresteijn, 1995; Lyons et al., 2017; Meisenheimer, 1900; Render, 1997). 

However, some lineage diagrams do not assign fates to all terminal ends of the cell line-

age tree, hindering broad comparisons across taxa (Luetjens & Dorresteijn, 1995; 

Meisenheimer, 1900). 

Next generation sequencing has allowed for in silico methods following computational 

pipelines attempting to classify tissues and test for gene families based on expression 

profiles using RNA-sequencing  (Kocot et al., 2011; Zhang et al., 2012; Paps et al., 2015; 

De Oliveira et al., 2016; Takeuchi et al., 2016; de Oliveira et al., 2019; Varney et al., 

2020). Nevertheless, these bioinformatic methods present limitations since a tissue can 

be composed of many different cell types. Thus, while this approach can handle many 
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genes, by itself does not provide information on spatial resolution of gene transcript ex-

pression in the body. Therefore, this method alone lacks the necessary resolution to as-

sign cell type domains during development.  

Single-cell RNA sequencing (scRNA-seq) has taken a step forward by revealing compre-

hensive lists of genes that are expressed during ontogeny, potentially in any given cell at 

any given point in the life cycle of a specimen. It provides methods for sequencing live, 

dissociated cells followed by in silico methods using computational pipelines which allow 

for characterization of transcriptomic profiles related to cell states (Achim et al., 2015; 

Satija et al., 2015; Svensson et al., 2018; Tang et al., 2010; Trapnell, 2015; Trapnell et 

al., 2014; Vergara et al., 2017; Zhong et al., 2018). Accordingly, recent studies using 

scRNA-seq pipelines have uncovered the presence of previously uncharacterized cell 

types and an unexpected transcriptomic heterogeneity amongst cell populations and 

have revealed numerous genes with hitherto unknown function (Achim et al., 2018; Briggs 

et al., 2018; Duruz et al., 2020; Farrell et al., 2018; Fincher et al., 2018; Foster et al., 

2019; Karaiskos et al., 2017; Plass et al., 2018; Sebé-Pedrós et al., 2018; Siebert et al., 

2019; Sur & Meyer, 2021; Wagner et al., 2018; Wendt et al., 2020). Altogether, these 

studies represent a framework for comparative analyses of genes underlying the for-

mation of key molluscan features such as the shell field, nervous system, foot, sensory 

structures, and others (Wanninger & Wollesen, 2019). Nevertheless, many of these stud-

ies so far lack the integrative use of methods to make a comparative approach within and 

outside of Mollusca. While all these tools have provided new perspectives on develop-

mental gene expression, there is a substantial lack of data to make broad evolutionary 

and developmental parallels.  
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1.3. The invasive quagga mussel  
 

 

Dreissena rostriformis is a member of the dreissenid bivalves. It is a freshwater 

bivalve that attaches to hard substrates using byssus threads and can form high popula-

tion densities (A. Karatayev et al., 2002). Being native to the Dniepr drainage of the 

Ukrainian Black Sea region (Nalepa & Schloesser, 2019), it has managed to rapidly 

spread across European and North American freshwater bodies (Aldridge et al., 2014; 

Heiler et al., 2013; A. Y. Karatayev et al., 2014; Mills et al., 1993; Nalepa & Schloesser, 

2019; Wakida-Kusunoki et al., 2015). Together with its closest relative, the zebra mussel 

D. polymorpha, it may form dense populations which consume large amounts of phyto-

plankton with often damaging impact on native limnic populations (A. Y. Karatayev et al., 

2014; McNickle et al., 2006; Nalepa & Schloesser, 2019; Raikow, 2004; Strayer et al., 

2004). This makes the quagga and zebra mussel one of the most widespread and effec-

tive invasive aquatic mollusks (A. Y. Karatayev et al., 2007).  

 

 

Figure 2. Global distribution (up to 2019) of the quagga mussel (D. rostriformis) highlighting native (blue) 

and colonized (red) habitats, modified from Calcino et al., 2019. 

 

Their free-swimming larval stages enhance the invasive capabilities and allows 

rapid spread into the water body they are introduced (e.g., trochophore and veliger states) 

(A. Karatayev et al., 2002, 2003, 2014). This, together with their conserved developmen-

tal mode (spiral cleavage, presence of a trochophore- and veliger-type larva) make the 
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quagga mussel an ideal candidate for comparative studies across Mollusca and Lopho-

trochozoa. Efforts to understand and manipulate the rate of colonization and dispersal for 

these species have mainly focused on the adult stage when the population is already 

established, while data on the dispersive larval stages, the trochophore and veliger, are 

still absent (McCartney et al., 2019).  Hence, molecular pathways causing the morpho-

logical diversification across the life cycle of this invasive organism remain largely unre-

solved.  

 

     

1.4. Thesis aims  
 

 

Evolutionary developmental studies in Mollusca have focused mostly either on in silico 

or in situ research alone, leaving aside the possibility of combining both approaches and 

include in vivo studies to get a broader perspective into molluscan morphological varia-

tion. This dissertation combines gene expression analyses of key developmental regula-

tors as well as cell type specification by single cell RNA transcriptomics. Specifically, the 

following issues were addressed:  

i. Identification and characterization of Hox/ParaHox expression throughout lar-

val development of a bivalve (Manuscript 1). 

ii. Characterization of all cell types present in the D. rostriformis trochophore larva 

by gene expression profiling using single cell RNA-seq (Manuscript 2). 

iii. Characterization of genes expressed in the shell field of the trochophore larva 

of D. rostriformis using single cell RNA-seq (Manuscript 3). 
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2.  Results  
 

Data resulting from experiments in this thesis are summarized in the form of scientific 

papers. One of these has been published in Scientific Reports, the second in Frontiers of 

Ecology and Evolution, and the third manuscript is under review in Frontiers in Cell and 

Developmental Biology. These three manuscripts form the major chapters and thus the 

core of this thesis. In order to avoid redundancy, the major outcomes and implications of 

the respective studies are only briefly summarized at the start of each chapter. 
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2.1. Chapter 1. Non-collinear Hox gene expression in bivalves and the 
evolution of morphological novelties in mollusks (published in Scien-
tific Reports) 
 

Salamanca-Díaz, D.A., Calcino, A.D., de Oliveira, A.L., Wanninger, A. Sci 

Rep 11, 3575 (2021).  

