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Abstract

Much of the evolutionary success of conchiferan molluscs can be traced back to the
ability to construct a biocalcified shell that supports the soft molluscan body and
offers protection from predation and desiccation. Only a small fraction of the shell
is comprised of organic material, but these components play an important role in
conferring the shells material properties and finally define shape, size and colour
of the structure. Technical advances in nucleic acid sequencing and high-
throughput proteomics promoted the identification of the proteinaceous
components of the shell on the molecular level and enabled the collection of a large
number of mineralising genes and proteins. Most studies focused on marine
species with nacro-prismatic shells such as the pearl oyster Pinctada and the
abalone Haliotis. To get a better understanding of the shell secretome diversity, it
is important to extend the research focus to species that compose microstructures
other than narco-prismatic. In my thesis, I present the shell proteome of the
crossed-lamellar type. To date, the functional characterisation of the proteinaceous
shell components still represents a major challenge in the field of molluscan
biomineralisation. I gained insight into the function of shell-forming genes by
ontogenetically and spatially characterising the crossed lamellar shell proteome of
the freshwater gastropod Lymnaea stagnalis. The expression showed patterns of
asymmetry in the shell-forming cells of larvae and hint at the potential for
interactions between co-expressed genes. They furthermore revealed that many
adult shell-forming genes are already present in larvae, foreshadowing the
zonation of the adult mantle. I furthermore analysed the genomic architecture and
tissue specific expression patterns of these genes and propose that alternative
splicing significantly contributes to the molecular diversity of the L. stagnalis

shellome.
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1

General introduction

1.1 Molluscs

Molluscs have conquered almost all aquatic and terrestrial environments and are
with more than 100 000 extant species the second largest phylum in the animal
kingdom [1]. Their morphological appearance can vary greatly; from microscopic
clams and snails to giant squids with tentacles longer than ten meter or clams
weighting more than 200 kg [2, 3]. Much of the evolutionary success of molluscs
can be traced back to the ability to construct a calcified shell, i.e., the protective
structure present in most molluscan clades that has emerged during the late pre-
Cambrian [4]. The secretion of the shell secures the support of the soft body tissue
and protects the animal from predation or desiccation [5]. Modifications of this
process have facilitated the evolution of a vast diversity of shapes, sizes and

colourations and fascinate scientists and naturalists since centuries [6, 7].

1.2 Biomineralisation

The formation of the molluscan shell is one of many examples of biomineralisation,
which is “the process by which organisms form minerals” [8]. As a result of this
biologically influenced mineralisation, the minerals can appear quite different than
their inorganic counterpart [9]. Biomineralisation is found in all five kingdoms and
the mineralising organisms are able to form more than 60 different minerals. More
than half of the biominerals are calcium based, but also phosphate, silica or iron
oxides are commonly found [8]. The structures range from small-scale
magnetosomes and spicules to shells, scales, bones and teeth up to mile long reef
systems. The functions biominerals fulfil are not limited to structural support and
protection. Tasks like grinding, cutting, filtration, light harvesting, gravity
perception, magnetic field guidance and many more are accomplished by
mineralised hard parts [10]. Mineralised products can also have a huge impact on
the environment, such as ocean or freshwater chemistry as well as on the

evolutionary history of the organisms that produce them. [11-13].
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1.2.1 Biomineralisation and the advent of metazoan diversity

The first metazoan crown groups appeared during the Neoproterozoic 1000 to 541
million years ago (mya). The major diversification and the increase in
morphological disparity of metazoan life occurred much later during the Cambrian
541 to 515 mya [14, 15]. Explanations for this rapid diversification event, the so-
called Cambrian explosion, focus on genetic and developmental capacities of the
taxa, as well as on changes in the abiotic and biotic environment [16].
Biomineralisation became an important factor in a complex interplay of these
biotic and abiotic processes. In the Proterozoic world, skeletonising metazoans are
documented only in a few cases. This changed radically during the Cambrian, when
many metazoan groups developed the ability to form mineralised hard parts for
the first time [13].

Evidence for the emergence of molluscs can be found in the small shelly fauna, a
fossil assemblage of the Precambrian-Cambrian boundary that comprises
representatives of molluscs and other metazoan phyla. Most likely, molluscs root
back to the Precambrian [16]. Evidence for a Precambrian molluscan
representative might be Kimberella quadrata, a prominent fossil of the Ediacaran
biota, which is suspected to be a non- mineralising mollusc with a univalved shell
[17].

The rise of predators and the associated need for protection is a renowned
explanation for the emergence of the various forms of skeletal hard parts, as this
has led to an escalatory arms race and has fuelled the metazoan diversification
process [10, 15]. Another reason for the thriving metazoan biomineralisation may
have been the radically increased calcium concentrations in the Cambrian oceans
[15]. To cope with this environmental stress, organisms may have modified
existing calcium detoxifying mechanisms, which in the end has led to the ability to
form highly beneficial calcified structures [18, 19]. Either way, during the
evolutionary history of metazoans, biomineralisation became a vital part of animal

life.
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1.2.2 Biomineralisation strategies

The influence that an organism exerts over the mineralisation process can vary
greatly. Based on the level of control, the processes are classified as either
‘biologically induced’ or ‘biologically controlled’ [20, 21].

Mineralisation “as a result of the interactions between biological activity and the
environment is termed ‘biologically induced’ mineralisation” [9]. In this case, the
organism that promotes mineral precipitation does not posses a particular cellular
machinery to induce mineralisation and precipitation occurs in the open
environment. Depending on the surrounding, the same organism could induce the
formation of different minerals [8]. Common sites of biologically induced
nucleation are cell walls or polymeric materials like slimes or biofilms [22]. Not
always is the emerged mineral beneficial for the organism. For example in the case
of kidney stones, which is a common instance of pathological mineralisation [8,
23].

In contrast to the passive nature of the ‘biologically induced’ mineralisation,
organisms use “cellular activities to direct the nucleation, growth, morphology and
final location of the mineral that is deposited” in the case of ‘biologically controlled’
mineralisation [9]. In order to control the composition of the mother liquor, a
fundamental feature of ‘biologically controlled’ mineralisation is to seal the site of
mineralisation from the environment in form of lipid bilayers or water insoluble
macromolecules. These delineated spaces are necessary to create an oversaturated
solution, which is a cornerstone for crystal nucleation [8].

The site of ‘biologically controlled’ mineralisation can either be inter-, intra- or
extracellular [9]. ‘Biologically controlled intercellular mineralisation’ is not a
common phenomenon. This type of mineralisation seems similar to ‘biologically
induced mineralisation’” but contrary to the unregulated induced process the
organisms are indeed able to control the shape and the polymorph that is formed
[9]. An example is the marine algae Halimeda that forms aragonite needles within
intercellular spaces, which are completely isolated from the external medium [24].
When the biomineral is formed within the cell, the nucleation process is classified
as ‘biologically controlled intracellular mineralisation’. It often occurs in vesicles or
vacuoles. A well-known example is the extrusion of intracellularly formed coccolith

structures by Haptophyte algae [9, 25]. The mineralisation strategy employed by
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molluscs to form the shell is a ‘biologically controlled extracellular mineralisation’
[26]. The site on which nucleation occurs is an extracellular matrix that has been
secreted by the cells. This matrix consists of proteins, polysaccharides or

glycoproteins which self assemble to form a three dimensional framework [9].

1.3 The molluscan shell

The formation of the molluscan shell is an example of biomineralisation, which has
created a cornucopia of beauty and comes in all kind of shapes and sizes. People
have appreciated this beauty throughout history and put high values to some
specimen of molluscan biomineralisation. In the past, cowrie shells have served as
currency in some cultures and today pearls are popular components of precious
jewellery [27]. Some extraordinary pieces even reach revenues in the millions of
dollars [28]. Since pearl cultivation is a profitable business, much attention has
been devoted to the research of the formation of mother of pearl. The interest in
the mechanisms that generate the shell has led to the collection of diverse
transcriptome and proteome scale shell-forming datasets, with an emphasis on
commercially valuable nacre from bivalve species. But the nacre ultrastructure is
just one of more than 50 types and subtypes of molluscan shell microstructures
[8]. The most common ultrastructure in bivalves and gastropods is the crossed-
lamellar shell type, but little is known about the composition of the organic matrix
that forms this widespread ultrastructure [29]. The model organism investigated
in this study, the freshwater pulmonate Lymnaea stagnalis, produces a crossed-
lamellar shell. L. stagnalis has once been a popular model to study the morphology
of the shell-forming tissue in the 1960s and 1970s by Timmermans and Kniprath
[30-33] and recently regained popularity as a model to study the establishment of
chirality, evolutionary developmental processes or the cellular mechanism of
learning and memory [34-39]. With this study, we want to continue the work of
Timmermans and Kniprath and carry their knowledge and findings into the
genomics era. We have combined a next generation sequencing transcriptome
analysis of adult mantle tissue with a proteomic survey of the adult shell. We then
compared the resulting data with similar datasets from other species, and
generated the first ever in situ validated transcriptome-scale dataset for a species

that forms a crossed-lamellar shell.
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1.3.1 General aspects of molluscan shell formation

The adult molluscan shell gets secreted by the mantle tissue and comprises of an
outer leathery layer and aragonite or calcite crystals. The mantle tissue is a
cuticular epidermal sheet that surrounds the visceral mass and lines the inner
surface of the shell [30, 40]. The molluscan shell grows in a delineated
compartment- the extrapallial space. This space exhibits a supersaturated ion
concentration that is necessary for crystal nucleation. The calcifying matrix is
secreted into the compartment by the outer mantle epithelium. It interacts with
the mineral ions and acts as a template for crystal nucleation. Components like
proteins, glycoproteins, proteoglycans, polysaccharides and chitin have been
identified in the extracellular matrix and their exact composition is critical for the
formation of the distinct ultrastructure [5]. To delineate the extrapallial space from
the surrounding environment the mantle secrets the periostracum, a leathery
organic sheet that covers the CaCOs crystals and protects the shell from harmful

effects of the surrounding medium [5, 32, 41].

1.3.2 The periostracum

The thin, pliable, fibrous layer that covers the molluscan shell is the periostracum
[41]. It is highly proteinaceous and fulfils the important function of sealing of the
extrapallial space from the environment and serves as initial support for CaCO3
crystals [5, 8]. The periostracum is remarkably tough and withstands the action of
peptidases like pepsin or trypsin and many hydrolytic solvents [42]. Most likely,
this is due to the presence of scleroproteins, which are cross-linked structural
proteins that contribute to the mechanical strength of the structure. A well
accepted theory proposes that the proteins of the periostracum get scleretonised

by a quinone-tanning process [42].
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Fig 1.1. A schematic representation of the hierarchical organization of the crossed-lamellar
microstructure. From Suzuki et al. 2011 [43].

1.3.3 The crossed-lamellar ultrastructure

More than 90% of molluscan species have crossed-lamellar (CL) components
within their shell [44]. The freshwater pulmonate L. stagnalis also produces the
crossed-lamellar shell type (personal observation of Daniel Jackson and Diana
Bauermeister née Obermann). This microstructure shows great mechanical
properties with extremely high fracture toughness that earned it its label of
‘ceramic plywood’ [45, 46]. That the mechanical strength is achieved despite the
relatively low production costs (CL comprised about 1% organic matter compared
to nacre which contains 4,5%) might be significant for the evolutionary success of
the CL shell type [44, 47]. It is noteworthy that the CL microstructures comprise of
a family of homeomorphic microstructures that show complex and varied
crystallographies and do not represent one single microstructure [44]. The
ultrastructure of the L. stagnalis shell has not been described yet, but the general
composition of a CL shell has been studied in other species. They all consist of first,
second and third order lamellae with slightly differing numbers and orientation
from taxa to taxa [29]. In a nutshell, the third order lamellae consist of fibres-like
structures that come together in bundles to form second order lamellae. Three-
dimensional arrays of these bundles form the first order lamellae. Neighbouring
first order lamellae show a proximal 90 ° inclination of the third order lamellae, as
shown in Fig. 1.1 [48]. This highly hierarchical structure is able to deflected and
arrested cracks at the inter-lamellar boundaries, which results in excellent fracture

resistance [48]. Besides the widespread CL shell type, there is a great variety of
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microstructures. Well known are the elongated prisms that either consists of
aragonite or calcite or the iridescent aragonite nacre tablets that can be arranged

in a ‘brick wall’, ‘row-stack’ or ‘columnar’ fashion [49].

1.3.4 The organic matrix

Even though the organic compounds of the shell only make up 0.1 - 5%, are these
the elements that determine the CaCOs polymorph and shape the crystal
ultrastructure [50]. The three-dimensional organic matrix consists of a self-
assembling mixture of proteins, glycoproteins, proteoglycans, polysaccharides,
free amino acids, small peptides, lipids, pigments and chitin which gets secreted by
the mantle edge and forms the microenvironment that guides mineralisation [5,
49, 51]. Proteins (and the corresponding genes) are the matrix components that
have received much attention, because of the diverse techniques available for high-
throughput analyses. Much progress has been made in identifying components of
the shell-forming proteome from a variety of gastropod and bivalve species [52-
59].

A well-accepted model for the composition of a nacre-forming organic matrix has
been proposed by Weiner et al. 1984 [60] and later advanced by Levi-Kalisman et
al. 2001 [61] and Addadi et al. 2006 [51]. In this model, silk-like proteins form a
space-filling hydrophobic hydrogel that is sandwiched between two chitin layers.
Aspartic acid-rich glycoproteins are absorbed to the chitin layer to control the
crystal nucleation [51, 61]. Within the gel matrix, the nacre tablets grow vertically
from one chitin layer to the next and subsequently expand laterally. During lateral
grow; the acidic proteins are incorporated into the nacre tablet, presumably
altering the mechanical and solubility properties of the aragonite. The
hydrophobic silk properties are not incorporated into the crystal. Instead they are
pushed aside, finally trapped between neighbouring tablets or between tablets and
the chitin layer [51]. As shown by Jackson et al. 2010 [4], different gene repertoires
are employed by gastropods and bivalves to form nacre, suggesting that the
architecture of the organic matrix might differ greatly between nacre-forming
species. With that in mind, it seems plausible that the organic matrix of another
shell ultrastructure such as crossed-lamellar might deviate considerably from the

model by Levi-Kalisman et al. 2001. Uozomi et al. 1972 could observe organic
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components surrounding the third order lamella within the crossed-lamellar
hierarchical structure [62]. Other than that, little is know about the organic matrix
that forms the crossed-lamellar ultrastructure. It has yet to be elucidated which
organic components act on the crystals that form this shell type and in what

architecture they might be arranged.

e carbonic anhydrase

® Tyrosine [l intense AP positive cells 1. periostracal groove
e RNA rich cells [1AP positive cells 2. Belt

ATPase rich cells W mucus cells 3. Posterior region of the belt
* Tyrosinase [Tlcells that form periostracal layer 1 4. Transitional zone

® Malate dehydrogenase  [fcells that form periostracal layer 2 5. low columnar outer epithelium
® Peroxidase positive cells [l cells that form periostracal layer 3 6. inner mantle epithelium

Fig. 1.2. A schematic representation of the L. stagnalis adult mantle adapted from Timmermans
(1969) and Kniprath (1972). From Jackson et al. 2016 [63]. The activity of a variety of enzymes and
the presence of various biomolecules are indicated by the colour scheme.
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1.4 The shell-forming tissue of L. stagnalis

1.4.1 The shell-secreting adult mantle of L. stagnalis

The shell-secreting tissue of L. stagnalis has been studied extensively by
Timmermans 1969 [30]. Based on a number of histochemical analyses, she was
able to subdivide the mantle groove, the mantle belt, and the low columnar outer
epithelium into distinct zones (Fig. 1.2). Zone one and two span the posterior wall
of the groove and two-thirds of the neighbouring belt. These zones show strong
activity of peroxidase and a high content of RNA [30]. The following zone three
shows a similar composition as zone one and two except for the absent of
peroxidase activity [30]. Zone four marks a few cells between the belt and the low
columnar outer epithelium. These cells are mainly characterised by a high activity
of alkaline phosphatase and glucose-6-phosphate dehydrogenase [30]. The cells of
the low columnar epithelium form zone five and show the presence of glycogen,
alkaline phosphatase, carbonic anhydrase, ATPase, dehydrogenase and

cytochrome oxidase [30].

1.4.2 The shell-forming tissue of L. stagnalis larvae

The molluscan shell is a structure that is established early during development. To
get an overall understanding of the L. stagnalis shell-forming process, it is vital to
study the organ and its development throughout the life history of the animal.
Much of the ontogeny of the shell-forming tissue in L. stagnalis has been closely
observed by Kniprath 1977 [33] and Hohagen & Jackson 2013 [37]. With these
studies, the authors have established a valuable foundation for further
investigations concerning the shell-forming process in L. stagnalis during
development.