 

For this chapter, we analyzed the expression across developmental stages and 

gene organization conformation of the Hox/ParaHox clusters in Dreissena rostriformis. 

Hox and ParaHox positions in the genome assembly revealed that these genes are dis-

tributed over five scaffolds, while two of the three ParaHox genes (Gsx, Xlox) were found 

on a single scaffold. Additionally, several genes with no apparent relationship were found 

between members of the Hox cluster (between Hox5 and Lox5, Lox2 and Post2, Xlox and 

Cdx). This denotates insertions all along the gene set and provides evidence in support 

of disorganized (but not broken) Hox/ ParaHox clusters.  

With the level of organization assessed, the next step was to analyze the corre-

sponding expression domains of each gene in both whole clusters. Among the expression 

domains analyzed, there are few genes (Hox1, Post2, Lox4) which might be interpreted 

as “partially spatially staggered” in the gastrula stage. However, during the transition to 

the trochophore stage, all D. rostriformis Hox genes display highly dynamic spatial ex-

pression profiles with changes in expression domains.  
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2.2. Chapter 2. Single-cell RNA sequencing atlas from a bivalve larva 
enhances classical cell lineage studies (published in Frontiers of 
Ecology and Evolution) 
 

Salamanca-Díaz, D.A., Schulreich, S.M., Cole, A.G., Wanninger, A. 

 

We analyzed the gene sets that are expressed during an ontogenetic stage of D. 

rostriformis. We utilized up to date methods for sequencing live, dissociated cells (Single 

Cell RNA-seq), followed by in silico pipelines which allowed to characterize transcriptomic 

profiles from seven distinct cell types (i.e., undifferentiated, epidermal, endoderm, mus-

cle, neuronal, ciliary/prototroch and shell field).  

Using this annotated dataset, we calculated and analyzed developmental trajecto-

ries of the extant cell populations. This resulted in observations of relationships among 

clusters which can be traced and compared to the cell lineage tree of D. rostriformis (i.e., 

ciliary/prototroch, epidermal, endoderm, muscle, shell field and neuronal). Furthermore, 

our results allow to gain a first glimpse into cluster structure within already defined cell 

lineages and demonstrate how transcriptomic signatures of cell populations can be used 

to annotate and characterize clusters present in early developmental stages of a bivalve 

mollusk.  
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2.3. Chapter 3. Comparative single-cell transcriptomics reveals novel 
genes involved in bivalve embryonic shell formation and questions on-
togenetic homology of molluscan shell types (submitted to Frontiers in 
Cell and Developmental Biology)  
 

Salamanca-Díaz, D.A., Ritschard, E.A., Schmidbaur, H., Wanninger, A. 

 

During the cluster analyses and annotations performed in Chapter 2, one of the 

clusters isolated resulted in very few matches for gene ontology. Additionally, cells be-

longing to this cluster express numerous short-numbered-kilobases genes, which match 

with previously uncharacterized molluscan genes. Accordingly, we analyzed the gene set 

that corresponds to protoconch I formation in the trochophore stage of the quagga mussel 

Dreissena rostriformis. We included annotations from shell field cells as identified in 

Chapter 2 and mixed them with ortholog analyzes applied on the previously assembled 

genome of D. rostriformis. Results showed that 24% (86) of the genes expressed in the 

shell field of the trochophore of D. rostriformis could not be assigned to any known or-

thogroup. At the same time, expression dynamics of these genes indicate fundamental 

differences in the gene repertoires present during protoconch I and protoconch II stages. 

This result points towards an independent evolutionary origin of these shell types and 

argues against ontogenetic homology. Moreover, there is a fraction of genes from the 

shell field of the Dreissena trochophore that are shared with the rest of the sampled met-

azoans (68 genes in 61 orthogroups, 19%). This set comprehends gene families previ-

ously described in secretomes from other bivalves and gastropods that originated before 

the emergence of the conchiferan clade (Aguilera et al., 2017; Kocot et al., 2016). This 

chapter demonstrates de existence in Dreissena rostriformis of both a mosaic of cooption 
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of known metazoan genes, and de novo recruitment of genes with hitherto unknown func-

tion or ortholog match. Altogether, these results confirm the high plasticity in the gene 

repertoire that underlie the ontogeny of adult and embryonic bivalve shells.  
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Abstract 

Mollusks are known for their highly diverse repertoire of body plans that often includes 

external armor in form of mineralized hardparts. Representatives of the Conchifera, one 

of the two major lineages that comprises taxa which originated from a uni-shelled ances-

tor (Monoplacophora, Gastropoda, Cephalopoda, Scaphopoda, Bivalvia), are particularly 

relevant regarding the evolution of mollusk shells. Previous studies have found that the 

shell matrix of the adult shell (teleoconch) is rapidly evolving, and that the gene set in-

volved in shell formation is highly taxon-specific. However, detailed annotation of genes 

expressed in tissues involved in the formation of the embryonic shell (protoconch I) or the 

larval shell (protoconch II) are currently lacking. Here, we analyzed the genetic toolbox 

involved in embryonic and larval shell formation in the quagga mussel Dreissena rostri-

formis using single cell RNA sequencing. We found significant differences in genes ex-

pressed during embryonic and larval shell secretion, calling into question ontogenetic ho-

mology of these transitory bivalve shell types. Further ortholog comparisons throughout 

Metazoa indicates that a common genetic biomineralization toolbox, that was secondarily 

co-opted into molluscan shell formation, was already present in the last common meta-

zoan ancestor. Genes included are engrailed, carbonic anhydrase, and tyrosinase hom-

ologs. However, we found that 25% of the genes expressed in the embryonic shell field 

of D. rostriformis lack an ortholog match with any other metazoan. This indicates that not 

only adult but also embryonic mollusk shells may be fast-evolving structures. We raise 

the question as to what degree, and on which taxonomic level, the gene complement 

involved in conchiferan protoconch formation may be lineage-specific or conserved 

across taxa.  

Key words: Mollusca, Bivalvia, Dreissena, eco-evodevo, trochophore, larval shell, single-

cell seq, proteomics 
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Introduction 

Mollusca constitutes one of the most diverse metazoan phyla. It is composed of two major 

subclades, Aculifera and Conchifera, which diverged from one another in the Cambrian 

(Vinther, 2015; Wanninger & Wollesen, 2015; Parkhaev, 2017; Wanninger & Wollesen, 

2019). The Aculifera includes the vermiform, spicule-bearing Solenogastres (Neomenio-

morpha) and Caudofoveata (Chaetodermomorpha), as well as the dorso-ventrally flat-

tened Polyplacophora with eight shell plates. The primarily single-shelled Conchifera con-

tains the Monoplacophora, Scaphopoda, Gastropoda, Bivalvia, and Cephalopoda (Kocot 

et al., 2011; Smith et al., 2011; Vinther, 2015). One molluscan key characteristic is the 

presence of a mineralized exoskeleton that may come in form of spicules and scales, 

single or bipartite shells, or serially arranged shell plates. This external armor might have 

played a crucial role in the evolutionary success of the phylum (Marin et al., 2014).  

Molluscan shells and spicules are highly versatile morphological innovations that provide 

protection and, together with an elaborated musculature, often aid in maintaining struc-

tural support (Lowenstam & Weiner, 1989; Simkiss & Wilbur, 2012). They are formed as 

mineralized secretions from epithelial cells of the mantle ( Marin et al., 2007; Furuhashi 

et al., 2009; Kocot et al., 2016). Once mineralized, shells present a considerable amount 

of variation in form and shape up to the microstructural level across the different taxa 

(Chateigner et al., 2000; Furuhashi et al., 2009). In conchiferan mollusks, the shell matrix, 

i.e. the outer layer of the mantle, is primarily composed of polysaccharides, glycoproteins, 

chitin, and calcium carbonate (Addadi et al., 2006; Marin et al., 2007). Previous studies 

that analyzed gene expression in adult mantle tissues of various bivalves and gastropods 

found that, despite sharing a common set of genes, the expression profiles in the shell 

matrix differ considerably between taxa, irrespective of their phylogenetic position. This 

has been used to argue that conchiferan adult shells (teleoconchs) are rapidly evolving 

features, thus providing an explanation for their high degree of morphological variation 



62 

 

across lineages (Jackson et al., 2006; Aguilera et al., 2017; Clark et al., 2020; Yarra et 

al., 2021).  

While conchiferan teleoconchs are continuously secreted from the mantle margin and are 

highly variable in shape and color, the first-formed embryonic shell (protoconch I) 

emerges in the gastrula or in the early trochophore larva from the dorsally situated em-

bryonic shell gland (or shell field) in a short time window. It is typically of smooth, non-

sculptured appearance (see Wanninger and Wollesen, 2015 for review). Some gastro-

pods with long-lived veliger stages as well as most bivalves form an additional, interme-

diate shell type, the larval shell (protoconch II) that – similar to its developmental succes-

sor, the teleoconch – is secreted from the mantle edge. Only very few studies have fo-

cused on the cell lineage, morphological, biochemical, and molecular aspects of the for-

mation of these elusive and microscopic protoconch types (Henry et al., 2004; Kakoi et 

al., 2008; Lyons et al., 2017; X. Liu et al., 2018; G. Liu et al., 2020). While embryonic and 

larval shell-forming cells have shown to express a common toolbox of markers such as 

chitin-binding proteins, von Willebrand factor type A, and carbonic anhydrases, they dis-

play numerous shell matrix proteins (SMPs) that are likely species-specific and also differ 

from those involved in teleoconch formation (Zhao et al., 2018, 2020). However, detailed 

analyses to assess the number and type of genes that are expressed during protoconch 

I and protoconch II formation are currently lacking. To fill this gap in knowledge, we re-

constructed the shell formation toolbox during protoconch I development in the trocho-

phore larva of the quagga mussel, Dreissena rostriformis, using a previously generated 

single-cell RNA-Seq dataset (Salamanca-Díaz et al. 2022). We also analyzed previously 

annotated genes which were shown to be expressed in the developing embryonic shell 

field across conchiferan mollusks for insights into the putative involvement of conserved 

versus hitherto unknown genes in this key developmental process in the bivalve life cycle.  
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Materials and Methods  

Animal collection and cultures  

Sexually mature individuals of Dreissena rostriformis were collected in the Danube River 

in Vienna, Austria (N 48°14´45.812“, O 16°23´38.145“). Collection took place between 

April and September, 2019. Adults were gathered from underneath stones and trans-

ferred to the laboratory where they were cleaned and maintained in aquaria with filtered 

river water (FRW) at 19°C.  

Spawning of animals was induced by incubating sexually mature specimens in a 10-3M 

solution of serotonin for 15 minutes (Sigma-Aldrich, Darmstadt, Germany) in FRW, fol-

lowed by one wash and subsequent maintenance in FRW. Individuals were kept isolated 

in FRW in 50mL glass beakers and after approximately 30 minutes, up to 50% of the 

treated specimens started to spawn. Fertilization occurred when three to four drops of 

sperm-containing water were added to 50ml glass beakers with oocytes. After fertilization, 

water was changed every half an hour for the first three hours and then every six hours 

to remove excess sperm and avoid bacterial and fungal growth. The embryos were cul-

tured at 23°C. 

 

10X single-cell 3´RNAseq 
 Sample preparation 
 
Cell dissociations of Dreissena larvae were generated by first washing 13 hours post 

fertilization (hpf) old trochophore larvae over a 20µm mesh with sterile media (autoclaved 

fresh river water; AFRW). Larvae were concentrated and dissociated by first passing them 

through a syringe with a hypodermic needle with 0.4mm diameter. A single-cell suspen-

sion was loaded into a 10x Chromium Controller using Chromium Single Cell 3’ Kit v2 

reagents (Cat #120237, 10xGenomics, USA). cDNA synthesis and library construction 

were made according to specifications from the manufacturer. Library quantification was 
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performed on a bioanalyzer (High Sensitivity DNA reagents, Agilent Technology #5067-

4626; Agilent 2100 Bioanalyzer) and sequenced on the Illumina platform as previously 

described (Salamanca-Díaz et al., 2022). 