The first sign of the shells precursor organ is a thickening of the dorsal ectoderm
following gastrulation. Elongated ectodermal cells are clearly distinguishable from
the neighbouring cells of the ectoderm and a contact with the underlying
endodermal cells is established (Fig. 1.3) [33, 37]. A well-accepted theory argues
that the formation of the shell field is induced by a contact between cells of the
dorsal ectoderm and some endodermal cells [64]. After a number of proliferations,

the epithel invaginates and forms the shell gland. The uninvaginated cells at the

10
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Fig. 1.3. A schematic representation of the major events during early development of the shell
gland and shell field in L. stagnalis. AP Alkaline Phosphatase, PO Peroxidase, hpfc hours post first
cleavage. From Hohagen et al. 2013 [37].

entry of the shell gland secrete a pellicle, which is the precursor of the
periostracum. Subsequently, the shell gland evaginates and forms the shell field. At
this stage, the first calcified material is visible. The expansion of the shell field
continues until it has overgrown the visceral mass and finally forms the shell
secreting mantel edge [33, 37]. The cells in the centre of the growing shell field are
flat while the cells in the periphery have an elongated shape. This corresponds to
the morphology of the adult mantle, where the belt region comprises of elongated
cells while the cells of low columnar outer epithelium are flat [30]. In addition, also
the histochemical composition of the larval shell-secreting zones correlates with
the zonation of the adult mantle. The elongated cells of the larval shell field contain
much RNA and are peroxidase positive, while the cells of the flattened centre
contain alkaline phosphatase and glycogen. The correspondence of the larval and
adult zonation of the shell-forming tissue indicates that the same processes act on

the formation of the larval and the adult shell [30].

1.5 Genes and gene products involved in molluscan shell-

formation

The first molluscan shell protein sequence identified in full length was from the
nacre protein nacrein in 1996 [65]. In the following years, molluscan shell proteins
were identified ‘one-by-one’ using classical molecular approaches, such as RT-PCR

with degenerated primers based on known fragmentary sequences, or cDNA

11
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library screening with oligonucleotides or antibodies. With these methods, about
40 proteins could be identified from a few shell-bearing representatives [66]. Since
next-generation sequencing techniques and high-through-put proteomics are
available for non-model organisms, much effort has been made to study the
transcriptomes and proteomes of the mantle tissue [4, 56, 58, 67-73]. Especially
studies that combine data from both the mantle transcriptome and the shell
proteome obtain high-quality candidate genes. The obtained ‘shellomes’ represent
valuable resources that allow assumptions about the evolutionary history of the
molluscan shell and its organic components [66]. Shell-forming proteins often
share little to no sequence similarity with proteins from model organisms, which
makes any inference about their function difficult. Their functional
characterisation currently represents a major challenge.

In a pioneer study, Jackson et al. 2006 investigated transcripts that putatively
encode the secreted proteins that contribute to the Haliotis asinina organic matrix,
the so-called ‘secretome’ [58]. 80% of the H. asinina ‘secretome’ shared no
significant similarity to any sequences in GenBank and, compared to the Lottia
scutum genome, homology to only a small fraction of transcripts could be
identified. Based on these findings, it was suggested that the ‘secretome’ is
encoded primarily by rapidly evolving genes and this rapid evolution might be the
foundation for the diversity of molluscan shell shapes and patterns [58]. Similar
trends could be observed by studying the proteome of Haliotis asinina, Lottia
gigantea and Cepaea nemoralis [56, 59, 69]. To obtain more insights on the
evolutionary history of the nacre-forming proteome, Jackson et al. 2010 compared
genes expressed within the nacre producing cells of the bivalve Pinctada maxima
and the gastropod H. asinina [4]. The authors found marked differences in gene
content and expression levels and suggested that the molecular machinery used in
shell construction differs fundamentally across the Mollusca. This finding hints at a
significant modification of an inherited process or indicates an independent
evolution of the ability to form gastropod or bivalve nacre [4]. Marie et al. 2016
counterbalances these findings by highlighting the number of similar if not
homologous proteins between the nacre producing mussel Mytilus, the pearl
oyster Pinctada, the freshwater mussels Elliptio complanata and Villosa leinosa as

well as the non-nacreous gastropod shell of the limpet [57, 74, 75]. Furthermore,

12
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the authors emphasise the deep molecular conservation within the bivalve nacre
biomineralisation toolkit that suggests the existence of a set of Cambrian-
conserved bivalve nacre proteins [74]. The evolution of molluscan shell proteins is
still cryptic and many more comparison studies across the whole phylum have to
be conducted to approximate its history.

Some general protein features that emerge in a number of molluscan shell proteins
could be identified. These proteins often show posttranslational modifications and
repetitive low complexity domains (RLCDs). These short repeated motifs consist
mainly of one to three amino acids that are predominant within one module or the
whole peptide sequence [49, 76]. Common are aspartic acid-rich residues that are
predicted to facilitate calcium binding [77]. Many shell proteins are organized in a
modular fashion and show multifunctional abilities [49]. Well-known examples are
the nacre proteins lustrin A and nacrein. Lustrin A is composed of a number of
alternating cysteine- and proline- rich modules that act as shock absorber, a
protease inhibition domain and a short acidic domain that likely interacts with
CaCO3 crystals [78, 79]. Nacrein features an enzymatically functional carbonic
anhydrase module and an asparagine and glycine repetitive sequence that
putatively acts as a negative regulator for calcification [65, 80].

These insights focus on the secreted proteins of the organic matrix, which
represent the ‘downstream’ molecular events that act directly on the shell-forming
process. The expression of the ‘downstream’ shell-forming genes displays a
modular arrangement within the adult mantle tissue [58, 81]. This suggests that
the distinct spatial and temporal expression of the components of the organic
matrix are likely coordinated by ‘upstream’ gene regulatory networks [63]. The
modularity of the shell-forming tissue is not solely a phenomenon of the adult
mantle, but can be observed already during development [30, 37]. The different
shell-secreting cell types or mantle morphologies are eventually established
during the embryonic development. Identifying the gene regulatory networks that
coordinate the differentiation events during ontogeny is one goal of evolutionary
developmental biologists. By studying the molecular nature of these events during
the shell-forming process and further inter-species comparisons, they hope to
provide new insights into the shell’s evolutionary history [63]. Some regulatory

genes that are present in the shell-forming tissue during development could

13
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already be identified, but the molecular machinery that initiates the shell field
development is still obscure. The expression of the homeodomain transcription
factor engrailed has been shown in a wide range of molluscan taxa [82-86]. It is
thought to play a conserved role in the compartment boundary formation between
the embryonic shell field and the adjacent ectoderm [87]. The expression pattern
of the homeobox genes Hox1, Hox4 [88, 89] and the posterior Hox genes Post1 and
Post2 in gastropods [89], the morphogen dpp in gastropods [87, 90] and bivalves
[83], the inter-cellular signalling molecule delta in gastropods [63] and the
homeodomain transcription factor distal-less in gastropods [63] also indicate a role
associated with the patterning of the molluscan shell field. The distinct functions of
these regulatory molecules are still unclear, but new molecular techniques like the
gene editing CRISPR-Cas nuclease system might soon allow functional studies in

vivo that can help elucidate their role in shell formation.

1.6 Introduction into the following chapter

The morphological properties of the shell-forming organ of molluscs have been
described extensively, and a rich collection of shell-forming proteomes and
transcriptomes has been collected over the past decade. A major part of these
components shares little to no sequence similarity with proteins from model
organisms. This makes any inference about their function very difficult. One
approach to gain insights into their function is to characterise their spatial
expression patterns in vivo. With in situ hybridisation experiments, we were able
to trace the exact localisation of the shell-forming genes throughout the
development of L. stagnalis.

In order to trace the expression of the shell-forming gene candidates, a robust in
situ protocol had to be installed. Chapter 2 and 3 contain protocols for whole
mount in situ hybridisation on L. stagnalis larvae. In chapter 4, an in situ protocol
for L. stagnalis adult mantle tissue slides is presented. More than 30 candidate
genes associated with the production of the L. stagnalis shell were identified with a
proteomic survey coupled with transcriptome sequencing. We identified
conserved shell-forming elements by comparing a number of biomineralising

proteomes with the shell proteome of L. stagnalis. We furthermore analysed the
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gene architecture of the biomineralisation genes to gain insight into the molecular
mechanisms that might have acted on the expansion of the shell-forming molecular
repertoire. This work is presented in chapter 5. To further characterise the
function of the candidate genes, I attempted over-expression experiments in a

heterologous expression host. This on-going project is described in chapter 6.
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2.1 Abstract

Background: The ability to visualise the expression of individual genes in situ is an
invaluable tool for developmental and evolutionary biologists; it allows for the
characterisation of gene function, gene regulation and through inter-specific
comparisons, the evolutionary history of unique morphological features. For well-
established model organisms (e.g. flies, worms, sea urchins) this technique has
been optimised to an extent where it can be automated for high-throughput
analyses. While the overall concept of in situ hybridisation is simple (hybridise a
single-stranded, labelled nucleic acid probe complementary to a target of interest,
and then detect the label immunologically using colorimetric or fluorescent
methods), there are many parameters in the technique that can significantly affect
the final result. Furthermore, due to variation in the biochemical and biophysical
properties of different cells and tissues, an in situ technique optimised for one
species is often not suitable for another, and often varies depending on the
ontogenetic stage within a species.

Results: Using a variety of pre-hybridisation treatments we have identified a set of
treatments that greatly increases both whole mount in situ hybridisation (WMISH)
signal intensity and consistency while maintaining morphological integrity for
early larval stages of Lymnaea stagnalis. These treatments function well for a set of
genes with presumably significantly different levels of expression (beta tubulin,
engrailed and COE) and for colorimetric as well as fluorescent WMISH. We also
identify a tissue specific background stain in the larval shell field of L. stagnalis and

a treatment, which eliminates this signal.
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Conclusions: This method that we present here will be of value to investigators
employing L. stagnalis as a model for a variety of research themes (e.g.
evolutionary biology, developmental biology, neurobiology, ecotoxicology), and
brings a valuable tool to a species in a much understudied clade of animals

collectively known as the Spiralia.

2.2 Background

Analysing how spatial and temporal developmental gene expression profiles
evolve is a powerful strategy for understanding how morphological diversity can
be generated. The most commonly employed technique for the study of spatial
gene expression in a given tissue or developmental stage is in situ hybridisation
(ISH), often applied to whole embryos or larvae as whole mount in situ
hybridisation (WMISH). WMISH provides information about the timing and
localisation of a gene’s expression in a developing embryo or larva, and can be
used to characterise and identify cell types, tissues or organs within the whole
organism and to make inferences about their function and evolutionary history [1-
3]. Unfortunately, the technique can be challenging, especially when applied to an
organism for which there is little knowledge regarding the multifarious conditions
that optimise the balance between WMISH signal intensity and the preservation of
morphological integrity, two often conflicting requirements. WMISH experiments
on embryos can be further challenged by changes in the biochemical and
biophysical properties of the developing tissues during ontogenesis. Thus, the
procedure often needs to be adapted for distinct developmental stages within a
species.

From an evo-devo perspective, the pulmonate freshwater gastropod Lymnaea
stagnalis (Linnaeus, 1758) is a representative of a significantly understudied group
of animals, the Spiralia/Lophotrochozoa. Primarily due to its availability and ease
of culture, L. stagnalis was once a much used model for studying molluscan
development [4-6] and is currently employed as a model for studies focused on
various biological processes including the establishment of chirality [7], the
evolution of shell formation [8] and ecologically regulated development [9].
However, L. stagnalis possesses certain traits that represent technical challenges to

WMISH. First, L. stagnalis embryos develop individually within egg capsules filled
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with a fluid that serves a nutritive function and is uptaken by pinocytosis during
development [10-12]. This viscous intra-capsular fluid, which consists of a
complex mixture of ions, polysaccharides, proteoglycans and other polymers [13],
can be seen to stick to the embryo following decapsulation, and likely interferes
with any WMISH procedure. Second, from 52 hours post first cleavage onwards the
first insoluble material associated with shell formation is secreted [8]. This
material nonspecifically binds some nucleic acid probes and generates a
characteristic background signal. This phenomena is not restricted to L. stagnalis
but can be observed in larvae of other gastropods (our unpublished data), bivalves,
scaphopods and polyplacophoran molluscs (pers. comm. Tim Wollesen). Finally,
L. stagnalis embryos and larvae undergo significant morphometric and biophysical
changes in the characteristics of their tissues during the first days of development
(Fig. 2.1). Previously described WMISH protocols for larvae of L.stagnalis
produced WMISH signals with low signal to noise ratios, making some previously
reported gene expression patterns difficult to interpret [14-16].

In order to achieve consistent WMISH signals in L. stagnalis larvae with maximum
signal to noise ratios, we have systematically compared the influence of a variety of
chemical and enzymatic pre-hybridisation treatments previously reported to
address each of these challenges. We first evaluated the effect of the mucolytic
agent N-acetyl-L-cysteine (NAC) in order to assess the possibly negative influence
of the intra-capsular fluid on WMISH in L. stagnalis. A treatment with NAC has
been shown to improve WMISH signal intensity in the platyhelminth flatworm
Schmidtea mediterranea, presumably by degrading the mucosal layer surrounding
the animal and thereby increasing accessibility of the probe to the tissue [17].
WMISH signal quality was also improved in S. mediterranea through the use of the
reducing agent dithiothreitol (DTT) and the detergents sodium dodecyl sulfate
(SDS) and NP-40, a treatment referred to by Pearson et al. as ‘reduction’ [17]. An
alternative permeabilising treatment solely utilising SDS is commonly employed in
WMISH protocols for a variety of animals such as the platyhelminth
S. mediterranea [18] or the arthropod Parhyale hawaiensis [19, 20]. Here we assess
the impact of different combinations of these and other standard WMISH
treatments (storage, enzymatic permeabilisation by Proteinase K (Pro-K),

acetylation) on the strength and consistency of the WMISH signal across early
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developmental stages of L. stagnalis. We also systematically evaluated the effects of
the Alkaline Phosphatase (AP) -conjugated anti-DIG anti- body concentration, the
composition of the colour detection solution and different probe preparation
approaches. We have performed these experiments with a selection of three genes,
which can be reasonably assumed to have different levels of expression: beta
tubulin, and the transcription factors engrailed and COE (collier/olfactory-1/early B
cell factor). We also demonstrate the presence of a tissue-specific background
stain, which can be abolished by treatment with triethanolamine (TEA) and acetic
anhydride (AA). The optimised WMISH method we present here will allow for
future molecular studies to be performed on a wide range of developmental

processes within L. stagnalis.

Fig. 2.1. Overview of the early larval development of L. stagnalis. During the first five days of
development, embryos of L. stagnalis undergo drastic changes in size (A-E, images are to the same
scale shown in E), tissue composition (F-J) and form all main larval structures (K-0). Indicated are
the positions of the apical plate (ap), the eye (ey), the foot lobe (fl) or foot (f), the developing mantle
margin (mm), the prototroch (pt), the shell (s) and the blastopore (bp) or stomodaeum (st). All ages
are indicated in hours post first cleavage (h). F-H and K-M are ventral views with scale bars
representing 50 um. I, J, N and O are lateral views with scale bars of 100 um. The scale bar in panel
E is 500 um. Panels I, J, N and O are reflected about the vertical axis for consistency of presentation.
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2.3 Methods

A detailed list of all solutions used can be found at the end of this section. If not

otherwise indicated, all steps were carried out at room temperature.

2.3.1 Cultivation of adult L. stagnalis and preparation of embryos

Laboratory cultures derived from adult L. stagnalis collected from the Northeimer
Seenplatte, Germany, from a pond on the North campus of the University of
Gottingen, Germany, and from Nottingham, U.K. and were kept in standard tap
water at 25 °C, under a 16:8 light dark regime and fed ad libidum with lettuce and a
variety of other vegetables. Under this regime adult snails lay egg masses year
round. Egg masses of diverse ages were collected and grouped into three
developmental time windows: from one to two days post first cleavage (dpfc),
from approximately two to three dpfc and from three to five dpfc. Individual egg
capsules were freed from the surrounding jelly by rolling them over moist filter
paper. Embryos were released from their egg capsules by manual dissection using
forceps and mounted needles. In order to minimise experimental error, embryos
for each experiment were pooled and processed up to a point when experiment

specific treatments were applied.

2.3.2 NAC treatment

Freshly dissected embryos were immediately incubated in NAC solution. The
duration and concentration of this treatment were age-dependent. Embryos
ranging from two to three dpfc were treated for five minutes with 2.5% NAC, and
samples between three and six dpfc were treated with 5% NAC twice for five
minutes each. All samples were then immediately fixed for 30 minutes in 4%

paraformaldehyde (PFA) in PBS.

2.3.3 Fixation

All samples were transferred into freshly prepared 4% (w/v) PFA in 1X PBS and
incubated for 30 minutes at room temperature. The fixative was removed by one
wash for five minutes in 1X PBTw. Samples were then subjected to a treatment

with SDS.
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2.3.4 SDS treatment

Following fixation, all samples were washed once in PBTw for five minutes and
then incubated in 0.1% SDS, 0.5% SDS or 1% SDS in PBS for ten minutes at room
temperature. Following the SDS treatment, samples were rinsed in PBTw and
dehydrated through a graded ethanol (EtOH) series in PBTw; one wash in 33%
(v/v) EtOH, one wash in 66% (v/v) EtOH and two washes in 100% EtOH, each

wash lasting five to ten minutes. All samples were then stored at =20 °C.

2.3.5 Reduction

Following fixation and one five minutes wash in PBTw, embryos between two and
three dpfc were treated with 0.1X reduction solution for ten minutes at room
temperature. Embryos between three and five dpfc were incubated for ten minutes
in preheated 1X reduction solution at 37 °C. All samples were carefully inverted
once during this time. We found all samples to be extremely fragile in this solution
and should be handled with care. After removal of the reduction solution, all
samples were briefly rinsed with PBTw before being dehydrated through a graded
EtOH series; one wash in 50% (v/v) EtOH, two washes in 100% EtOH, each wash
lasting five to ten minutes. All samples were then stored at -20 °C. Note: this

treatment replaces the SDS treatment described above.

2.3.6 RNAse treatment in order to investigate the source of non-specific
WMISH staining

NAC-treated samples were fixed and dehydrated as described above and stored at
-20 °C. Samples were then rehydrated through a graded EtOH series into PBTw
and then incubated for 30 minutes at 37 °C in 10 pg/mL and 100 pg/mL RNAse A
(Sigma, #R5503) in 2X SSC. Samples were then washed five times in PBTw for

5 minutes each before proceeding with Proteinase K digestion.

2.3.7 Protein digestion with Proteinase K (Pro-K)

Following fixation, dehydration, storage at =20 °C and any additional treatments
(NAC, reduction or SDS), samples were rehydrated through a graded EtOH series
into PBTw. Embryos were then treated with an agedependent concentration of

Pro-K (Carl Roth, #7528) for ten minutes at room temperature. The regimes
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ultimately employed are the culmination of a more exhaustive series of trials using
a greater range of Pro-K concentrations (0 to 50 pg/mL Pro-K). Embryos between
one and two dpfc were incubated in concentrations of Pro-K ranging from 1-
15 pg/mL, embryos between two and three dpfc in concentrations of Pro-K
ranging from 5-20 pg/mL and older embryos (between three and five dpfc) were
treated at concentrations between 5 pg/mL and 40 pg/mL. Pro-K activity was
stopped by two five minutes washes in 2 mg/mL glycine. All samples were then

briefly rinsed in PBTw.

2.3.8 Triethanolamine + acetic anhydride (TEAAA) treatment

Samples were transferred into a 1% (v/v) solution of triethanolamine (TEA) in
PBTw and incubated for five minutes. This step was then repeated. This solution
was then replaced with a solution of 1% TEA + 0.3% (v/v) acetic anhydride
(TEAAA) in PBTw. This step was repeated for some samples. All samples were then
washed once with PBTw, postfixed for 15 to 20 minutes in 4% PFA in PBTw, and
washed three times with PBTw before being transferred into an Intavis In situ-Pro

robot for all subsequent hybridisation, antibody incubation and washing steps.

2.3.9 Riboprobe synthesis

Primers designed to amplify fragments of beta tubulin, engrailed and COE were
designed from 454 and Illumina RNASeq data (see Additional file S2.1 for all
primer sequences). These PCR products were cloned into vectors containing T7
and SP6 promotor sites and verified by Sanger sequencing. These fragments were
then amplified from plasmid DNA using M13 primers, and purified using the
QIAGEN QIAquick Gel Extraction Kit. Antisense riboprobes were synthesised using
Promega reagents in a 10 pL-reaction containing 1X reverse transcription buffer,
10 mM Dithiothreitol, 1X Digoxigenin RNA labeling Mix (Roche, #11277073910),
0.25 - 0.5 volume PCR template and 20 Units of the appropriate RNA polymerase
(SP6 or T7; Promega, #P108 or #P207). Probe synthesis reactions were carried
out at 37 °C for two to four hours. For beta tubulin, a 702 bp long internal fragment
was used for riboprobe synthesis. For engrailed, a 929 bp internal fragment
partially covering the homeobox domain was used. The riboprobe against COE was

generated from a 1626 bp long internal fragment covering the DNA binding
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domain and the TIG/IPT domain. All riboprobes were purified by precipitation
using 0.1 volume of 3 M sodium acetate pH 5.2 and 3 volumes of absolute EtOH for
15 minutes, and subsequently centrifuged for 15 minutes at 16,000 RCF. All
precipitation steps were carried out at room temperature. The resulting pellets
were washed once in 75% EtOH, dried and dissolved in 10 uL water at 55 °C. After
quantification using a Nanodrop, 500 ng of riboprobe was denatured in 95%
deionised formamide at 75 °C for 10 minutes and qualitatively assessed by agarose
gel electrophoresis. The remaining riboprobe solution was adjusted to a final
concentration of 300 ng/uL using deionised formamide. In order to assess the
affect of probe hydrolysis on WMISH signal, some riboprobes were also hydrolysed
as described by [17].

2.3.10 Probe hybridisation and antibody binding

All samples were incubated in hybridisation buffer for 15 minutes at room
temperature before being heated to the hybridisation temperature of 55 °C. The
hybridisation buffer was then exchanged and incubated for an additional two
hours. Each riboprobe in hybridisation buffer was denatured for ten minutes at
75 °C and aliquoted into individual hybridisation reaction tubes for subsequent
use in the robot. The hybridisation buffer on all samples was replaced by the
riboprobe in hybridisation buffer and allowed to hybridise for 16 hours at 55 °C
using the following optimised concentrations of riboprobes: beta tubulin 100, 150
or 200 ng/mL; engrailed 500 ng/mL; COE 100 ng/mL or 300 ng/mL. Unbound
probe was washed out with three washes in 4X wash buffer for 15 minutes each,
three washes in 2X wash buffer for 15 minutes each, three washes in 1X wash
buffer for 15 minutes each and one wash in 1X SSC + 0.1% Tween for 15 minutes,
all performed at 55 °C. Samples were then allowed to cool to room temperature
and then washed twice in 1X SSC + 0.1% Tween for 15 minutes each. Two washes
in maleic acid buffer (MAB) pH 7.5 were then performed for ten minutes each. All
samples were then cooled to 10 °C and incubated for three hours and 30 min in
pre-cooled 2% block solution (Roche, #11096176001) in MAB with one exchange.
Block solution was then replaced by block solution containing a 1/10,000 dilution
of anti-DIG antibody conjugated to Alkaline Phosphatase (Roche, #11093274910)

and incubated for five hours followed by a renewal of this solution and a further
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five hours incubation, all at 10 °C. Samples were then allowed to warm to room
temperature and unbound antibody was removed by 15 washes with PBTw for ten

minutes each.

2.3.11 Colour development and postprocessing

For colour development, samples were transferred into 1X Alkaline Phosphatase
buffer with 0.1% (v/v) Tween 20 (APTw) and incubated with two ten minutes
washes at room temperature. The 1X APTw buffer was replaced by the detection
buffer and colour development was performed in the dark. Fluorescent signals
were developed using the SIGMA FAST™ Fast Red TR/Napthol AS-MX Alkaline
Phosphatase Substrate (Sigma, #F4648), prepared according to the manufactorer’s
recommendations. All reactions were stopped by replacing the colour substrate
solution with three five minutes washes in PBTw each, followed by two five
minutes washes in 0.1 M Glycine pH 2. Samples for direct comparisons were
stopped at the same time. After three further five minutes washes in PBTw,
samples were postfixed in 4% (v/v) PFA in PBTw for at least two hours at room
temperature or over night at 4 °C. The fixative was removed by two five minutes
washes with PBTw, followed by two washes with prewarmed deionised water for
each ten minutes at 37 °C. Embryos were then dehydrated through a graded EtOH
series (33%, 66%, twice with 100%) and stored at —20 °C.

2.3.12 Imaging

Prior to imaging samples were rehydrated through a graded EtOH series in PBTw
(66%, 33%, twice with PBTw) and cleared at 4 °C over night in 60% (v/v) glycerol.
For “bulk” imaging (where a single image of tens of embryos gives an impression of
the consistency of a given treatment) embryos were mounted in a 96 well plate
with U-shaped bottom and imaged under a Zeiss stereo Discovery V8 microscope
running Zeiss camera software Axio Vision Rel. 4.7. For images of individual
embryos, samples were mounted on glass slides and photographed using a Zeiss
Axio Imager Z1 microscope running Zeiss camera software Axio Vision Rel. 4.8.
Images of all samples were captured using automatic settings for exposure and
white balance. Images of individual embryos were also captured at different focal

planes some of which were projected using Macnification version 2.0.1. All images
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were edited in Adobe Photoshop CS3 version 10.0.1 to achieve the optimal visual
representation of each WMISH treatment and to facilitate qualitative comparisons.
Each image was linearly adjusted for brightness, contrast and colour balance using
the automatic function. These adjustments were applied to every pixel in each
image and did not obscure, eliminate, or misrepresent any information.

Fluorescence detection was performed using a Zeiss LSM 510 Meta with the
following microscope setup: HeNe 543 laser, HFT 488/543/633; NFT490; LP560.
Both individual images and stacks were captured using the following settings:
laser power of 2.9%; pinhole of 59 pm; amplifier gain of 1; amplifier offset and gain
adjusted to the sample brightness; stack size of 1024 x 1024; scan speed and
number of scans 7 and 4 respectively. For individual images the stack size was

2048 x 2048.

2.3.13 Solutions

1X PBS (phosphate buffered saline): 0.1 volume of 10X PBS stock (1.37 M Nacl;
27 mM KCI; 100 mM Na;HPO4+2H20; 20 mM KH2PO4)

1X PBTw (phosphate buffered saline+Tween 20): 10% (v/v) of 10X PBS stock;
0.1% (v/v) Tween-20

2.5% NAC (N-acetyl cysteine): 50% (v/v) of 5% (w/v) NAC in 1X PBS

4% PFA (paraformaldehyde): 25% (v/v) of 16% (w/v) PFA pH 7-8; 1X PBS or
1X PBTw

0.5% SDS (sodium dodecyl sulfate): 2.5% (v/v) of 20% (w/v) SDS; 1X PBS

0.1X reduction solution: 0.1% (v/v) Tergitol (NP40); 0.05% (v/v) sodium
dodecyl sulfate (SDS); 5 mM dithiothreitol (DTT)

1X reduction solution: 1% (v/v) Tergitol (NP40); 0.5% (v/v) SDS, 50 mM DTT
33% EtOH (ethanol): 33% (v/v) volume of absolute EtOH in PBTw

66% EtOH (ethanol): 66% (v/v) volume of absolute EtOH in PBTw

Pro-K (Proteinase K): Diluted from 10 mg/mL stock using PBTw

2 mg/mL glycine pH 2: Diluted from 100 mg/mL stock using PBTw

TEA (triethanolamine): 1% (v/v) TEA diluted in 1X PBTw

TEAAA (triethanolamine + acetic anhydride): 1% (v/v) TEA; 0.3% (v/v) acetic
anhydride diluted in 1x PBTw
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Hybridisation buffer: 25% (v/v) 20X SSC stock (3 M NaCl; 0.3 M trisodium citrate
dihydrate); 5 mM ethylene diamine tetra-acetic acid (EDTA) from 500 mM stock
pH 8.0; 0.5 volume deionised formamide; 100 ug/mL Heparin from 100 mg/mL
stock; 0.1% (v/v) Tween-20; 1X Denhardt’s from 100X stock (2% (m/v) Ficoll type
400; 2% (w/v) polyvinylpyrrolidone K30; 2% (w/v) bovine serum albumin);
100 pg/mL single-stranded salmon sperm DNA from 10 mg/mL stock

4X wash: 20% (v/v) 20X SSC stock; 50% (v/v) formamide; 0.1% (v/v) Tween-20
2X wash: 10% (v/v) 20X SSC stock; 50% (v/v) formamide; 0.1% (v/v) Tween-20
1X wash: 5% (v/v) 20X SSC stock; 50% (v/v) formamide; 0.1% (v/v) Tween-20
MAB (maleic acid buffer): 0.1 M maleic acid from 1 M stock pH 7.5; 0.15 M NaCl
from 5 M stock

Block solution: 2% (v/v) block from 10% (w/v) stock in MAB

Antibody solution: AP-conjugated anti-DIG fab fragments diluted 1/10,000 in
block solution

1X APTw (Alkaline Phosphatase buffer + Tween 20): 20% (v/v) 5X AP buffer
stock (0.5 M Tris pH 9.5 from 1 M stock; 0.5 M NaCl from 5 M stock); 0.1% (v/v)
Tween-20

Colour detection buffer: 1X APTw; 50 mM MgCl; from 1 M stock; 450 pg/mL NBT
from 100 mg/mL stock in DMF; 175 pg/mL BCIP from 50 mg/mL stock in water
Colour detection buffer + PVA (polyvinyl alcohol): 1X APTw; 50 mM MgCl,
from 1 M stock; 450 pg/mL NBT from 100 mg/mL stock in DMF; 175 pg/mL BCIP
from 50 mg/mL stock in water; all diluted in 10% (w/v) PVA in water

Fluorescent colour detection buffer: 0.1 M Tris; 1 mg/mL Fast Red TR;
0.4 mg/mL Napthol AS-MX; 0.15 mg/mL Levamisol; final pH 7.9-8.5

Stop solution: 0.1 M glycine pH 2.2 from 1 M stock; 0.1% (v/v) Tween-20

PFA: 4% (v/v) PFA in 1x PBTw

60% glycerol: 60% glycerol (v/v) in water
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2.4 Results and Discussion

Previously described WMISH protocols for molluscan embryos and larvae did not
yield consistent or satisfactory WMISH signals in L. stagnalis [14, 21, 22].
Therefore, we focused on a few key steps of sample preparation we believed to
cause background, weak WMISH signals and non-specific staining. Note that in this
work we did not explore the effect of hybridisation temperature on the final result.
Initial experiments with the probes used in the present study revealed that 55 °C
produced consistent and acceptable results, allowing us to focus on systematically
optimising other parameters. Of course, hybridisation temperature should be
empirically optimised for every probe and has the potential to significantly
improve or impair the final result. A summary of the treatments we found to
generate the clearest WMISH signals for each developmental stage (a “protocol at a
glance”) is provided in Additional file S. 2.2. The results of control experiments
using no antibody and no riboprobe (which generated no signals) are provided in

Additional file S. 2.3.

2.4.1 The effect of NAC treatment

The fluid that bathes L. stagnalis larvae during their encapsulated development is
characterised by a high viscosity and adheres to the embryo following de-
capsulation. An incubation step with the mucolytic reagent NAC apparently leads
to a superior preservation of the overall morphology (Fig. 2.2 and Additional file
S.2.3C ¢f. E and S. 2.31 ¢f. K). However, treatment with NAC resulted in a significant
reduction of signal intensity for all ages and genes that we investigated (Fig. 2.2C,
G, K, O and S). However, when NAC treatment was combined with a reduction step
this effect was reversed for some combinations of riboprobe and developmental
stage (Fig. 2.2H, P and T). The combined NAC and reduction treatment gave the
best signal to noise ratio for beta tubulin in three to six dpfc larvae (Fig. 2.2H), and
for COE in two to three dpfc old larvae (Fig. 2.2T). This is in contrast to the
situation for engrailed in all investigated ages: under the appropriate reduction
treatment, omitting the NAC generated a better signal to noise ratio (Fig. 2.2] and

N) than including it (Fig. 2.2K, L, O and P).
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Fig. 2.2. Overview of WMISH signals generated after pre-hybridisation treatment with NAC
and/or reduction. L. stagnalis larvae of different ages were subjected to a WMISH protocol similar
to that described by Jackson et al. [22] (A, E, I, M and Q). This protocol was then modified by the
addition of a reduction treatment (B, F, J, N and R), a NAC treatment (C, G, K, O and S) or a
combination of both NAC and reduction treatment (D, H, L, P and T). Using this set of pre-
hybridisation treatments, the optimal sample preparation regime for WMISH varies with respect to
the target gene and the developmental stage. For engrailed and beta tubulin in younger larvae, the
samples that underwent a reduction treatment display the best signal to noise ratio (B, J] and N).
Excess background that is revealed by reduced samples for COE and beta tubulin in older larvae (F
and R) is diminished by a treatment with NAC (H and T). Black stars indicate optimal results after
sample preparation involving NAC treatment and reduction. Panels A to H show larvae from a
lateral perspective with the shell field oriented to the right. Larvae in I to P are viewed from dorsal
and Q to T are viewed from apical.
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Our overall impression of treating L. stagnalis larvae with NAC is that this
treatment may be beneficial in combination with a reduction step when working
with probes, which tend to generate non-specific background. The signal
diminishing effect of NAC is in contrast to the situation in the planarian Schmidtea
mediterranea. Here, a NAC treatment is used to remove the planarian’s
surrounding mucous layer and generally increases the WMISH staining intensity,
at least when combined with a permeabilisation step using SDS or DTT [17]. In
L. stagnalis, NAC may be removing the intra-capsular fluid, however it appears that
in our hands NAC is most likely reducing WMISH signal strength by significantly
inhibiting the activity of Pro-K; larvae that were incubated in Pro-K and 1% NAC at
the same time did not show any signs of compromised morphology, while larvae in
control reactions with Pro-K but with less (0.1%) or without NAC were digested

(Additional file S. 2.4).

2.4.2 Treatment with DTT and detergents (reduction)

A treatment using a solution containing DTT and the detergents SDS and NP-40
following fixation greatly increased WMISH signal intensity for all investigated
genes and developmental stages (Fig. 2.2). The best WMISH signal for beta tubulin
in four to six dpfc old larvae was achieved using a combination of NAC and
reduction (Fig. 2. 2H). This suggests that the reduction treatment might represent
a highly effective permeabilisation approach. However, this was at the cost of all
material becoming highly fragile until dehydrated in ethanol. Reduced samples

were also more likely to reveal unspecific background staining (Fig. 2.2F, N and R).