 
Mapping tool preparation and cell clustering 
 

The transcriptomes used for creating the mapping tool, together with the reference ge-

nome to map the reads against, were previously generated (Calcino et al., 2019). In our 

study, gene models were elongated by 2 kilobases in the 3´ direction to account for poorly 

annotated three-prime ends in the gene models (Levin et al., 2016). To annotate the tran-

scriptome, we performed a BLASTX search against both human and the Pacific giant 

oyster (Crassostrea gigas) genome for each individual gene sequence. For each tran-

script, the BLAST hit with the highest E-value was selected for annotation. We utilized 

InterProScan v5.46-81.0 (Jones et al., 2014) to search for gene ontology and to allocate 

domains on the reference genome by surveying publicly available databases such as GO 

terms, Pfam, and PANTHER (Supplementary Table 3). The reference database was gen-

erated using CellRanger Makeref v3.1.0 and demultiplexed using CellRanger Makefastq 

v3.1.0 with default settings and filtered according to cell barcode and Unique Molecular 

Markers (UMIs) using Cell Ranger Count v3.1.0 with parameters of --force-cells=1000 --

chemistry=SC3Pv2. The resulting cell count gene expression matrix was analyzed in R 

v3.6.1 (R Development Core Team, 2015) with the Seurat v4.0.1 package (Satija et al., 

2015). The count matrix was processed through a standard Seurat pipeline using default 

parameters. We then generated a KNN graph based on the euclidean distance in PCA 

space following the Louvain algorithm (FindNeighbors (k.param=10, nn.method='annoy', 

annoy.metric= 'cosine')) and clustered the data (FindClusters (random.seed=0, res = 

0.5)). Marker genes were identified with the FindAllMarkers function (random.seed= 0), 

which considers only genes that were enriched and expressed in 1% of the cells in each 
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population (min.pct = 0.1) and with a log fold difference larger than 0.6 (logfc.threshold = 

0.6). Following this, expression of orthologous marker genes from distinct cell types were 

examined in this dataset to support homology of the previously assigned cluster identities. 

After this, we selected the differentially expressed genes from the cluster annotated as 

“shell field” for in-depth homology assessments with respective sequences from other 

metazoan taxa. 

 

Assessment of unknown genes and gene architecture annotations 

To assess the orthology relationships of shell field-specific genes in the trochophore stage 

of D. rostriformis with genes of other metazoan species, a comparative analysis was per-

formed using OrthoFinder2 (Emms & Kelly, 2019). The transcriptomes and genome as-

sembly of Dreissena used for this analysis were previously generated (Calcino et al., 

2019). The genomes, transcriptomes, and gene models for 30 additional species repre-

senting major sub-phylum-level metazoan lineages were obtained from publicly available 

data (Supplementary Table 1). At first, proteins were filtered for the longest transcript per 

gene and used as an input to OrthoFinder. After this, all-versus-all similarity search was 

obtained using DIAMOND v0.9.15 (Buchfink et al., 2015) and used by OrthoFinder2 to 

identify orthogroups, which are groups of proteins that are likely homologous. Subse-

quently, proteins belonging to each orthogroup were aligned using MAFFT v7.221 (Katoh 

& Standley, 2013) for multiple sequence alignments to generate gene trees using 

FastTree (Price et al., 2009) (-a 16 -b WorkingDirectory -M msa -A mafft -T fasttree). The 

resulting trees were parsed with the OrthoFinder2 pipeline to discriminate between 

orthologs and paralogs within each orthogroup. Afterwards, we overlapped these results 

with the gene sets previously characterized through differentially expressed genes in the 
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single-cell RNA sequencing of the shell field. This resulted in identification of the or-

thogroups which contain differentially expressed genes in the shell field of the trocho-

phore larva. 

For insights into the architecture of genes that are differentially expressed in the shell 

field, we implemented the webserver of SignalP v5.0 with default parameters (Almagro 

Armenteros et al., 2019) to search for signal peptides in each corresponding sequence.  

Additionally, TMHMM v2.0 webserver (Krogh et al., 2001) was also used to screen trans-

membrane domains and predict which amino acid sequences have domains on the outer 

side of the plasma membrane. Further gene annotations, corresponding to Pfam, PAN-

THER, GO term, human, and Crassostrea gigantea ortholog similarity, were implemented 

from a previous study (Salamanca et al., 2022). Gene expression levels of the 17 existing 

transcriptome libraries (Calcino et al., 2019) were quantified with Kallisto (transcripts per 

kilobase million, TPM) (Bray et al., 2016). Expression data from Crassostrea gigas were 

collected from public databases (Supplementary Table 1) and TPM values were calcu-

lated following the pipeline of a previous study (Zieger et al., 2021). Heatmaps showing 

normalized quantitative expression of genes were plotted with R (R Developement Core 

Team, 2015) with the heatmap function from the ComplexHeatmap R package (Gu et al., 

2016) (Figure 1, Supplementary Table 3).  

 

Results  

Overall orthogroup statistics of the Dreissena rostriformis genome 

Around one third of all predicted orthogroups (31.4%) predicted from 30 different meta-

zoan species contain Dreissena rostriformis (“DRERO”) genes (cf. Supplementary Table 

3). In addition, D. rostriformis possesses species-specific orthogroups with non-annotated 

genes, meaning there is a noteworthy number of genes that have no known match with 

any other animal sampled. However, all other species used in our analysis show similar 



67 

 

low percentages of genes that can be assigned to known orthogroups (Supplementary 

Table 3), corroborating the common notion of the vital role of lineage specific genes or 

families during animal genome evolution (Fernández & Gabaldón, 2020). In D. rostri-

formis, such genes identified from the genome mount up to 19.8% (7469 genes; see 

Supplementary Tables 2, 3).  