2.4.3 SDS treatment

Between one and five dpfc old embryos and larvae of L. stagnalis were treated with
different amounts of the anionic detergent SDS prior to hybridisation (Fig. 2.3). A
permeabilising treatment with 0.1% SDS did not produce strong WMISH signals
for all studied genes and larval ages (Fig. 2.3A, D, G, J, M, P and S) whereas
treatments with higher concentrations of SDS generated strong WMISH signals.
For two of the genes we studied here, beta tubulin and engrailed, treating larvae
between three to five dpfc with 0.5% or 1% SDS produced equally good results. In

contrast, the staining was more intense after treatment with 0.5% SDS than with

34



Chapter 2

0.5% SDS 1% SDS

Overview of
0.5% SDS

0.1% SDS

uingnj p3aq

pajivibua

s A J \\ { .V.w. —
o — P
- - . \.\l(‘l
- ' E \\'—) e« R
¥ - N
r( ” »
& ¥ = v % = o —
S & * +«
9 o .
y ) ’ ) ’
4 mw '
. ‘ »
(O] L . iy @] o =)
* : S +* # % 4 X
o o o5 /
——— 4 ' ‘ \ >
> Y. e o ¥ ¢ @
. gs>- * - \
3 \ . W
=% 4 -—a .'u.,
om \ L ac < =z @) - -
V 3
« 2
- f:
. 4
N-01d |w/bri G| M-04d |w/bri G| N-01d |w/brl 0z N-01d |w/bri G| N-01d |w/brl G|
2dp ¢ odp € dp € udp ¢z odp €

10D

35



Chapter 2

Fig. 2.3. A pre-hybridisation treatment with different SDS concentrations significantly
affects the WMISH signal. L. stagnalis larvae of different ages were subjected to pre-hybridisation
treatments with varying amounts of SDS and then hybridised with anti-sense probes to beta tubulin
(A-1), engrailed (J-0) and COE (P-U). For all genes and larval ages, treatment with 0.1% SDS did not
generate consistent or strong WMISH signals (A, D, G, J, M, P and S). Treatments with both 0.5%
and 1% SDS produced strong WMISH signals for beta tubulin and engrailed in larvae aged three to
five days post first cleavage (dpfc), with high spatial resolution (inlet in K). For COE 0.5% SDS
outperformed the 1% SDS treatment (T vs. U). Black stars indicate optimal treatments. Note that
some treatments produced equally good results. The most consistent results (defined as constantly
good signals among genes and ontogenetic stages with little variation between individuals within
an experiment) were achieved with 0.5% SDS (examples shown in B’, E’, H’, K’, N’, Q" and T’).
Larvae in A-C and M-R are shown from an apical perspective, larvae in D-F are viewed ventrally, G-
I laterally and J-L and S-U dorsally.

1% SDS for COE (Fig. 2.3Q vs. Rand T vs. U) as well as for beta tubulin in two dpfc
old larvae (Fig. 2.3B vs. C), which may suggest a loss of the target transcripts due to
excess permeabilisation of these younger stages. Additionally, embryos between
one and two dpfc tend to adhere toplastic surfaces in 1% SDS. While in other
animal systems SDS is commonly used at a concentration of 1% [18-20], in
L. stagnalis strong WMISH signals were most consistently achieved with 0.5% SDS
across different genes and ontogenetic stages.

The WMISH signals for engrailed, COE and beta tubulin (the latter at least in
younger larvae) in SDS-treated larvae reveal equally good or superior signal
intensities compared to reduced or NAC-treated and reduced larvae (Fig. 2.2 cf.
Fig. 2.3). The engrailed signal in the shell field of SDS-treated larvae also clearly
exhibits a significantly improved spatial resolution compared to the signal in
reduced larvae (Fig. 2.2] cf. Fig. 2.3K). In terms of ease of handling, non-specific
background and consistency of WMISH signal among the different genes, the SDS
treatment is our recommended sample preparation strategy. A reduction
treatment might increase the signal intensity in WMISH experiments against genes
expressed in older larvae (Fig. 2. 2H), but should then be performed in parallel to

the SDS treatment to control for a possible loss of spatial resolution

2.4.4 Enzymatic permeabilisation with Pro-K

The optimal Pro-K concentration for tissue permeabilisation and mRNA target
unmasking depends on the incubation temperature, incubation time and the
ontogenetic stage of the material. In general, under-treatment yields weak WMISH
signals while over-treatment increases background staining and leads to a

compromised tissue morphology. We tested a wide range of Pro-K concentrations
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in combination with different pre-hybridisation treatments and found that
treatment with Pro-K at concentrations of 0-2 pg/mL drastically reduced signal
intensity while treatment at concentrations of 40-50 pg/mL compromised tissue
integrity (data not shown). Therefore, we finally used concentrations of 1-
15 pg/mL for one to two dpfc old larvae, 5-20 pg/mL for two to three dpfc old
larvae and 5-40 pg/mL for larvae between three and five dpfc in combination with
different SDS concentrations (data not shown). For embryos between one and two
dpfc we found the highest concentration of Pro-K of 15 pg/mL gave the strongest
signals (Fig. 2.3B and Q). For two and three dpfc larvae, 15 pg/mL or 20 pg/mL
Pro-K were suitable (Fig. 2.3E, F, K, L and T). In larvae between three and five dpfc
the best signal to noise ratio was achieved with 30 pg/mL for beta tubulin (Fig.
2.3H and I) and 20 pg/mL for engrailed (Fig. 2.3N and O). COE is apparently not

expressed in larvae between three and five dpfc.

2.4.5 Removal of non-specific background with triethanolamine + acetic
anhydride (TEAAA)

In preliminary experiments using a wide variety of riboprobes to different genes
we obtained a strong, well-defined WMISH signal located at the periphery of the
shell field and in the radular sac (Fig. 2.4, black arrows). To determine whether
these staining patterns represented genuine probe/target hybridisation events, or
non-specific binding of the probe, we treated fixed larval material with RNAse A
prior to hybridisation. As a control, all expected beta tubulin staining was
abolished following this RNAse treatment, confirming the degradation of all target
mRNA (Fig. 2.4E). In RNAse treated embryos hybridised with probes that
generated the spurious shell field and radula patterns this signal was still present
(Fig. 2.4F-H), indicating these WMISH patterns represent high affinity binding of
the riboprobe to molecules other than RNA. In order to address this background
staining, we assessed the effect of a triethanolamine + acetic anhydride (TEAAA)
treatment. Treatment of biological substrates with TEAAA is a common practice
for many WMISH protocols, and decreases non-specific binding of labelled probes
through the acetylation of polar and charged groups [23]. For L. stagnalis,
treatment with TEAAA following Pro-K digestion successfully abolished the non-
specific WMISH signal in the larval shell and in the radular sac (Fig. 2.4]J-L). Due to
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Fig. 2.4. Non-specific probe binding to the shell field and radular is eliminated by treatment
with TEAAA. We observe a well-defined and consistent WMISH stain for a variety of probes
(represented here with a probe against the gene “contig 380566”) in the periphery of the shell field
(arrows in B and C) and in the radular sac (arrow in D). Probes against other genes (for example
beta tubulin) do not produce these patterns (A). The stain in the shell field periphery and the
radular remains following a pre-hybridisation treatment with RNAse (F-H), while the specific
signal against beta tubulin is abolished (E). This indicates that the signals in the shell field and the
radular are the result of non-specific probe binding. Treatment with TEAAA abolishes this non-
specific stain (J-L), while the specific signal against beta tubulin remains unaltered (I). B, F and ]
are dorsal views. A, C, E, G, I and K are lateral views of larvae with the shell gland oriented to the
right. D, H and L are ventral views. Panels C, G and K are reflected about the vertical axis for
consistency of presentation.

its strength, consistency and spatial definition, this tissue-specific background
stain is particularly likely to be misinterpreted as genuine WMISH signal. A good
example of this is engrailed, which is genuinely expressed in the shell field
periphery (Fig. 2.3]-0) and also produces the shell field background stain (data not
shown). Our riboprobe against engrailed (synthesised multiple times) covers the

same region as the probe used in a recent study that possibly produced the same
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background staining [14]. Therefore, treatment with TEAAA appears to be critical
for the correct interpretation of genes with expression patterns associated with
the shell gland and shell field.

General background staining and its elimination by TEAAA can also be observed
for samples that underwent a NAC (Fig. 2.2) or SDS treatment (Fig. 2.3). For some
genes, the TEAAA treatment can be shortened by one incubation step in TEAAA
instead of two incubation steps (Additional file S. 2.5).

2.4.6 The effect of antibody concentration, PVA and riboprobe hydrolysis
Since the dilution of AP-conjugated anti-DIG antibody in our optimised protocol
(1/10,000) is lower than described in many WMISH protocols, we assessed the
effect of increasing the concentration of antibody to 1/3,000. While the signal
intensities of beta tubulin and engrailed expression were slightly higher, more
overall non-specific background staining was also evident (Fig. 2.5B, G, L and Q).

A common approach to improve WMISH sensitivity and reduce background
staining is through the addition of PVA to the colour detection solution. This is
thought to increase the local concentration of the colour reaction product by
limiting its diffusion [24]. A direct comparison of WMISH colour development in
L. stagnalis with and without PVA did not reveal a significant increase in the signal
intensities, but rather a lower signal to noise ratio for both beta tubulin and
engrailed (Fig. 2.5C, H, M and R). Furthermore, the morphological integrity of
especially older larvae was compromised (Fig. 2. 5H).

An alternative strategy to increase WMISH signal sensitivity is to hydrolyse the
riboprobe before use [23, 24]. Hydrolysing the riboprobe into smaller fragments is
thought to facilitate better tissue penetration and to improve hybridisation
kinetics (reviewed in [23, 25]). We specifically tested whether a hydrolysed
riboprobe generates an improved engrailed signal and found that instead both the
signal specificity (as revealed by the lack of the shell field lining expression
pattern, Fig. 2.55) and overall intensity were reduced compared to non-hydrolysed
control reactions (Fig. 2.5P vs. S). Reduced signal sensitivity derived from

hydrolysed riboprobes has been previously reported [26], highlighting the
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Fig. 2.5. Our optimised WMISH protocol is not improved by more antibody, PVA or
hydrolysed riboprobes. Larvae three to four days post first cleavage (dpfc) were subjected to our
optimised WMISH protocol (A, F, K and P). Using a beta tubulin probe, we investigated the effect of
increasing the amount of anti-DIG antibody (B, G, L and Q), the addition of PVA to the colour
detection solution (C, H, M and R) and the combination of more antibody and PVA (D and I). We
also assessed the effect of hydrolysing the engrailed riboprobe individually (N and S) and in
combination with a higher antibody concentration and the use of PVA (O and T). None of these
modifications generated superior WMISH results to our baseline protocol. Samples incubated in
more antibody and developed with PVA showed slightly more intense signals, but a lower signal to
noise ratio (B, C, G, H, L, M, Q and R). PVA also appeared to compromise the morphological
integrity of older larvae (H, I and R). Signals generated by the hydrolysed engrailed probe were
much fainter and were partially masked by an increase in general background staining (N, O, S and
T). The optimal treatment (A, F, K, and P) is indicated by a black star. Control WMISH experiments
lacking a riboprobe and using the increased antibody concentration do not reveal any staining (E
and J). All images of individual larvae are lateral views.

necessity to test the optimal probe preparation strategy for each gene individually
[27].

To summarise these treatments, neither more antibody nor the use of PVA or
hydrolysed riboprobes generated WMISH signals with higher sensitivity and/or

signal to noise ratios.
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2.4.7 Fluorescent WMISH signal detection

The optimised protocol that we have identified also allows for the visualisation of
fluorescent signals using a confocal microscope. This method of detection provides
a much higher spatial resolution than colorimetric methods. Using probes against
all three of the genes employed in this study we were able to develop fluorescent

signals using Fast Red (Fig. 2.6).

engrailed beta tubulin beta tubulin
%

Fig. 2.6. Our WMISH protocol is suitable for fluorescent signal detection. The expression of
COE (A), engrailed (B) and beta tubulin (C and D) in larvae treated with 0.5% SDS was detected
using the fluorescent substrate Fast Red (A-D). Panel E is a scanning electron micrograph of a 62
hours post first cleavage (hpfc) old larva with the approximate localisation of the COE expression
indicated in red. Panel F is a lateral perspective of a 90 hpfc old larva with indicated engrailed
expression. Panels G and H show the positions of beta tubulin expression in a 57 hpfc old larva (G,
ventral perspective) and a 100 hpfc old larva (H, lateral perspective). Panels B-D are projections
of confocal laser scanning micrographs. Panels B, D and H are reflected about the vertical axis for
consistency of presentation. All scale bars are 50 pum.

2.4.8 The effect of storing fixed material in Ethanol vs. Methanol

Methanol (MeOH) is used to dehydrate and store fixed embryonic and larval
material at low temperatures (-20°C) in many WMISH protocols. Due to the high
toxicity of MeOH relative to EtOH we assessed the effect of storing fixed L. stagnalis
larvae in MeOH vs. EtOH on the WMISH signal generated by beta tubulin, engrailed
and COE. We found no consistent or significant difference with respect to any of

the signals generated (data not shown).
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2.5 Conclusions

Our study provides an optimised whole mount in situ hybridisation protocol for
early larval stages of the mollusc L. stagnalis. Using a variety of pre-hybridisation
treatments we have identified a set of conditions that allow for high WMISH signal
intensity and consistency in colorimetric as well as fluorescent WMISH. These
include a treatment with 0.5% SDS, treatment of one to two dpfc larvae with
15 pg/mL Pro-K, two to three dpfc larvae with 15-20 pg/mL Pro-K and three to
five dpfc larvae with 20-30 pg/mL, followed by treatment with TEAAA. We also
demonstrate that non-specific shell field and radula staining can easily be
abolished with this TEAAA treatment. In our experience, every
riboprobe/developmental stage combination benefits from an individualised
protocol, which needs to be empirically determined. Nonetheless we believe that
this WMISH protocol should serve as a baseline method from which consistent and
clearly visible patterns of gene expression can be obtained. This method should
serve to raise the profile of L. stagnalis as a tractable experimental molluscan

model, a niche that is currently underpopulated.

Additional files

The additional files for this article can be found online at:
https://bmcdevbiol.biomedcentral.com/articles/10.1186/s12861-015-0068-7 or

on the attached CD in the printed version.

Additional file S. 2.1: Primer sequences used to isolate gene fragments for riboprobe
syntheses.

Additional file S. 2.2: WMISH “protocol at a glance”.

Additional file S. 2.3: Control experiments for the optimised sample preparations. Control
WMISH experiments lacking riboprobe (A-F) or antibody (G-N) demonstrate the absence of any
non-specific colour reaction for samples treated with SDS (A, B, G, H, M and N) or with reduction
solution (C, D, I and J) as well as reduced + NAC treated samples (E, F, K and L) for about three dpfc
old larvae (A, G, E, G, I, Kand M) and about five dpfc old larvae (B, D, F, H, ], L and N). Panels A to L
were colour-developed using NBT/BCIP as colour substrate and panels M and N were developed
using Fast Red. All embryos are shown from a lateral perspective. Scale bars are 50 um (A, G, E, G, |,
Kand M) or 100 um (B, D, F H, ], L and N). Panels C, E, G and H are reflected about the vertical axis
for consistency of presentation.

Additional file S. 2.4: Proteinase-K activity is inhibited by NAC. Larvae incubated in Pro-K

without NAC (A-D) or in 0.1% NAC (E-H) are almost completely digested after 4 and 22 hours
of incubation respectively. In contrast, larvae incubated in Pro-K with 1% NAC (I-L) do not show
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any signs of Pro-K digestion and maintain their morphology even over extended incubation times
(L). All larvae are about 4 days post first cleavage old. All images are to the same scale shown in L (1
mm).

Additional file S. 2.5: A shortened treatment with TEAAA is sufficient to minimise non-
specific probe binding in SDS-treated samples. The background stain in the shell field periphery
(identified in Fig. 2. 3) is also observed for SDS-treated samples (arrows in A), as represented by a
probe against the gene “contig 380566”. Note that after treatment with SDS, the protonephridia are
stained (arrow in B). Both non-specific WMISH stains are strongly reduced after one incubation
step in TEAAA (D-F) and disappear after two incubation steps (G-I). Larvae in A, D and G are shown
from a dorsal perspective, and larvae in B, E and H are viewed from lateral. Panels B, E and H are
reflected about the vertical axis for clarity of presentation.
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3
A whole mount in situ hybridization method for the

gastropod mollusc Lymnaea stagnalis

Daniel ]. Jackson, Ines Herlitze, Jennifer Hohagen
JoVE. 2016e53968.

DOI10.3791/53968; reprinted with permission of JoVE

3.1 Abstract

Whole mount in situ hybridization (WMISH) is a technique that allows for the
spatial resolution of nucleic acid molecules (often mRNAs) within a 'whole mount’
tissue preparation, or developmental stage (such as an embryo or larva) of
interest. WMISH is extremely powerful because it can significantly contribute to
the functional characterization of complex metazoan genomes, a challenge that is
becoming more of a bottleneck with the deluge of next generation sequence data.
Despite the conceptual simplicity of the technique much time is often needed to
optimize the various parameters inherent to WMISH experiments for novel model
systems; subtle differences in the cellular and biochemical properties between
tissue types and developmental stages mean that a single WMISH method may not
be appropriate for all situations. We have developed a set of WMISH methods for
the re-emerging gastropod model Lymnaea stagnalis that generate consistent and
clear WMISH signals for a range of genes, and across all developmental stages.
These methods include the assignment of larvae of unknown chronological age to
an ontogenetic window, the efficient removal of embryos and larvae from their egg
capsules, the application of an appropriate Proteinase-K treatment for each
ontogenetic window, and hybridization, post-hybridization and immunodetection
steps. These methods provide a foundation from which the resulting signal for a
given RNA transcript can be further refined with probe specific adjustments

(primarily probe concentration and hybridization temperature).
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3.2 Video Link

The video component of this article «can be found at

http://www.jove.com/video/53968/

3.3 Introduction

Molluscs are a group of animals that hold the interest of a broad diversity of
scientific disciplines. Despite their morphological diversity [1], species richness
(second only to the Arthropods in terms of species number [2]) and relevance to a
wide range of commercial [3], medical [4] and scientific issues [5-8], there are
relatively few molluscan species that can claim to be both well-equipped scientific
models and easy to maintain in a laboratory environment.

One mollusc that is much used by disciplines such as neurobiology [9],
ecotoxicology [10] and more recently evolutionary biology [11, 12] is Lymnaea
stagnalis, primarily because of its widespread distribution and extreme ease of
maintenance. Despite its popularity as a 'model' organism and its long history of
use by developmental biologists [13-16] [17-19], the range and power of
molecular tools available to the L. stagnalis scientific community lies far behind
that of more traditional animal models (Drosophila, mouse, sea urchin,
nematodes).

Our desire to develop Lymnaea as a molecular model stems from an interest in the
molecular mechanisms that guide shell formation. This motivated us to refine a set
of techniques that would allow for the efficient, consistent and sensitive
visualization of gene expression during Lymnaea's development. Whole mount in
situ hybridization (WMISH) is widely employed for a variety of model organisms
and has been in use for more than 40 years [20]. In its different guises, ISH can be
employed to spatially localize specific loci on chromosomes, rRNA, mRNA and
micro-RNAs.

One of the challenges we needed to address prior to refining a WMISH method for
L. stagnalis was the issue of gently and efficiently extracting embryos and larvae of
varying stages from the egg capsules in which they are deposited. This extraction,
or 'decapsulation’, needs to be achieved efficiently in order to collect adequate

material for a given in situ experiment, while at the same time maintaining
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morphological and cellular integrity. While other model organisms also undergo
encapsulated development, in our hands none of the methods reported for those
species could be successfully employed in L. stagnalis.

The overall goals of this method are therefore: to extract L. stagnalis embryos and
larvae from their capsules in a high-throughput fashion, to apply pre-hybridization
treatments that optimize the WMISH signal, to prepare embryos and larvae with

satisfactory WMISH signals for imaging.

3.4 Protocol

NOTE: The following steps outline our method for conducting an in situ experiment
on embryonic and larval stages of L. stagnalis. Where a step involves the use of a
hazardous chemical this is indicated by the word 'CAUTION' and all appropriate
safety procedures should be adopted. Links to representative MSDS sheets for
hazardous chemicals are provided in Supplementary File S. 3.1. Recipes for all

reagents are provided in Supplementary File S. 3.2.

3.4.1. Assembly of Decapsulation Apparatus

1. To do this, connect a 20 mL disposable syringe to silicon tubing (with an inner
diameter of 1 mm and an outer diameter of 3 mm) using a P1,000 tip cut to an
appropriate length as shown in Fig. 3.2A.

2. Tape a standard microscope slide to an inverted large Petri dish. Tape the
silicon tubing immediately adjacent to the microscope slide as shown in
Fig. 3.2C and 3.2D.

3. Rest a pulled glass needle on the microscope slide and gently insert it into the
silicon tubing until the tip of the needle protrudes approximately 20% of the
way across the inner diameter of the tubing (see Fig. 3.2C and 3.2D). Once the
needle is in position tape it down to the Petri dish.

4. Allow the free end of the silicon tubing to rest in another Petri dish that will

collect the decapsulated material.
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cleavage
stages

Fixation time 2 hours 2 hours 2 hours 2hours 2 hours 30 minutes 30 minutes 30 minutes
[Proteinase-K] Opg/mL 10 pg/mL 30 pg/mL 30 ug/mL 100 pg/mL 350 ug/mL 350 ug/mL 500 pg/mL

Fig. 3.1. A Summarized Ontogeny of Lymnaea stagnalis and Corresponding Fixation and
Proteinase-K Treatments. Representative images of embryos and larvae from the first 7 days of
development illustrate a significant increase in size (row 1) and morphological complexity (rows 2
and 3). These developmental changes translate into large differences in the appropriate fixation
time and Proteinase-K concentrations that generate optimal WMISH signals. For WMISH all stages
should be fixed in 3.7% formaldehyde in PBS at RT with gentle agitation within their egg capsules.
All stages should then be treated with the appropriate Proteinase-K concentration for 10 min. Note
that we observe significant inter-batch variation in the activity of Proteinase-K from our supplier.
This variation must be accounted for by performing a round of 'calibrating’ WMISH experiments
where the activity of the new Proteinase-K is empirically determined. The Proteinase-K
concentrations stated in the figure should therefore be treated as an initial guide, however the
relative concentrations between developmental stages (for example 2 day old embryos require a
Proteinase-K concentration 3 times higher than day 1 embryos) are set.

3.4.2. Sample Collection, Fixation and Decapsulation

NOTE: All steps are carried out at RT unless otherwise noted.

1. Carefully collect egg strings from the walls of an aquarium. To do this, use a flat
piece of flexible plastic as a spatula to scrape the egg string off the substrate,
and use a plastic tea strainer to fish the floating egg string out of the water.
Stage and sort the material under a microscope using the guide provided in
Fig. 3.1.

2. Place the egg string onto a paper towel and make a longitudinal incision along
the egg mass using the featherweight forceps. Roll the egg capsules out of the
egg string and remove as much of the jelly material as possible from each
capsule by pushing them around the paper towel using the featherweight
forceps.

3. Using the featherweight forceps, transfer the egg capsules into a Petri dish
containing 5 mL of tap water. Continue to collect de-jellied egg capsules of the

desired developmental stages into this dish. Collect enough capsules from all
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developmental stages for the planned WMISH experiment then proceed to the

next step.

. When working with more developed larvae (5 days post first cleavage (dpfc)

and older) anaesthetize them prior to fixation.

NOTE: This will prevent muscles from contracting which makes the

interpretation of in situ staining patterns very difficult.

1. Relax larvae (while they are still in their capsules) in a 2% w/v solution of
MgCl2¢6H:20 for 30 min prior to fixation.

2. Assess the degree of relaxation after 30 min by submerging several larvae
while still in their egg capsules in fixative solution and monitoring their
response under a microscope. Incompletely relaxed larvae will retract into
their shells, while fully relaxed larvae will not respond. Once these larvae
have been relaxed proceed to the next step.

. Transfer the egg capsules using a wide bore plastic pipette into a sealable tube

that provides 10 times the volume of egg capsules (e.g., 1 mL of settled capsules

would require a 10+ mL tube).

. Aspirate as much liquid as possible from the tube and replace with a volume of

fixative solution that is 10x the volume of the settled egg capsules. Gently rotate

the egg capsules in fixative at RT for the appropriate time for each

developmental stage (see Fig. 3.1).

Discontinue rotation and allow the capsules to sink and aspirate the fixative

solution into an appropriate waste container.

. Wash the egg capsules by replacing the fixative solution with Phosphate

Buffered Saline with 0.1% Tween-20 (PBTw) and rotating at RT for 5 min.

Aspirate the PBTw and repeat twice.

Remove embryos and larvae from their capsules using the apparatus (see

section 1 for details) shown in Fig. 3.2. Draw the capsules up into the 20 mL

syringe, attach the tubing and then dispel the capsules through the tubing and

past the glass needle out into the collection dish.
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Fig. 3.2. Apparatus Used to Decapsule L. stagnalis Embryos. (A) An overview of the apparatus
that can efficiently remove L. stagnalis embryos and larvae from their capsules. (B) A magnified
view of the yellow boxed area in (A). A sharp glass needle is placed on the microscope slide and
inserted into the silicon tubing (inner diameter 1 mm, outer diameter 3 mm) such that the tip
protrudes approximately 20% of the way into the cavity of the tubing. The glass needle is then also
taped to the microscope slide and the Petri dish. (C) A schematic 'plan’ view of the yellow boxed
section in A. Egg capsules containing fixed embryos and larvae are first collected using the 20 mL
syringe. The syringe is then attached to the silicon tubing and the capsules expelled through the
tubing and past the needle. Egg capsule membranes are torn by the needle and the liberated
embryonic and larval material can be collected from the collection dish using a micropipette. (D) A
schematic 'cross section' view of the yellow boxed section in A. The microscope slide ensures that
the needle enters the silicon tubing at the correct height. (E) A representative view of larvae prior
to being processed by the decapsuling apparatus. (F) A representative view of larvae that have
made a single pass through the apparatus. More than 90% of the material has been effectively and
gently removed from their capsules.

NOTE: Normally, the majority (>90%) of all capsules should need only one pass
through the device. In many cases the capsule membrane is damaged but
embryos and larvae remain inside the ruptured capsule. Reprocess this
material by simply drawing it up into the syringe and dispelling it again.

10. Collect the decapsulated embryos and larvae into a 1.5 mL tube using a
micropipette (a P20 for 0 - 3 day old larvae, and a P200 for older larvae with
the end of the tip cut off).

NOTE: A pause (for up to several months) in the protocol can be made at this

stage. If this is required, the decapsuled material should be collected into a
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1.5 mL tube for storage (continue to the next step). Otherwise continue
immediately to Protocol 3.4.3.

11. Allow embryos and larvae to sink to the bottom of the tube and aspirate the
supernatant. Replace with 33% Ethanol (EtOH) in PBTw and let sit for 5 -
10 min. Repeat with 66% EtOH in PBTw and 100% EtOH. Wash larvae twice in
100% EtOH at RT. Store the material at -20 °C in 100% EtOH.

12. When ready to continue, re-hydrate the samples by removing the 100% EtOH
and replacing with 66% EtOH in PBTw, let sit for 5 - 10 min. Repeat with 33%
EtOH in PBTw, let sit for 5 - 10 min. Finally wash with 3x 5 min washes of

PBTw to ensure all EtOH is removed.

3.4.3. Proteinase-K, TEA and Post-fixation
NOTE: We find performing the following steps in small baskets with a mesh floor
the most efficient and gentle method for quickly exchanging time critical solutions.
While these can be home made, we use baskets (medium size) that are compatible
with the Intavis InSituPro-Vsi liquid handling robot
(www.intavis.de/products/automated-ish-and-ihc). Such baskets can be quickly
and easily moved between the wells of a 12 well tissue culture dish (TCD) in order
to exchange solutions, or the solution can be aspirated from the well using a
pipette. Alternatively, all solution exchanges can be performed without these
baskets by simply aspirating the supernatant from the larvae. In this case a gentle
swirling motion will concentrate all embryos and larvae to the center of the dish
allowing the supernatant to be removed from the edge of the well. The following
assumes the user is employing baskets for solution exchanges.
1. Using a pipette, transfer embryos and larvae into a basket sitting in a 12 well
TCD with 2 mL of PBTw.
NOTE: The number of embryos and/or larvae that can be added depends on the
developmental stage being investigated, however a general rule of thumb is to
maintain at least 25% of the floor space free of embryos/larvae (i.e., do not
overcrowd the basket).
2. Prepare an adjacent well with 2 mL of the appropriate Proteinase-K solution

(see Fig. 3.1), and another 2 wells with 2 mL of 0.2% Glycine each. Move each

52



Chapter 3

basket into the well containing the appropriate concentration of Proteinase-K
and immediately start timing.

. After 10 min move each basket into a well containing 0.2% Glycine and
incubate for 5 min. Then move each basket into the second well with 0.2%
Glycine and incubate for 5 min. Wash out the Glycine with 3x 5 min exchanges
of 3 mL PBTw.

Remove the PBTw solution and treat the samples once with freshly prepared
Triethanolamine (TEA) solution for 5 min. CAUTION! Do not agitate. Replace
with 3 mL of freshly prepared TEA solution for 5 min. Do not agitate. Aspirate
the majority of the TEA solution from the samples. Add the freshly prepared
Triethanolamine with Acetic Anhydride (TEAAA) solution and incubate for
5 min. CAUTION! Do not agitate.

. OPTIONAL - While the above step is incubating, prepare another fresh batch of
TEAAA solution and repeat the above step.

NOTE: This second treatment with TEAAA is optional but may help to
completely eliminate all background with probes prone to generating
background.

Remove the TEAAA solution by aspirating it from the well and replace with
3 mL of PBTw. Do not agitate. Remove the PBTw and apply 3 mL of 3.7%
formaldehyde in PBTw. Gently swirl occasionally during a 30 min incubation.

. Remove the fixative by aspirating it from the well and replace with 3 mL of
PBTw. Transfer the material into a 1.5 mL tube. Replace the PBTw with
hybridization buffer and incubate for 5 min at RT - CAUTION.

. Place the tubes into a hot block at RT, and set the temperature to the desired
hybridization temperature.

NOTE: The hybridization temperature is probe specific and will need to be
empirically optimized, however we find 55 °C to be a good temperature to
initially trial. Allow the block to come to the hybridization temperature, and
allow the samples to pre-hybridize for approximately 15 min (i.e., the time it
takes to prepare the riboprobes, longer is not necessary). Prepare adequate
volumes (normally 100 pL) of the diluted riboprobes. We typically trial probe
concentrations of 100 and 500 ng/mL as an initial range. We prepare

riboprobes according to [12].
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9. Remove the hybridization buffer from the samples and add the probe in

hybridization buffer to the samples. Overlay with 100 pL (or an adequate
volume to form a phase above the hybridization buffer) of mineral oil.
NOTE: The mineral oil prevents extensive condensation that will form during
the lengthy hybridization step. Extensive condensation will significantly alter
both the chemistry of the hybridization solution and the concentration of the
probe.

10. Denature the probe and the target RNA by heating the samples to 75 °C for
10 min, then reduce the heat to the desired hybridization temperature. Allow
hybridization to proceed for a minimum of 12 hr (O/N) or longer (24 - 48 hr).

11. During hybridization remove a single tube from the heat block, rotate it rapidly
between thumb and forefinger to suspend the larvae without disturbing the oil

phase, and replace it in the heat block. Repeat this once every 6 - 12 hr or so.

3.4.4. Hot Washes and Immunodetection

NOTE: While we use a liquid handling robot for the following steps, these can also

easily be done manually. In this case, embryos and larvae should be kept in the

1.5 mL tubes they were hybridized in. All subsequent solution exchanges are

aspirated and added with a P1,000 pipette. When performed manually each of the

following steps should employ 1 mL of each solution.

1. Heat adequate volumes (3 mL each for each sample) of the 4x, 2x and 1x wash
solutions to the hybridization temperature.

2. Wash all samples three times in 4x wash buffer for 15 min each at the
hybridization temperature. Wash all samples three times in 2x wash buffer for
15 min each at the hybridization temperature. Wash all samples three times in
1x wash buffer for 15 min each at the hybridization temperature.

3. Wash all samples once with 1x Sodium Chloride Sodium Citrate buffer + 0.1%
Tween (SSC + 0.1% Tween) at the hybridization temperature. Allow samples to
cool to RT.

4. Wash all samples twice in 1x SSC + 0.1% Tween for 15 min. Replace this 1x SSC
solution with Maleic Acid Buffer (MAB) and let sit for 10 min. Repeat the MAB
wash. Replace MAB with block solution and incubate for 1.5 hr.
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5. Exchange the block solution for antibody solution (1:10,000 dilution of
antibody in block solution) and incubate for 12 hr (O/N) at RT with gentle

agitation.

3.4.5. Color Development and Mounting

1. Aspirate the antibody solution and wash 15 times with PBTw for 10 min each.
Replace PBTw with 1x Alkaline Phosphatase Buffer (AP) and incubate for 10
min.

2. While the above incubation step proceeds, prepare the AP staining solution
(see Supplementary File S. 3.2) - CAUTION. Transfer the material into a TCD
well and replace the 1x AP solution with AP staining solution. Note the time
now so that the length of time the color reaction takes place for can be
recorded. Monitor the development of the staining pattern until the signal to
background ratio is optimal.

3. To stop color development, remove the 1x AP staining solution (dispose in the
appropriate waste container), and apply 2 mL of PBTw and note the time now.
Rinse twice more with PBTw for 5 min each. Use one of these rinses to transfer
the material into a 1.5 mL tube.

4. Remove the PBTw and apply 1 mL of 3.7% formaldehyde in PBTw and agitate
or rotate for least 30 min at RT (this can also be done O/N).

5. Wash out the fixative with 3 washes of PBT (dispose the waste fixative in an
appropriate waste container). Wash the samples 3 times at 50 °C in de-ionized
water.

NOTE: These washes eliminate the precipitation of salts that may become
visible during clearing and visualization steps.