 

Orthogroups containing genes from the trochophore shell field   

Using the outputs from the OrthoFinder and Single-cell seq pipelines, we characterized 

the shell field-specific genes according to their orthogroup correspondence (Supplemen-

tary Table 2). In addition, expression dynamics of shell matrix genes during development 

of the trochophore of D. rostriformis were analyzed and compared with shell field-specific 

genes from the oyster Crassostrea gigas using previously published RNA-seq data (Fig-

ure 2, Supplementary Tables 7, 8) (Zhao et al., 2018; Calcino et al., 2019). Expression of 

most of these genes starts early in development, i.e., shortly after fertilization, likely by 

maternal transcripts. High normalized peaks of transcription are seen throughout the late 

gastrula and trochophore stages (during which the protoconch I is established) and con-

tinue in the veliger stages (continuous protoconch II formation) i.e., between 13 and 

48hpf. In situ hybridization experiments of some of these genes have previously shown a 

high level of expression in stages of embryonic shell (protoconch I) formation (e.g., Hox 

1, hic31) (Salamanca-Díaz et al., 2021, 2022). Furthermore, numerous orthogroups that 

contain genes that are specific to the embryonic shell field are shared across Metazoa 

(Supplementary Tables 2, 4). This demonstrates multiple cooption events of these genes 

into various functions in the respective metazoan lineages (Supplementary Table 1). 

However, we also found a group of genes (68 genes in 61 orthogroups; e.g., engrailed, 

cyclin-A2, carbonic anhydrase, tyrosinase homologs) active in Dreissena shell field for-

mation that are also involved in shell formation of other mollusks (Nederbragt et al., 2002; 
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Iijima et al., 2008; Kin et al., 2009; Samadi and Steiner, 2009; Huan et al., 2013; Zhang 

et al., 2020). These genes are also present in all other metazoans screened for herein 

and are commonly known to be related to body plan specification, cell cycle, and metal-

loenzyme activity (Figure 1 and Supplementary Table 2).  

A closer analysis of specific taxonomic orthogroups (e.g., Protostomia, Lophotrochozoa) 

shows that the percentage of shell field genes from Dreissena is notably low (Figure 1). 

Only 2.24% of these genes are shared only in the sampled protostomes species (8 genes 

in 6 orthogroups) and 1.1% are restricted even more to lophotrochozoans (4 genes in 4 

orthogroups). Most genes in these orthogroups do not have a match in the InterPro data-

base but show low level similarities with human orthologs (e-values higher than 1). Among 

the few genes in these groups, there is a member of the Claudin protein family, a keratin 

ortholog, epidermal growth factor domains, heat shock 70kDa protein, and an endonu-

clease 2 ortholog. Mollusca itself shows a similar situation, with few unique orthogroups 

(4 genes in 4 orthogroups, 1.1%) containing shell field-specific genes. This subset of 

genes expressed in the Dreissena shell field lack confident annotations (Supplementary 

Table 2). Human blast hits show only few domain commonalities to genes with a role in 

protein modification, DNA repair, Nuclear envelope component and ion exchange, i.e., 

DDB1 and CUL4 associated factor 4, DNA repair protein XRCC1, nuclear envelope inte-

gral membrane protein 2, and sodium-driven bicarbonate exchanger.  

The number of hitherto non-annotated genes seems to decrease when analyzing the dif-

ferent lineages inside Mollusca. This suddenly changes in the branch leading to Dreis-

sena rostriformis, where the number of shell field-specific genes notably increases (Fig-

ure 1). Within Conchifera, a putative Bivalvia + Gastropoda clade shows 2 hitherto un-

described genes in 2 separate orthogroups and Bivalvia alone presents a unique set of 9 

genes in 9 orthogroups (Figure 1, Supplementary Table 2). In this gene set, there are low 

e-values and little similarity to human as well as Crassostrea gigas orthologs, with blast 
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hits to genes associated to antioxidant reactions, cell migration, cell attachment, and cel-

lular proliferation, i.e., superoxide dismutase, myomegalin, laminin subunit beta-4, and 

ETS domain-containing transcription factor ERF. Additionally, from the genes expressed 

in the D. rostriformis embryonic shell field which were not assigned to any orthogroup or 

have a specific identity, and thus are considered here to be species-specific (86 genes in 

total, 24% of all shell field genes), 39 have transmembrane domains and 41 have signal 

peptides. This suggests that almost half of this gene subset is probably crucial for cell 

signaling since it has domains that interact directly with the outside of the cell membrane 

(Supplementary Tables 2, 5 and 6). Altogether, our results show that, while there is a core 

gene set expressed in the embryonic shell field which is present throughout Metazoa, 

there is also strong indication of novel gene emergence that is specific to the embryonic 

shell field of the Dreissena trochophore. 

 

Discussion  

High number of putative novel Dreissena-specific genes involved in embryonic 

shell formation 

Previous studies have characterized the shell secretomes from larval and adult stages of 

two marine bivalves, Pinctada fucata and Crassostrea gigas. They found that, despite 

having some common gene expression signatures (e.g., carbonic anhydrase, chitin bind-

ing protein, and von Willebrand factor type A), they also show distinct expression patterns 

of larval shell matrix proteins depending on species and developmental stages. One sig-

nificant subset of the genes (around 90 out of 156 genes) involved in shell secretion is 

expressed in trochophore stages, while the other genes are expressed during the later 

D-shape veliger stages, suggesting different molecular signatures underlying embryonic 

versus larval shell formation (Zhao et al., 2018). This calls into question the homology of 

embryonic and larval shells in Bivalvia. Since solid data on the genes involved in bivalve 
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teleoconch formation are still lacking, evolutionary relationships between the adult and 

the two transitory protoconch shell types currently remain unknown. This underlines that 

more in-depth comparative studies are needed to assess the decades-old question of 

(ontogenetic) homology of conchiferan embryonic, larval, and adult shells within the re-

spective sublineages (particularly bivalves, gastropods, and scaphopods).  