6. Decide whether the samples should be mounted in Benzyl Benzoate:Benzyl

Alcohol (BB:BA, also known as Murray's clear) or glycerol.
NOTE: We prefer the more powerful clearing agent BB:BA as L. stagnalis
embryos are somewhat opaque. Samples to be mounted in BB:BA will first need
to be dehydrated through an ethanol series. Samples to be mounted in 60%
glycerol can be immediately mounted.

7. Transfer the samples into the mounting solution (BB:BA or 60% glycerol) using

a pipette.
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NOTE: When mounting in BB:BA this must be done in a glass well (BB:BA will
melt polycarbonate plastic).

8. Allow the samples to clear for 5 - 10 min, and then mount them onto a slide
using an appropriate number of stacked coverslips as spacers (1 coverslip for
samples <1 dpfc, 2 coverslips for samples >1 dpfc).

NOTE: Whole mounts can now be imaged using a compound microscope with

DIC optics.

3.5 Representative Results

The representative WMISH staining patterns shown in Fig. 3.3 were generated
using the technique described above, and reflect a variety of spatial expression
patterns for genes involved in a range of molecular processes ranging from shell
formation (Novel gene 1, 2, 3 and 4), to cell- cell signaling (Dpp) to transcription
regulation (Brachyury) across a range of developmental stages. While we have not
quantified the expression levels of these genes we expect that they would also vary
significantly, indicating that our method can be applied against a broad variety of
gene products expressed in all stages of development at various levels. Only one of
the genes presented here (Dpp) has been previously described in L. stagnalis [21,
22]. The results we present here are largely in keeping with these previous
reports, but with significantly higher spatial resolution. The spatial expression
pattern of Brachyury has been described in abalone [23] and limpet [24] and in
both cases was also detected in mantle cells as we find for L. stagnalis (Fig. 3.3F).
We isolated Novel genes 1 - 4 from a proteomic screen designed to identify gene
products directly involved in shell formation, and so their spatial expression
patterns associated with the shell gland (Fig. 3.3A and B) or shell field (Fig. 3.3C
and D) are completely congruent with shell-forming functions. These results
indicate that the high throughput technique we have developed for removing
embryos and larvae from the egg capsule, and the subsequent stage-specific
permeabilization treatments, generate whole mount samples that will yield high
quality in situ staining patterns for a wide variety of genes for all stages of

embryonic and larval development.
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Fig. 3.3. Representative Images of WMISH Expression Patterns Against a Variety of Genes
From a Range of L. stagnalis Developmental Stages Generated by the Method Described Here.
All developmental stages were processed as described in the above method and have been
mounted and imaged in BB:BA (Murray's clear). Approximate ages are indicated in the top right of
each panel and the orientation is indicated in the lower right. Gene orthology (when known) is
indicated in the lower left of each panel. Abbreviations: shell gland (sg); shell field (sf); mantle (mt);
foot (ft); Decapentaplegic (Dpp); dpfc (days post first cleavage). All scale bars are 20 pm.

3.6 Discussion

The method described here allows for the efficient visualization of RNA transcripts
with presumably varying expression levels within all developmental stages of
Lymnaea stagnalis. To remove embryos and larvae from their capsules we trialed a
variety of chemical, osmotic shock and physical treatments reported for other
encapsulated-developing model organisms. However, in our hands the method we
describe here is the only high-throughput technique that removes the tough
capsular membrane without damaging the embryos and larvae. Following
decapsulation, the material can either be stored, or treated with a stage specific
regimen of Proteinase-K and then hybridized to a riboprobe. Additional empirical
optimization efforts (typically focused on probe concentration and hybridization
temperature) may be required for each probe/ target. These parameters (in
addition to the fixation regimen and Proteinase-K treatments) are typically the
most influential parameters of any in situ experiment (assuming that the quality of
the fixed material and the RNA probe are of a high standard).

The importance of an appropriate Proteinase-K treatment to the final result of an

in situ experiment is paramount for L. stagnalis. This is reflected in the wide range
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of Proteinase-K concentrations required by distinct developmental stages (ranging
from 0 pug/mL to 500 pg/mL). It is therefore important to be able to assign a given
egg string to an ontogenetic window. To this end, the guideline that we provide in
Fig. 3.1 allows for the staging of developmental material of unknown ages. We note
that for other species of gastropods Proteinase-K treatments for WMISH can either
be kept constant for a wide range of developmental stages [8, 25, 26] or can be
omitted entirely [27]. This is in stark contrast to the situation in L. stagnalis.
Furthermore, while other research groups have previously reported WMISH
expression patterns for several genes in L. stagnalis larvae (see [21, 22, 28]) the
method that we describe here yields patterns of significantly higher spatial
resolution. Finally, we have observed significant inter-batch variation in the
activity of the Proteinase-K from our supplier. This variation must be accounted
for by performing a round of 'calibrating' WMISH experiments where the activity
of the new Proteinase-K is empirically determined. All subsequent experiments
with aliquots of Proteinase-K from that batch can then be freely performed.

We previously described an alternative WMISH method for L. stagnalis embryos
and larvae elsewhere [12]. That method detailed the use of the mucolytic agent N-
acetyl-L-cysteine (NAC), a reducing agent such as Dithiothreitol (DTT) and a pre-
hybridization treatment with sodium dodecyl sulfate (SDS). We found those
treatments enhanced the staining patterns of some genes for some developmental
stages. The fixation strategy that we recently developed and describe here (fixing
larvae within their capsules) simplifies and expedites the steps required to
prepare material for an in situ experiment, and apparently negates the need for
empirically determining additional optimal pre-hybridization treatments with
NAC, DTT or SDS. Future refinements to the technique reported here could include
the visualization of microRNAs (following modifications to standard WMISH
protocols previously reported [29]), double or triple labeling of mRNA targets [30],
and fluorescent visualization of WMISH signals [31]. Arguably the greatest
limitation of the technique is the overall length of time it takes to go from
collecting the material, to a digital image that represents a given gene expression
pattern. Due to the nature of the biochemical and biophysical events that must take
place during such a process this is an inherent feature of most in situ hybridization

protocols.
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Lymnaea occupies a position within the Metazoa that is extremely under-
represented in terms of model organisms. As a representative Spiralian, Lymnaea
can bring insight into the evolution of distinct morphological features such as shell
formation [12] and body handedness [32-34] and is also a valuable neuroethology
[35] and neurophysiology model [9, 36]. Powerful techniques such as the ability to
efficiently visualize gene expression patterns in situ increases the functionality of
Lymnaea as a model organism, and broadens the variety of questions that it can be
used to address. At a time when the generation of large sequence datasets
(complete transcriptomes and even genomes) is relatively routine, such methods
will become more relevant to researchers wishing to interpret the flood of
sequence data from such models. While Lymnaea is a relatively derived gastropod
[1], and possesses what would be considered a large genome in comparison to
other model organisms (1.22 Gb [37]), it has many practical and interesting
features that make it an attractive model system. The methods that we describe
here expand the toolbox available to Lymnaea and may be of use to other species

that undergo encapsulated development.
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4
An in situ hybridisation protocol for Lymnaea stagnalis

mantle tissue sections

4.1 Introduction

The wide spread gastropod L. stagnalis was once a popular model to investigate
shell formation [1-3] as well as developmental processes in molluscs [4-8].
Recently, L. stagnalis regained much appreciation as a model organism. Studies
concerning the establishment of chirality [9-11], the reproduction in simultaneous
hermaphrodites [12], the cellular mechanisms of learning and memory [13] and
studies investigating evolutionary developmental processes [14, 15] utilized the
freshwater pulmonate as model.

In situ hybridisation is a common technique in molecular biology and represents
an essential tool for studying molecular processes within an organism. In a
nutshell, in an in situ hybridisation experiment a single stranded complementary
nucleic acid probe is hybridised to a target of interest, and subsequently detected
immunologically using a colourimetric method [15]. This powerful technique
allows the spatial and temporal resolution of gene expression within a tissue of
interest and has recently been optimised for L. stagnalis larvae by Hohagen et al.
2015 [15] (see chapter 2) and further developed by Jackson et al. 2016 [16] (see
chapter 3). The goal of this study is to determine a robust in situ hybridisation
protocol for L. stagnalis adult mantle tissue. As shown in Jackson et al. 2016, the
success of an in situ hybridisation experiment carried out on L. stagnalis larval
tissue highly depends on finding a balance between tissue fixation and subsequent
permeabilisation that allows sufficient probe penetration [16]. By assuming
similar premises for adult mantle paraffin sections, the influence of different
formaldehyde fixation regimes and proteinase K concentrations on an in situ
hybridisation experiment were systematically compared. The optimisation
procedure was performed with the biomineralisation genes Lstag-sfc-10 and Lstag-
sfc-23. The gene products of Lstag-sfc-10 and Lstag-sfc-23 were isolated from the
organic components of the adult shell and thus were expected to be active within

the adult shell-forming mantle tissue. Furthermore, these genes reared strong in
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situ signals within the shell-forming tissue of L. stagnalis trochophore and veliger
larva (see chapter 5). The protocol developed in this study allows tracking the
expression of candidate genes within the adult L. stagnalis mantle tissue. It
represents the continuation of the optimisation experiments on L. stagnalis larval
tissue and will be an indispensible tool when studying the molecular mechanisms

of the shell-forming process.

B

Fig. 4.1. The adult mantle tissue of L. stagnalis. (A) A paraffin section taken from an adult L.
stagnalis stained with hematoxylin and eosin. (B) A schematic representation of the L. stagnalis
adult mantle, redrawn from Timmermans (1969) [1]. 1 periostracal groove, 2 anterior 2/3 of the
belt, 3 posterior 1/3 of the belt, 4 transitional zone, 5 low columnar outer epithelium. Scale bar
represents 100 pm.

4.2 Methods

4.2.1 Cultivation of adult L. stagnalis

Adult specimens of L. stagnalis derived from animals originally collected from the
Northeimer Seenplatte, Germany (51° 43’ 26.5368’, 9° 57’ 24.75’) and from a pond
on the North campus of the University of Gottingen, Germany (51° 33’ 23.727’, 9°
57° 25.617') were kept in a "Stand-alone V30 unit” (Aqua Schwarz) in
demineralized water supplemented with ReMineral+ (Dennerle, #7036) to a
conductivity of 200 - 220 puS and heated to 23 °C at a pH of 7.5 to 7.9. Five to ten
individuals were kept in three or five litre boxes under a constant and low flow
rate. Snails were fed ad libidum with lettuce and a variety of other vegetables.

Under this regime adult snails lay egg masses year round.
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4.2.2 Fixation

Samples were anaesthetised with 2% MgCl; for 2 hours and transferred to freshly
prepared 3.7% Formaldehyde (FA)(Carl Roth, 7398) in 1X phosphate buffered
saline (PBS). To assess the optimal fixation time, four sample sets of snails were
incubated for 10 minutes, 30 minutes, one hour and two hours. Following fixation
the samples were washed three times with PBS. To allow easy embedding, the
snails were cut in half across the midline. Subsequently, samples were dehydrated
through a graduated ethanol (EtOH) series in PBS with one wash in 15% (v/v)
EtOH, one wash in 33% (v/v) EtOH, one wash in 50% (v/v) EtOH, one wash in 66%
(v/v) EtOH, one wash in 75% (v/v) EtOH and two washes in 100% EtOH.

4.2.3 Paraffin embedding and tissue sectioning

Samples were incubated in xylene for one hour twice. After incubating in paraffin
at 60 °C for 24 hours, bisected samples were oriented to allow sectioning in the
proper anatomical plane. Samples were serially sectioned into 10 uM thick slices
and placed on polysine slides (Menzel J2800AMNZ). To facilitate adhesion, slides
were stored in a heated chamber at 60 °C over night. Slides were dewaxed with
three washes of xylene for five minutes each and rehydrated through a graduated
ethanol series in water with two washes in 100% EtOH, one wash in 90% (v/v)
EtOH, one wash in 80% (v/v) EtOH, one wash in 70% (v/v) EtOH and one wash in
deionised water. Slides were assembled with counter-slides in a phosphate
buffered saline + Tween 20 (PBS-T) bath and placed into the Intavis In situ-Pro

robot.

4.2.4 Proteinase K treatment

To assess the optimal treatment with proteinase K (Carl Roth, #7528), differently
fixed samples were treated with different concentration of proteinase K in PBS-T
(500 pg/mL, 100 pg/mL, 50 pg/mL, 25 pg/mL, 10 pg/mL and 0 pg/mL) for ten
minutes at room temperature. To stop proteinase K activity, samples were washed
twice with glycine for five minutes and washed thrice with PBS-T. Then, samples

were postfixed with 3.7% FA/PBS-T for 20 minutes and washed with PBS-T thrice.
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4.2.5 Riboprobe synthesis

PCR products were generated using mantle 3’ cDNA, a universal primer (CAGCTAC
TAGGTGCATGTCGTA, CAGCTACTAGGTGCATGTCGTAGAAGGGAATCGAGTGAGGTTG
AG) and gene specific primer for Lstag-sfc-23 (GGCTTTTCGTGGAGCTCACATTTTCG
CCTA) and Lstag-sfc-10 (CCAAGATCCCATCGTCATCAGCCAAGG) and cloned into
plasmids containing T6 and SP6 promoter sites. Fragments were amplified with
M13 primers and purified using QIAGEN QIAquick Gel Extraction Kit. Antisense
riboprobes were synthesised using Promega reagents containing 1X reverse
transcription buffer, 10 mM dithiothreitol, 1X digoxigenin RNA labelling Mix
(Roche, #11277073910), 0.25 - 0.5 volume PCR template and 20 units of the
appropriate RNA polymerase (SP6 or T7; Promega, #P108 or #P207). Probe
synthesis reactions were carried out at 37 °C for two to four hours. Riboprobes
were precipitated with 0.1 volumes of 3 M sodium acetate pH 5.2 and 3 volumes of
absolute EtOH for 15 minutes and centrifuged for 15 minutes at 16,000 RCF.
Pellets were washed once in 75% EtOH, dried and dissolved in 10 pL deionised
water at 55 °C.

4.2.6 Probe hybridisation and antibody binding

The samples were incubated with hybridisation buffer for 15 minutes at room
temperature. Then, samples were heated to 55 °C and incubated with
hybridisation buffer for two hours followed by 16 hours incubation of 500 ng
riboprobe in hybridisation buffer. Samples were washed with 4X wash buffer for
15 minutes thrice, 2X wash buffer for 15 minutes thrice and 1X wash buffer for 15
minutes thrice and once with 1X saline-sodium citrate buffer (SSC) + 0.1% Tween
for 15 minutes. All hybridisation and washing steps were carried out at 55 °C. After
the hot washes, samples were allowed to cool down to room temperature. All
following steps were performed at room temperature. Samples were incubated
with 1X SSC + 0.1% Tween for 15 minutes and washed with maleic acid buffer for
10 minutes. Then, samples were incubated with 2% block solution (Roche
#11096176001) for 1 hour 45 minutes followed by 10 hours incubation with block
solution containing 1/10000 of anti-DIG antibody conjugated to alkaline
phosphatase (Roche, #11093274910). Unbound antibody was removed with 15
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washes of PBS-T for 10 minutes each. For colour development, samples were taken

out of the Intavis InsituPro VSi.

4.2.7 Colour development

Slides and counter-slides were disassembled in a PBS-T bath and washed twice in
1X alkaline phosphatase buffer. Minimal volume of detection buffer was applied
and colour development was performed in the dark. The reaction was stopped
with two washes of PBS. Samples were postfixed in 3.7% FA in PBS over night at
4 °C. After fixation, samples were washed with 1X PBS and deionised water
followed by dehydration through a graduated EtOH series in water and mounted

with Roti- Histokitt II (Carl Roth, T160).

4.2.8 Imaging
Samples were photographed using Zeiss Axio Imager Z1 microscope running Zeiss

camera software Axio Rel.4.8.

4.2.9 Solutions

1X PBS (phosphate buffered saline): 0.1 volume of 10X PBS stock (1.37 M Nac(l;
27 mM KCI; 100 mM NazHPO4 - 2 H20; 20 mM KH32P04).

1X PBS-T (phosphate buffered saline + Tween 20): 0.1 volume of 10X PBS
stock; 0.1% (v/v) Tween-20.

3.7% FA (formaldehyde): 0.1 volume of 37% FA in 1X PBS

Pro-K (proteinase-K): Diluted from 10 mg/mL stock using PBS-T.

2 mg/mL glycine pH 2: Diluted from 100 mg/mL stock using PBS-T.
Hybridisation buffer: 0.25 volume 20X SSC stock (3 M NaCl; 0.3 M trisodium
citrate dihydrate); 5 mM ethylene diamine tetra-acetic acid (EDTA); 0.5 volume
deionised formamide; 100 pg/mL heparin; 0.1% (v/v) Tween-20; 1X Denhardt’s
(2% (m/v) Ficoll type 400; 2% (w/v) polyvinylpyrrolidone K30; 2% (w/v) bovine
serum albumin); 100 pg/mL single-stranded salmon sperm DNA .

4X wash: 0.2 volume 20X SSC stock; 0.5 volume formamide; 0.1% (v/v) Tween-20.
2X wash: 0.1 volume 20X SSC stock; 0.5 volume formamide; 0.1% (v/v) Tween-20.
1X wash: 0.05 volume 20X SSC stock; 0.5 volume formamide; 0.1% (v/v) Tween-
20.
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MAB (maleic acid buffer): 0.1 M maleic acid; 0.15 M NaCl.