Our study shows that 24% (86) of the genes differentially expressed in the shell field of 

the trochophore of D. rostriformis could not be assigned to any known orthogroup (Figure 

1A). From these, 13 unassigned genes have known annotations, 41 have low e-value 

similarity with human or Crassostrea orthologs, and 32 of these genes have no known 

annotation or ortholog match. Similar trends are also known from other mollusks, where 

unassigned and undescribed genes expressed in shell- and plate-forming cells appear to 

be highly taxon-specific. For example, secretomes from adult gastropods, bivalves, poly-

placophorans, and a nautiloid cephalopod show considerable level of lineage-specific or-

phan genes (Jackson et al., 2006, 2009; Immel et al., 2016; Kocot et al., 2016; Marin, 

2020; Setiamarga et al., 2021). It has been argued previously that the rapid evolutionary 

rate of these genes may be a possible reason for the lack of orthology detection of these 

shell matrix toolbox genes (Aguilera et al., 2017). This, in turn, could be the result of 

evolutionary responses to the widely varying ecological conditions shell-bearing mollusks 

are exposed to, since most of the gene products in the shell field are in direct contact with 

the environment. Interestingly, almost half of these lineage-specific orphan genes have 

transmembrane domains and/or signaling peptides (Supplementary Tables 2, 5 and 6). 

This suggests that genes expressed in the shell field at the trochophore stage might be 

significantly influenced by the ecology of the larva. Previous studies have found that mol-

luscan shell proteomes drastically change when ecological factors such as the pH or the 

temperature are altered, but combined experimental and transcriptomic studies are cur-

rently too scarce for robust conclusions on an evolutionary level (Timmins-Schiffman et 
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al., 2014; Wei et al., 2015). However, since the environmental conditions during proto-

conch I and protoconch II formation are identical in D. rostriformis, this might hint towards 

an independent evolutionary origin (and thus argue against ontogenetic homology) of 

these shell types. This is further supported by the fact that, after shell field formation, 

there is a fluctuation of gene expression throughout development, i.e., Chitin binding do-

main ortholog, (Gene.49769) and voltage-dependent calcium channel subunit alpha-

2/delta-4 ortholog (Gene.25093) (Figure 2A), demonstrating putatively different expres-

sion dynamics during protoconch I and protoconch II formation, respectively. A similar 

tendency emerges when comparing temporal expression dynamics of shell-specific 

genes of D. rostriformis with C. gigas (Figure 2B). The Pacific giant oyster seems to have 

different sets of genes with alternate expression throughout developmental stages where 

shell field formation is active, just as in Dreissena, thus calling into question the homology 

of bivalve ontogenetic shell types (cf. Zhao et al., 2018). However, further comparative 

studies employing different developmental stages of the same as well as similar devel-

opmental stages of different species are needed to further assess this assumption. 

 

Metazoan biomineralization gene repertoires 

Our single-cell RNAseq and OrthoFinder analyses grouped 271 (76%) out of 357 identi-

fied genes that are differentially expressed in shell field cells from the trochophore stage 

of Dreissena rostriformis into orthogroups shared with different taxa. From these resulting 

orthogroups, there is a fraction of Dreissena trochophore shell field-specific genes that 

are shared with the rest of the sampled metazoans (68 genes in 61 orthogroups, 19%) 

(Figure 1, Supplementary Table 2). It has been shown previously that mantle secretomes 

in other bivalves and gastropods also possess a wide range of gene families that origi-

nated prior to the emergence of the conchiferan clade (Kocot et al., 2016; Aguilera et al., 

2017). Among this, a set of genes from the shell field of Dreissena, which are present in 
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other metazoans, is known to be involved in extracellular matrix formation, such as 

orthologs of laminin, C-type lectin domains, and immunoglobulins (Supplementary Table 

2). Additionally, among this set there are genes containing leucine-rich repeat domains 

and semaphoring, which are also found throughout Metazoa (Supplementary Table 2). 

Moreover, genes from this subset of orthogroups were coopted into embryonic shell for-

mation in conchiferan mollusks such as Dreissena, e.g., Hox 1 (Gene.152834), Hox 4 

(Gene.66474), Lox 4 (Gene.142102), and engrailed (Gene.126286) (Figure 1, Supple-

mentary Table 2) (Samadi & Steiner, 2009; Fritsch et al., 2015; Wollesen et al., 2018; 

Huan et al., 2020; Liu et al., 2020; Salamanca-Díaz et al., 2021).  Furthermore, in these 

orthogroups there are genes that have been found to be also involved in biomineralization 

processes in echinoderms and vertebrates, e.g., Cyclophilin-type (Gene.103270) and 

Carbonic anhydrase (Gene.82229) (Livingston et al., 2006; Mann et al., 2008; 2010). 

Such an organic matrix is formed prior to secretion of the mineralized part of the shell and 

is thus of crucial importance for conchiferan mollusks, but the respective factors involved 

are also present in other metazoans that lack a shell (Supplementary Table 2) (Marie et 

al., 2010; 2011a; 2011b; 2012; 2014). Altogether, our data points towards a shared “mo-

lecular biomineralization toolbox” across Metazoa, but a broader taxon sampling espe-

cially from key invertebrate phyla are required for deeper evolutionary insights. Given the 

fact that numerous animal phyla outside the mentioned deuterostomes and mollusks con-

tain taxa with mineralized hard parts, including accessible representatives such as anne-

lids, brachiopods, other lophotrochozoans, as well as numerous arthropods, this hypoth-

esis can be tested by comparative studies using single-cell RNA transcriptomic ap-

proaches. 

Taken together, the quagga mussel Dreissena rostriformis shows a mosaic of co-option 

of known metazoan genes and de novo recruitment of genes with hitherto unknown func-

tion or ortholog match into embryonic (protoconch I) shell formation. Our data suggest 
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that not only adult but also embryonic bivalve shells are highly plastic in the gene reper-

toire that underlie their ontogeny, which may be indicative of non-homology of bivalve – 

and possibly conchiferan - ontogenetic shell types.  
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Figure 1. Distribution of orthogroups containing shell field-specific genes from 

Dreissena rostriformis across Metazoa. A: Pie chart representing the number of or-

thogroups and genes found in the respective taxa. Each subset of orthogroups is num-

bered (1-8), indicating how many shell field-specific genes are contained in each taxon, 

together with the total amount of shell field-specific genes analyzed. B: Dendrogram rep-

resenting phylogenetic relationships of the sampled species and the presence of or-

thogroups and genes on each node. Phylogenetic relationships of the sampled species 

are plotted on a class-level tree based on previous studies (Smith et al., 2011; Laumer et 

al., 2019; Lemer et al., 2019; Fernández & Gabaldón, 2020; Li et al., 2021). Numbers 

correspond to those in (A). Number 1 refers to all shell field orthogroups that are randomly 

distributed (i.e., without distinct pattern) among the sampled metazoans (48.7%). Num-

bers 2-8 depict the shell field genes/orthogroups identified for the respective nodes in the 

phylogeny. Node (2) refers to the 19% of all shell field orthogroups present in all sampled 

metazoan genomes in this study. Node (3) is equivalent to 2.2% of all shell field or-

thogroups present in sampled protostome organisms. Node (4) corresponds to the 1.1% 

of orthogroups present in the sampled organisms classified as Lophotrochozoa. Node (5) 

refers to all shell field orthogroups present exclusively in the sampled mollusks (1.1%). 

Node (6) represents all shell field orthogroups (1.1%) present in the gastropod and bivalve 

genomes sampled. Node (7) depicts all shell field orthogroups (2.5%) present in bivalve 

genomes analyzed here. Node (8) represents all D. rostriformis-specific shell field genes 

that could not be assigned to any orthogroup.  Species silhouettes were obtained from 

www.phylopic.org and are either licensed under Creative Commons Attribution 3.0 Un-

ported or are available under public domain.  
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Figure 2. Relative quantitative expression of shell field-specific genes during de-

velopment of two bivalve species. A: Heat map showing relative normalized expression 

levels for each isolated gene from the shell field of the trochophore of Dreissena rostri-

formis. Normalized gene expression (transcripts per kilobase million; TPM) is depicted in 

graded shades of red when values are above the median, those below this threshold and 

with a value close to zero are in shades of blue. Details on gene annotations, orthogroup 

assignments, presence of signaling peptides, and transmembrane domains are provided 

in Supplementary Table 2.  Blast top hit to the the Pacific giant oyster is next to each gene 

name. Time after fertilization (hpf) and corresponding developmental stages at 23°C are 
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ordered chronologically at the bottom of the x axis. Germ layers and their major deriva-

tives in animal schemes are depicted in grey (mesoderm), red (endoderm), and white 

(ectoderm), respectively. Asterisks mark the blastopore/mouth, sf indicates the shell field. 

B: Heat map showing relative normalized expression levels of genes isolated from larval 

and adult shells of Crassostrea gigas as described in Zhao et al., 2018. Normalized gene 

expression is depicted in graded shades of red when values are above the median, those 

below this threshold and with a value close to zero are in shades of blue. Each develop-

mental stage is organized chronologically from left to right on the x axis. Details on gene 

annotations, orthogroup assignments, presence of signaling peptides, and transmem-

brane domains are provided in Supplementary Table 9 (cf. Zhao et al., 2018).  

 

Supplementary Table 1. Genome and proteomes of publicly available data. Columns 

show species scientific names, common names, their respective abbreviation used in this 

study, databases where the data were obtained from, as well as the molecular nature 

(either genome or transcriptome assembly) of each sample.  

 

Supplementary Table 2. Annotations of shell field genes from Dreissena rostriformis. 

Results show the orthofinder, InterProScan, TMHMM, SignalP, and BLAST searches 

against the human genome. Each column corresponds to the gene code from the quagga 

mussel, the analysis performed on the aminoacid sequence, the signature accession re-

sult of the analysis, signature description, accession code on the InterPro database, In-

terPro description, associated gene ontology terms, similarity index of the analysis (e-

value), blast top hit against the human genome and the Pacific giant oyster with the re-

spective e-value, presence of transmembrane domains and signal peptides, orthogroup 

containing the corresponding gene and the taxonomic clades containing that orthogroup, 

and the length of the protein sequence of each gene. 
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Supplementary Table 3. Statistics result of the orthofinder analysis showing the number 

of genes assigned to each orthogroup for all species used in the analysis.  

 

Supplementary Table 4. Resulting orthogroups that contain at least one shell field gene 

obtained from the single cell RNA seq analysis from D. rostriformis. 

 

Supplementary Table 5. Transmembrane helices domains predicted for trochophore 

shell field genes from D. rostriformis with the TMHMM 2.0 webserver. 

 

Supplementary Table 6. Signal peptide-positive proteins prediction for the trochophore 

shell field genes from D. rostriformis with the SignalP 5.0 software. 

 

Supplementary Table 7. Raw data of relative expression levels (transcripts per kilobase 

million, TPM) of Dreissena rostriformis shell field genes throughout development. 

 

Supplementary Table 8. Raw data of relative expression levels (transcripts per kilobase 

million, TPM) of Crassostrea gigas shell field genes throughout development (based on 

Zhao et al., 2018). 

 

Supplementary Table 9. Annotations of shell-related genes from Crassostrea gigas. Re-

sults from annotations of shell protein matrix genes taken from Zhao et al., 2018. Each 

column corresponds to annotations assigned in Zhao et al., 2018. Indicated is the gene 

code from the NCBI database, the result of the analysis performed on the aminoacid 

sequence showing the presence of transmembrane domains and signal peptides, and 

the assigned signature description. 

 



88 

 

Supplementary material available online at:  

 

https://drive.google.com/drive/folders/1Fad1AQDDwgf5irU-XFicPUe8k-

Aa2zJp?usp=sharing 
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3.  General Discussion  
 

The following headers are result of the discussion from experiments made in this thesis. 

As mentioned above these chapters are being compiled in the form of scientific papers. 

Therefore, the key points product of each chapter is only briefly summarized in this sec-

tion.  

 

 

 

3.1.   Hox/ParaHox genes and their implications for bivalve develop-
ment (cf. Manuscript 1) 

 

Hox and ParaHox positions in the genome assembly revealed that these genes 

were distributed over five scaffolds, while two of the three ParaHox genes (Gsx, Xlox) 

were found on a single scaffold. Additionally, several genes with no apparent relationship 

were found between members of the Hox cluster (between Hox5 and Lox5, Lox2 and 

Post2, Xlox and Cdx). This denotates insertions all along the gene set and provides evi-

dence in support of disorganized (but not broken) Hox/ ParaHox clusters.  