Block solution: 2% (v/v) block in MAB.

Antibody solution: Anti-DIG fab fragments diluted 1:10,000 in block solution.

1X AP (alkaline Phosphatase buffer): 0.2 volume 5X AP buffer stock (0.5 M Tris
pH 9.5; 0.5 M NacCl).

Colour detection buffer: 1X AP; 50 mM MgClz; 450 pg/mL NBT; 175 pg/mL BCIP.

B

Fig. 4.2. The approximate localisation of the expression Lstag-sfc-10 (A) and Lstag-sfc-23 (B)
within the L. stagnalis mantle indicated in blue.

4.3 Results and Discussion

One major aspect of an in situ experiment is the treatment with proteinase K.
Determining the appropriate proteinase K parameter is crucial, since under
treatment of proteinase K can hinder probe penetration and result in an absent or
weak signal, while overtreatment can lead to background staining and severely
altered tissue morphology [15, 16]. The adjustable proteinase K parameters
include concentration as well as incubation time and temperature. To determine
the optimal proteinase treatment for sections of L. stagnalis adult mantle tissue the
focus was on altering the proteinase K concentration, while incubation time and
temperature remained constant.

The L. stagnalis mantle edge comprises of three histological distinct zones that are

responsible for shell secretion [1]. The mantle groove is located on the outermost
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edge, followed by a narrow zone of high columnar cells (belt) that gradually merge
into a low columnar epithelium (Fig. 4.1). These regions have previously been
subdivided based on their biochemical properties. The periostracal groove forms
zone one. The mantle belt is subdivided into zone two which spans the first two
thirds and zone three which occupies the rest of the belt. The transitional zone
between the belt and the low columnar outer epithelium is coined zone four and
the low columnar outer epithelium forms zone five (Fig. 4.1) [1]. The approximate
localisation of Lstag-sfc-10 expression is indicated in Fig. 4.2A and located in zone
three. The approximate localisation of Lstag-sfc-23 is indicated in Fig. 4.2B and
located within zone three, four and five.

No preliminary information was available for an L. stagnalis in situ procedure on
adult mantle sections. Therefore, the rough range for the optimal proteinase K
treatment had to be obtained in the first optimisation in situ experiment. An
extremely broad range of proteinase K concentrations from 10 pg/mL to
50 pg/mL, 100 pg/mL and 500 pg/mL proteinase K was applied to samples fixed
for either 10 minutes, 30 minutes, 1 hour or 2 hours in 3.7% FA. Samples treated
with very high concentrations of proteinase K (100 pg/mL and 500 pg/mL)
showed strong signal intensity but suffered from compromised tissue morphology
(Figs. 4.31 - P and 4.41 -P). This was also true for samples that were fixed lightly for
10 minutes and treated with any of the above-mentioned amounts of proteinase K
(Figs. 4.3A, E, I, M and 4.4A, E, I, M). In the case of Lstag-sfc-10, similar signal
intensities while remaining tissue integrity were obtained for the samples that
were fixed for 30 minutes, 1 hour or 2 hours and treated with 10 pg/mL or
50 pg/mL proteinase K (Fig. 4.3B, C, D, F, G, H). In the case of Lstag-sfc-23, the
treatments with the best signal intensity while remaining tissue integrity were
obtained when fixed for 30 minutes or 1 hour and treated with 50 pg/mL
proteinase K (Fig. 4.4F, G). All samples that derived from one L. stagnalis individual
fixed for one hour showed a unique staining for both Lstag-sfc-10 and Lstag-sfc-23
along the cell surface of the cells of zone one and two (Figs. 4.3C, G, K, O and 4.4G,
K, O0). This unique staining was never obtained again with any other L. stagnalis
individual for both genes (personal observation) and could hint at gene expression
polymorphism or indicate background staining potentially caused by damaged

tissue.
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10 pg/mL Pro K

Fig. 4.3. Overview of the Lstag-sfc-lo in situ hybrldlsatlon 31gnals produced by different
proteinase K treatments and fixation incubation times. Proteinase K concentrations from
10 pg/mL to 50 pg/mL, 100 pg/mL and 500 pg/mL were applied to samples fixed for either
10 minutes, 30 minutes, 1 hour or 2 hours in 3.7% FA. Samples treated with very high
concentrations of proteinase K (100 pg/mL and 500 pg/mL) as well as samples fixed for 10
minutes suffered from compromised tissue morphology (A, E, 1, J, K, L, M, N, O P). Sufficient signal
intensities while remaining tissue integrity were obtained when the samples were fixed for 30

minutes, 1 hour or 2 hours and treated with 10 pg/mL or 50 ug/mL proteinase K (B, C, D, F, G, H).
The asterisks indicate the best results.
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10 min FA

10 pg/mL Pro K

Fig. 4.4. Overv1ew of the Lstag-sfc-23 in situ hybridisation signals produced by different
proteinase K treatments and fixation incubation times. Proteinase K concentrations from
10 pg/mL to 50 pg/mL, 100 pg/mL and 500 pg/mL were applied to samples fixed for either
10 minutes, 30 minutes, 1 hour or 2 hours in 3.7% FA. Samples treated with very high
concentrations of proteinase K (100 pg/mL and 500 pg/mL) as well as samples fixed for 10
minutes suffered from compromised tissue morphology (A, E, 1, ], K, L, M, N, O, P). Sufficient signal
intensities while remaining tissue integrity were obtained when the samples were fixed for 30

minutes or 1 hour and treated with 50 pg/mL Proteinase K (F, G). The asterisks indicate the best
results.
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72

Fig. 4.5. Overview of the Lstag-sfc-10 in
situ hybridisation signals produced by
different proteinase K treatments and
fixation incubation times. Proteinase K
concentrations between Opg/mL,
10 pg/mL, 25 pg/mL and 50 pg/mL were
applied to material that was fixed for one
and two hours. The best results were
obtained when fixed for one hour and
treated with 25 pg/mL or 50 pg/mL
proteinase K (E, G) and are indicated by an
asterisk.
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0 ug/mL Pro K

s U N

Fig. 4.6. Overview of the Lstag-sfc-23 in
situ hybridisation signals produced by
different proteinase K treatments and
fixation incubation times. Proteinase K
concentrations between Opg/mL,
10 pg/mL, 25 pg/mL and 50 pg/mL were
applied to material that was fixed for one
and two hours. The best results were
obtained when fixed for two hours and
treated with 10 pg/mL (D) and is indicated
by an asterisk.
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10 min FA 30 min FA

50 pg/mL Pro K

Bt L A B RS
Fig. 4.7. No Probe control experiment. Control experiments lacking riboprobe demonstrate the

absence of any non-specific colour reaction when fixed for 10 minutes, 30 minutes, 1 hour or
2 hours and treated with 50 pg/mL proteinase K.

The first experiment showed that the optimal proteinase K concentration should
not exceed 50 ug/mL and the samples should be fixed for 30 minutes, 1 hour or 2
hours. Based on these results a follow up in situ was performed to further narrow
down the optimal fixation and permeabilisation regime. Proteinase K
concentrations of 0 pg/mL, 10 ug/mL, 25 pg/mL and 50 pg/mL on material that
was fixed for one and two hours was tested. In the case of Lstag-sfc-10, all
treatments reared at least a faint signal. The best results could be obtained when
fixed for one hour and treated with 25 ug/mL or 50 ug/mL proteinase K (Fig. 4.5E,
G). In the case of Lstag-sfc-23, all samples reared at least a faint signal, whereas the
signal intensity in samples treated with no proteinase K and fixed for one or two
hours was not satisfying (Fig. 4.6A, B). The best Lstag-sfc-23 signal was reared
when fixed for two hours and treated with 10 pg/mL proteinase K (Fig. 4.6D). The
conditions that reared the best results for Lstag-sfc-23 produce the weakest signal
for Lstag-sfc-10 (Figs. 4.5D and 4.6D). This emphasizes that the best conditions for
one gene might not be the optimal settings for another and that adjustments
concerning the proteinase K treatment might be necessary if an experiment yields
insufficient results. In general, the experiment suggests that if 10 ug/mL to
50 pg/mL proteinase K are applied to samples fixed for one or two hours an in situ
signal can be yielded without compromising the tissue integrity (Figs. 4.5C - H and
4.6C - H). Samples treated with 50 pg/mL proteinase K and fixed for one hour
reared good results for both genes and is the recommended treatment for an in
situ experiment on adult mantle sections (Figs. 4.5G and 4.6G). Control
experiments lacking riboprobe demonstrate the absence of any non-specific colour

reaction within the L. stagnalis mantle tissue (Fig. 4.7).
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4.4 Conclusion

The in situ hybridisation protocol for adult mantle sections represents an

indispensable resource when studying the molecular properties of the mantle

tissue and expands the molecular toolbox available for the aspiring gastropod

model system L. stagnalis. Especially investigations focusing on the molecular

mechanisms of the shell-forming process in adult L. stagnalis snails will profit from

this technique. With this method it is possible to link the expression of a shell-

forming gene to a distinct position within the shell-forming organ. Based on this

localisation first assumptions about their putative function can be drawn
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5
Molecular modularity and asymmetry of the molluscan

mantle revealed by a gene expression atlas
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5.1 Abstract

Background: Conchiferan molluscs construct a biocalcified shell that likely
supported much of their evolutionary success. However beyond broad proteomic
and transcriptomic surveys of molluscan shells and the shell-forming mantle
tissue, little is known of the spatial and ontogenetic regulation of shell fabrication.
In addition, most efforts have been focused on species that deposit nacre, which is
at odds with the majority of conchiferan species that fabricate shells using a
crossed lamellar microstructure, sensu lato.

Results: By combining proteomic and transcriptomic sequencing with in situ
hybridisation we have identified a suite of gene products associated with the
production of the crossed-lamellar shell in Lymnaea stagnalis. With this spatial
expression data we are able to generate novel hypotheses of how the adult mantle
tissue coordinates the deposition of the calcified shell. These hypotheses include
functional roles for unusual and otherwise difficult to study proteins such as those
containing repetitive low complexity domains (RLCDs). The spatial expression
readouts of shell- forming genes also reveal cryptic patterns of asymmetry and
modularity in the shell-forming cells of larvae and adult mantle tissue
Conclusions: This molecular modularity of the shell-forming mantle tissue hints at
an intimate association between structure, function and evolvability and may
provide an elegant explanation for the evolutionary success of the second largest

phylum among the Metazoa.
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5.2 Introduction

Due to its evolutionary significance, impressive materials properties and aesthetic
beauty the molluscan shell has long received attention from a wide variety of
scientific disciplines [1-6]. Although molluscan shells are constructed from a
complex mixture of CaCOs, carbohydrates [7] [8] and lipids [9], proteins have
received the most attention arguably for two main reasons: they can provide deep
insight into the evolutionary history of this composite structure; and the
techniques for the high throughput study of these molecules are well established
and are technically straight forward. Much progress has been made in identifying
the components of the shell forming proteome from a variety of gastropod and
(primarily) bivalve species (for example [10-17]) largely due to advances in
nucleic acid sequencing technologies which, when coupled with high-throughput
proteomic surveys of the biomineralised proteome, allow for the rapid generation
of extensive lists of shell-associated proteins. However without further validation,
genes identified in this way should only be considered as candidate
biomineralising molecules. This problem is often compounded by the fact that
these proteins often share little to no sequence similarity with proteins from
conventional model organisms, making any inference about their function very
difficult. This bottleneck represents one of the current major challenges for
scientists interested in understanding the mechanisms and evolution of molluscan
biomineral formation. While knock-down of individual shell-forming genes via
RNAi has been reported in some species of bivalves [10, 18, 19], these assays are
rarely validated by protein immuno-detection, and levels of penetrance or
statistical quantitation of knock-down phenotypes are rarely reported.

Another approach to gain insight into the function of shell-forming genes is to
characterise their spatial expression patterns in situ. We previously adopted this
approach in the tropical abalone Haliotis asinina with a Sanger EST dataset and
characterised the spatial expression patterns of over 20 putative shell-forming
genes in juvenile snails [16]. While a spatial expression pattern in the mantle is not
direct evidence of a functional role in calcification, we were able to assign putative
functions to genes involved in shell pigmentation [16] and ecological and
mineralogical transitions [20]. Here we have combined an NGS transcriptome

analysis of adult mantle tissue with a proteomic survey of the adult shell of the
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freshwater pulmonate gastropod Lymnaea stagnalis in order to both compare the
resulting data with other similar datasets, and to generate the first ever in situ
validated ontogenetic transcriptome-scale dataset for a species that forms the
most common molluscan shell microstructure, crossed lamellar [21-23]. The high
order structure of crossed- lamella which allows it to efficiently deflect and arrest
cracks [24-27], coupled with its extremely low organic content (typically <0.5%),
has been suggested to be one reason it has enjoyed so much evolutionary success
(reviewed in [28]). Recent proteomic studies have been reported for molluscs that
build crossed lamellae shells (Helix aspersa maxima [29] and Cepaea nemoralis
[14]), however those studies did not conduct any spatial expression analyses for
the shell-forming proteins they identified. In addition to characterising the spatial
expression patterns of more than 30 shell- forming candidates in the adult mantle
tissue of L. stagnalis we have also investigated their spatial expression patterns
during development.

Our analyses hint at the potential pleiotropic nature of some of these shell-forming
genes, and highlight the dynamic and asymmetric natures of their spatial
regulation. A striking result of our analyses in the adult mantle tissue is the degree
of spatial modularity displayed by distinct sets of genes. This general observation
may contribute to an explanation of why the molluscan shell is apparently so
evolvable. With the availability of a draft L. stagnalis genome and transcriptome
data from a variety of adult tissues we have also investigated the genetic
architectures of our biomineralisation candidates and explored to what extent
alternative splicing plays a role in shell formation in L. stagnalis. These genes can
also be compared with similar datasets from distantly related molluscs that build
shells with alternative polymorphs of calcium carbonate (calcite vs. aragonite) and
textures (prismatic vs. nacreous vs. crossed lamellae). Such comparisons can
generate testable hypotheses regarding which components of the shell-forming
toolkit contribute to these differences and which components are required for

more fundamental aspects of shell formation.
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5.3 Methods

5.3.1 Cultivation of adult L. stagnalis

Lymnaea stagnalis (Mollusca; Gastropoda; Heterobranchia; Euthyneura;
Panpulmonata; Hygrophila; Lymnaeoidea; Lymnaeidae; Lymnaea) does not fall
under the German animal protection act §8 and is listed as ‘least concern’ under
the IUCN’s list of threatened species. This work was therefore exempt from the
University of Gottingen Ethics Committee. Adult specimens of L. stagnalis derived
from animals originally collected from the Northeimer Seenplatte, Germany (51°
43’ 26.5368’,9° 57’ 24.75’) and from a pond on the north campus of the University
of Gottingen, Germany (51° 33’ 23.727’,9° 57’ 25.617’) were kept in a "Stand-alone
V30 unit” (Aqua Schwarz) in demineralized water supplemented with ReMineral+
(Dennerle, #7036) to a conductivity of 200 - 220 uS, 23 °C and a pH of 7.5 to 7.9
and a 16:8 light regimen. Five to ten individuals were kept in three or five litre
boxes under a constant and low flow rate. Snails were fed ad libitum with lettuce
and a variety of other vegetables. Under this regime adult snails lay egg masses

year round.

5.3.2 Organic matrix extraction from calcified shells

Twelve shells of adult L. stagnalis (larger than 3-4 cm in length) were selected for
extraction. Prior to further treatment, the columella was delicately cut and
removed from each shell. Superficial organic contaminants were removed by
incubating pooled shell fragments in 10%, v/v sodium hypochlorite (NaOCl) for
24 h. Fragments were then thoroughly rinsed with water and subsequently ground
into a fine powder that was sieved (> 200 uM). This biomineral powder was
incubated in 5% v/v NaOClI for 5 h and rinsed twice with MilliQ water. Powdered
samples were decalcified overnight at 4 °C in cold 5%, v/v acetic acid which was
slowly added by an automated burette (Titronic Universal, Mainz, Germany) at a
flow rate of 100 uL every 5 s. The solution (final pH ~4.2) was centrifuged at
3,900 g for 30 min. The resulting acid insoluble matrix (AIM) pellet was rinsed six
times with MilliQ water, freeze-dried and weighed. The supernatant containing
acetic acid- soluble matrix (ASM) was filtered (Millipore, 5 uM) and concentrated
in an Amicon ultra-filtration stirred cell (model 8400, 400 mL) on a Millipore

membrane (10 kDa cut-off). The final solution (> 5 mL) was extensively dialysed
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against 1 L of MilliQ water (six water changes) before being freeze- dried and

weighed.

5.3.3 Sample preparation for proteomic analysis

In-solution digestion of unfractionated ASM (0.1 mg) and AIM (1 mg) material was
performed as follows. Samples were reduced with 50 pL of 10 mM dithiothreitol in
50 mM NH4HCO3 for 30 min at 50 °C. Alkylation was performed with 50 pL of
100 mM iodoacetamide in 50 mM NH4HCOs3 for 30 min at room temperature in the
dark. The solution was then treated with 1 pg of trypsin (proteomic grade;
Promega) in 10 pL of 50 mM NH4+HCO3 overnight at 37 °C. Samples were then dried
in a vacuum concentrator and re-suspended in 30 pL of 0.1% trifluoroacetic acid

and 2% CHsCN.