The non-staggered expression of Dro-Hox1, Dro-Hox2, Dro-Hox3, Dro-Hox4, Dro-

Lox2, Dro-Lox5, Dro-Post2, and Dro-Xlox is also reflected by their non-collinear but rather 

synchronous temporal activation. Moreover, D. rostriformis shows few similarities of 

Hox/ParaHox expression domains when compared to other conchiferan with different de-

grees of Hox spatial staggering along the anterior–posterior axis (Cephalopods, Gastro-

pods, Scaphopods, Bivalves) (Lee et al., 2003; Samadi & Steiner, 2009, 2010b, 2010a; 

Wang et al., 2017; Wollesen et al., 2018) and aplacophoran mollusks with an ancestral-

like Hox spatial staggered expression (Polyplacophorans) (Fritsch et al., 2015). The 
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quagga mussel shows overall overlapping mesodermal expression of Hox genes which 

are also highly dynamic throughout development. Hence, results of Chapter 1 could sug-

gest Hox genes have been recruited independently into novel expression domains in var-

ious conchiferan lineages and have most likely also acquired novel roles at the cost of 

their original function in anterior–posterior axis specification. Additionally, when compar-

ing with other mollusks the dynamic non-staggered expression domains of Dreissena 

demonstrate to have a minor role on whole body regionalization during later stages of 

bivalves.  

 

 

3.2.  First single cell transcriptomic expression atlas from a larval 
stage of a freshwater bivalve (cf. Manuscript 2) 

 

Results from Chapter 2 manage to compile and annotate all expected major cell 

populations on the trochophore larva of the quagga mussel. Together with the bioinfor-

matic validations of top marker genes of each cluster, we provide a first glimpse into de-

velopmental decisions of a mollusk larva. Cell groups were linked together by tracing 

pseudotime trajectories across our dataset. As these trajectories are represented in func-

tion of pseudotime, they are used as a bioinformatical approximation of developmental 

decisions. By comparing terminal fates from other molluscan lineage trees to our results, 

we were able to link scRNA-seq data to the cellular lineage tree of D. rostriformis (Meisen-

heimer 1900). For example, the linkage between ‘muscle’ and ‘endoderm’ clusters most 

likely represents the origin of these cell groups from mesodermal lineages. Additionally, 

the grouping of other clusters i.e., ‘shell field’ and ‘epidermal’, ‘neuronal’ and ‘ciliary/pro-

totroch’, could represent the origin of macromeres arising from the ectodermal germ layer 

(Nielsen, 2005; Kurita et al., 2009; Chan and Lambert, 2011; Gharbiah et al., 2013; Lyons 
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et al., 2017). Our data demonstrate that the levels of differentially expressed genes can 

be used as markers to identify clusters of cells in early developmental (larval) stages of 

(bivalve) mollusks, thus adding these animals to the suite of taxa that can now be ac-

cessed for comparative evolutionary studies on cell type level using scRNA-seq tech-

niques. 

 

 

 

3.3.  Transcriptomic signatures of shell field cells reveal gene emer-
gence (cf. Manuscript 3) 

 

 

Previous studies analyzing gene products expressed in mantles of bivalves and gastro-

pods have stated that, despite having a common biomineralization toolbox, the shell ma-

trix has a rapidly evolving nature in mollusks. Since it is a morphological novelty in the 

mollusks, it deploys domain shuffling and many gene family expansions in genes that 

play a role in shell architecture (i.e., carbonic anhydrase, tyrosinase, SPARC and chitin-

binding protein) (Aguilera et al., 2017). Although part of our data points to a shared bio-

mineralization genetic makeup across Metazoa, each one of the species lineages follows 

a unique specification pathway, exemplified here in the trochophore larva of Dreissena. 

Results of manuscript 2 show that 24% (86) of the genes expressed in the shell field of 

the trochophore of Dreissena could not be assigned to any known orthogroup. Given the 

physical location in the cell and properties of the translated proteins, i.e., transmembrane 

domains and/or signal peptides, there could be an indication of influence of the ecology 

of the larva in these unassigned genes. However, since the environmental conditions 

along across developmental stages are indistinguishable, this rather hints towards a mo-
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saic of co-option of known metazoan genes and de novo recruitment of genes with hith-

erto unknown function or ortholog match into biomineralization processes during embry-

onic (protoconch I) shell formation. Of those genes that are differentially expressed in the 

shell field, a majority are active during extracellular matrix formation and may point to-

wards non-homology of bivalve ontogenetic shell types. Altogether, results of this manu-

script corroborate the high plasticity and fast evolution in the gene repertoire involved in 

development of bivalve shells.  
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4.  Conclusion and key findings  
 

The contributions of this thesis constitute the first source of gene developmental 

data for the entire clade of Bivalvia. This was made with the purpose of using these results 

for comparative evolutionary studies across all animals, while making evo-devo conclu-

sions. The key findings presented in this thesis are the following: 

 

• The characterization of the Hox cluster in the quagga mussel revealed non colin-

ear way of expression in bivalves, contrasted with other conchiferans which have 

at least rudimentary hints of collinearity at some point in development. This sug-

gests a lineage specific way of coopting developmental genes in conchiferan 

mollusks. 

• Trochophore larvae of D. rostriformis present characteristic cell types (i.e., ciliary, 

muscle, neuronal, shell field and endodermal cells) with a repertoire of conserved 

transcriptomic signatures that can be compared across metazoans. 

• All the extant cell clusters in the trochophore of D. rostriformis were successfully 

annotated, showing a distinct transcriptomic signature with further subcluster 

structure. 

• Shell field cells on the trochophore whilst expressing a significant number of un-

known genes, present the existence of an expression toolbox likely to be present 

in the last common ancestor of all metazoans. 

• The gene novelty and expression patterns described in shell field cells of D. ros-

triformis trochophore stage indicates that not only adult, but also embryonic mol-

lusk shells may be fast-evolving structures.  
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• Temporal dynamics of shell field-specific genes present a highly variable expres-

sion throughout development after shell field formation. This hints towards an 

independent evolutionary origin of bivalve – and potentially other conchiferan - 

protoconch I, protoconch II, and teleoconchs. 
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