5.3.4 Peptide fractionation and data acquisition

Mass spectrometry (MS) was performed using a Q-Star XL nanospray
quadrupole/time-of-flight tandem mass spectrometer, nanospray- Qq-TOF-MS/MS
(Applied Biosystems, Villebon-sur-Yvette, France), coupled to an online nanoLC
system (Ultimate Famos Switchos from Dionex, Amsterdam, The Netherlands). One
microliter of each sample was loaded onto a trap column (PepMap100 C18; 5 pm;
100 A; 300 UM x 5 mm; Dionex), washed for 3 min at 25 pL/min with 0.05%
trifluoroacetic acid/2% acetonitrile, then eluted onto a C18 reverse phase column
(PepMap100 C18; 3 pm; 100 A; 75 pM x 150 mm; Dionex). Peptides were
separated at a flow rate of 0.300 pL/min with a linear gradient of 5- 80%
acetonitrile in 0.1% formic acid over 120 min. MS data were acquired
automatically using ANALYST QS 1.1 software (Applied Biosystems). Following a
MS survey scan over m/z 400-1600 range, MS/MS spectra were sequentially and
dynamically acquired for the three most intense ions over m/z 65-2000 range. The
collision energy was set by the software according to the charge and mass of the
precursor ion. MS and MS/MS data were recalibrated using internal reference ions
from a trypsin autolysis peptide at m/z 842.51 [M + H]* and m/z 421.76 [M +
2H]2.
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5.3.5 Mass spectrometry data analysis

Protein identification was performed using the MASCOT search engine (version
2.1; Matrix Science, London, UK) against translations in all 6 frames of our mantle
transcriptomes which possessed BUSCO completeness scores of >98% (see below).
LC-MS/MS data were searched using carbamido-methylation as a fixed
modification, and methionine oxidation as a variable modification. The peptide
mass and fragment ion tolerances were set to 0.5 Da. The peptide hits (protein
score >50; FDR <0.05; 1 missed cleavage allowed) were manually confirmed by the
observation of the raw LC-MS/MS spectra with ANALYST QS software (Version
1.1). Quality criteria were the peptide MS value, the assignment of major peaks to
uninterrupted y- and b-ion series of at least three to four consecutive amino acids
and the match with the de novo interpretations proposed by the software. All mass
spectrometry data has been deposited with the ProteomeXchange Consortium via
PRIDE [30] with the dataset identifiers PXD008547 and 10.6019/PXD008547.
Shell-forming candidates Lstag-sfc-7, Lstag-sfc-8 and Lstag-sfc-9 were
bioinformatically selected for analysis based on the presence of a signal peptide
and their glycine-rich sequences (i.e. they were not detected using the proteomic

methods described above).

5.3.6 Bioinformatic analysis of protein sequences

Using the peptides identified from the proteomic survey described above, partial,
or in most cases full length, coding sequences were isolated by standard or RACE
PCR as described in [31]. In some cases Illumina transcriptome data (see below)
was used to clarify the putative complete mRNA. Open reading frames were
translated with the ExPASy translate tool [32]. Protein sequences were searched
for signal sequences with SignalP 4.1 [33]. The theoretical pl, amino acid
composition and number of amino acids were determined using ExPasy ProtParam
tool [34]. Tandem repeats were identified with the T-REKS tool [35]. Sequence
similarities searches were performed the BLAST algorithm [36] with tBLASTx
against nr and dbEST, and BLASTx against SwissProt. Domain searches were
performed with CD search [37]. Molecular function was predicted with InterPro
Scan [38]. GalNAc O-glycosylation sites were predicted using the NetOGlyc 4.0

Server [39]. Scaled schematics of protein sequences were generated using Gene
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Structure Draw [40]. Intron-exon boundaries were mapped to a draft genome of
L. stagnalis (Dryad accession http://doi.org/10.5061/dryad.r4342) originally
reported in [41] using Splign [42]. Similar transcripts were retrieved from the
assembled transcriptomes of mantle zones 1-5 combined, mantle zone 5 alone,
cephalic tentacle, cephalic lobe, CNS, foot, buccal mass and larval stages 42 hours
post first cleavage (hpfc), 52 hpfc and 67 hpfc using BLASTn searches (see below
for NGS details). All transcripts with complete open reading frames (ORF) were
considered. Only candidates yielding an mRNA coverage of >98% and an overall
identity of >98% are documented. Scaled schematics of the gene architecture were
generated using Gene Structure Draw [40]. Protein patterns were searched for

using a modified local installation of PatMatch [43].

2.3.7 NGS sequencing

Total RNA was extracted from the mantle edge and the proximal mantle tissue of a
single adult L. stagnalis using TriReagent following the manufacturers instructions.
The resulting RNA was processed by the sequencing center at the IKMB at the
University of Kiel (Germany). Paired end, stranded TrueSeq RNA libraries were
constructed and sequenced for 101 bases from both ends using the Illumina
HiSeq2000 platform. More than 99 million and 100 million reads were generated
from each of these libraries respectively. These Illumina reads were processed
using our pipeline as previously described [44]. Briefly, raw reads were adapter
trimmed and quality filtered using Trimmomatic V0.32. Filtered reads were then
assembled with Trinity V2.0.3, CLC Genomics Workbench de novo assembler
(vV8.5), and IDBA-tran. The resulting assemblies were then merged and filtered for
redundancy using our pipeline [44]. Mantle transcriptome assemblies and cDNA
and protein translations of the 34 shell-forming genes are available in the
corresponding GigaScience Database publication [45]. In addition, transcriptomes
from 5 adult tissues (cephalic tentacle, cephalic lobe, CNS, foot and buccal mass)
and 3 larval stages (42 hours post first cleavage (hpfc), 52 hpfc and 67 hpfc) were
sequenced and assembled as described above. These transcriptomes were used to
assess the tissue specific alternative splicing characteristics of all shell-forming
genes. All raw NGS data has been deposited in the SRA with BioSample accession
numbers SAMNO08117214, SAMN08117215, SAMN08709370, SAMNO08709371,
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SAMNO08709372, SAMNO08709373, SAMNO08709374, SAMNO08709375,
SAMNO08709376 and SAMN08709377.

5.3.8 In situ hybridisation on whole mounts and sections

Larvae were prepared for whole mount in situ hybridisation as described in [46].
Sections (10 uM) were taken from L. stagnalis (shell length 10-50 mm), which had
been fixed in formaldehyde for 1 hour and embedded in paraffin. Riboprobes were
prepared as described in [16] and were used at concentrations of 100 ng -
500 ng/mL. Whole mounts and tissue sections were processed for hybridisation,

the colour reaction developed and photo-documented as described in [46].

5.3.9 Comparisons of molluscan shell forming proteomes

BLASTp based comparisons of the L. stagnalis shell proteome were performed
against a variety of calcifying proteomes reported in a wide phylogenetic range of
metazoans as described in [14]. These included: 42 proteins from the oyster
Pinctada maxima reported in [47]; 78 proteins from the oyster Pinctada
margaritifera reported in [47]; 94 proteins from the abalone Haliotis asinina
reported in [17] and [16]; 80 proteins from the abalone H. laevigata reported in
[48]. 63 protein from the limpet Lottia gigantea reported in [49]; 53 proteins from
the oyster Crassostrea gigas reported in [50]; 71 proteins from the mussel Mya
truncata reported in [51]; 59 proteins from the grove snail Cepaea nemoralis
reported in [14]; 44 proteins from the oyster Pinctada fucata reported in [52]; 53
proteins from the mussel Mytilus coruscus reported in [53]; 66 proteins from the
brachiopod Magellania venosa reported in [54]; 139 proteins from the sea urchin
Strongylocentrotus purpuratus reported in [55]; 37 proteins from the coral

Acropora millepora reported in [56].

5.3.10 Analysis of the saccharide moieties of the shell matrix

The monosaccharide content of AIM and ASM was obtained by suspension and
homogenization (vortex and ultrasound) of lyophilates in 2 M trifluoroacetic acid
(TFA) and subsequent hydrolysis at 105 °C for 4 h under a nitrogen atmosphere.
This treatment allows for the release of most monosaccharides from complex

mixtures, except sialic acids which are destroyed, and the acetylated forms of
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glucosamine and galactosamine, which are converted to their respective non-
acetylated forms. Samples were then centrifuged for 5 min, at 15,000g and
evaporated to dryness (using a SpeedVac) before being dissolved in 100 uL of
20 mM NaOH and homogenized. After a short centrifugation (2 min), 80 pL of
supernatant was injected into the chromatograph system: the neutral, amino and
acidic sugar contents of hydrolysates were determined by HPAE-PAD (High
Pressure Anion Exchange - Pulsed Amperometric Detection) on a CarboPac PA 100
column (Dionex Corp., Sunnyvale, CA, USA). As blank controls, non-hydrolysed
AIMs were analysed, in order to detect potential free monosaccharides that may

lead to an over-representation of some sugar residues.

5. 4 Results

5.4.1 Proteomic analysis of the biomineralised matrix of L. stagnalis shells

More than 1,230 peptides were analyzed by HPLC-mass spectrometry and
subsequently used for protein identification using Mascot against our translated
mantle transcriptomes. Of these 1,230 peptides 329 of them returned significant
matches. From these 329 matches a total of 40 shell-forming candidate transcripts
were identified (see Additional file 5.1). Of these 40 gene products, 31 (78%) could
be cloned and exhibit in situ hybridisation signals compatible with a role in shell
formation (either in larval stages and/or in the adult mantle tissue). Seven of these
40 candidates (18%) could be cloned from L. stagnalis cDNA, but did not produce a
positive or consistent in situ signal in any tissue. Three of the 40 candidate genes
(8%) could not be amplified by gene specific PCR or RACE PCR. In addition to the
31 proteomically identified candidates that generated positive in situ signals, three
candidates that were identified via in silico methods (based purely on the presence
of a signal sequence and their glycine-rich protein sequences) also generated in

situ signals compatible with a role in shell formation and are reported here.

5.4.2 A brief morphological description of L. stagnalis shell ontogeny and the
adult mantle
We previously described the ontogeny of the shell gland and shell field in

L. stagnalis [57]. In order to aid the interpretation of our in situ patterns the
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following is a summary of the main developmental stages that we focused on. The
first visible sign of differentiation of the shell-forming tissue in L. stagnalis is a
thickening of the dorsal ectoderm that begins at approximately 29 hours post first
cleavage (hpfc) [57, 58]. These cells subsequently invaginate and by 2 days post
first cleavage (dpfc) a clearly visible ‘shell gland’ is present [57, 58]. By 3 dpfc, the
shell gland has formed a sealed lumen, and displays the first signs of outward signs
of asymmetry [57]. The marginal cells that border the shell gland remain
uninvaginated and form a ring-like structure, the rosette [2]. During this time the
first extracellular organic material is secreted and is clearly visible by SEM (Fig.
5.1; [57]). By 3 dpfc, the shell gland has evaginated to form the shell field. The
former rosette cells remain highly elongated while the central cells take on a low
columnar appearance. Over the next several days the shell field continues to
expand until it has overgrown the visceral mass and will eventually become the
adult mantle tissue [2, 57, 58].

The adult mantle covers the inner surface of the shell and is responsible for shell
growth and repair. The free edge of the mantle is responsible for the growth of the
outer lip of the shell. Timmermans conducted an extensive histochemical
characterisation of the mantle tissue of L. stagnalis and she was able to categorise
the free edge of the adult mantle into six distinct zones based on their morphology,
enzymatic activities and biochemical signatures [59]. We largely follow this
categorisation of the adult mantle tissue. Parallel to the mantle edge runs the
mantle groove (also know as the pallial groove) defined as zone 1 (Fig. 5.2).
Several high-resolution microscopy and histological studies on a variety of
molluscs have demonstrated that it is from within the pallial groove that the
periostracum is formed and secreted [59-64]. We detected a sub-regionalisation of
the pallial groove (zone 1) into proximal and distal zones. Immediately adjacent to
the pallial groove is a broad region of high columnar cells referred to by
Timmermans [59] as the ‘belt’ that can be subdivided into three distinct zones
(zones 2-4). Zone 2 is immediately adjacent to the posterior wall of the pallial
groove and comprises the anterior (or distal) portion of the belt (Fig. 5.2). Zone 3
consists of the posterior portion of the belt, while zone 4 represents the
transitional zone between the high columnar cells of the belt proper and the more

posterior low columnar cells of the outer epithelium which comprise zone 5 (Fig.
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Fig. 5.1. Overview of four developmental stages and representative shell-forming gene
expression patterns in L. stagnalis. The first two rows provide a set of reference SEM images and
adult shells (top-right-most panel) against which the images of the in situ results can be oriented.
All in situ panels are from a dorsal view except the right-most column which is from a ventral view.
Here we present the expression patterns of a selection of 5 different shell-forming genes. These
include genes with expression patterns in shell-forming cells that display evidence of symmetry
(sfc-5), right asymmetry (sfc-1), left-asymmetry (sfc-17), expression entirely throughout the shell
field and dorsal mantle epithelium (sfc-20) and expression in additional non-shell-forming cells.
This last expression pattern provides evidence of genes involved in shell-formation that have
pleiotropic functions. The scale bars in the first row are 100 pm. Indicated in the SEM images are
the positions of the foot lobe (fl), foot (f), mantle margin (mm), calcified shell (s), stomodeum (st)
and insoluble organic material (iom) of the shell.

5.2) [59].

5.4.3 Spatial expression patterns and molecular features of shell-forming
candidate genes

We performed in situ hybridisation for 34 distinct shell-forming genes on 4 distinct
developmental stages and on adult mantle tissue. The detailed results of these
analyses are presented in Additional files 5.2 - 5.35 with an extensive summary
presented in Additional file 5.36 (the raw image files that constitute these figures
are available in the associated GigaDB repository [45]. In Figure 5.1 (for larvae)
and Figure 5.2 (for adult mantle tissue) we present a selection of these results that
highlight some prominent features of these expression patterns. In trochophore
and veliger larval stages (2-6 dpfc) all genes could be categorised as either being
expressed in: cells that symmetrically or asymmetrically border the shell gland or
shell field (15/34); cells that lay within the shell gland or shell field (9/34); a
pattern that did not fit into our classification scheme (1/34); or were not
expressed in any detectable way (9/34). In later stages (~7 dpfc) all genes were
either expressed: uniformly along the outer edge of the mantle (10/34);
asymmetrically in the outer edge of the mantle (18/34); throughout the entire
mantle tissue (2/34); a pattern that did not fit into our classification scheme
(1/34); or were not expressed in any detectable way (3/34). Finally in adult
mantle tissue genes were either expressed: in one or more of the 5 zones described
by Timmermans [59] (32/34); a pattern that did not fit into our classification
scheme (1/34); or were not expressed in any detectable way (1/34). We have

schematically summarised all of these results in Fig. 5.3.
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Fig. 5.2. Overview of the adult L. stagnalis shell-forming mantle tissue and representative
shell-forming gene expression patterns that reveal its molecular modularity. A. A semi-thin
sagittal section of an adult L. stagnalis stained with Giemsa. The foot (f), mantle (m), digestive gland
(dg) and radula (r) are indicated. The mantle tissue is a thin sheet of epithelium that covers the
dorsal surface of the adult animal and is responsible for fabricating the shell. B. A magnified view of
the red-boxed region in A reveals some of the cellular morphology of the adult mantle tissue. C. A
schematic representation of the mantle tissue divided into 6 zones as described by Timmermans
[59]. The spatial distribution of enzymatic activities and biochemicals indicated in this schematic
are adapted from [59]. We detect a sub-regionalisation of the pallial groove (zone 1) into proximal
(light green) and distal (dark green) zones. D. The spatial expression patterns of 8 representative
shell-forming genes in the adult mantle tissue. The asterisk indicates that sfc-6 was identified using
in silico methods rather than proteomic methods.
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Figure 5.3. Summary of the spatial gene expression profiles and conserved features of 34
L. stagnalis shell-forming candidates. Schematically represented in a trochophore larva are
genes with an asymmetric expression profile (dark grey), as well as genes expressed broadly across
the shell field (light blue). Cells in this region of the trochophore are likely to give rise to cells in
zone 5 of the adult mantle, and we have maintained that colour scheme to suggest this. Although we
schematically present a trochophore larva here (2-3 dpfc) the summarised expression patterns also
include veliger stages (3-6 dpfc). Cells bordering the larval shell gland and shell field (black ring in
the trochophore) are likely to give rise to one or more zones 1-4 in the adult mantle. In juveniles
(~7 dpfc) many genes were either expressed in the left, right, or continuously throughout the free
edge of the mantle that produces the outer lip of the shell. Question marks indicate expression

patterns that could not be categorised according to our scheme. An "x" indicates no expression was
detected. A "?" indicates that the expression pattern could not be categorised according to our
scheme. The names of enzymes and other molecular features indicated in zones 1-5 on the
schematic of the adult mantle are summarised from [59] and [3]. Sequence similarity and
conserved domains in the final column of the table are summarised from a number of BLAST
searches against SwissProt (SP), the non-redundant (NR) NCBI database and the Conserved
Domain (CD) database. See Additional files 40-42 for the results of all BLAST and domain searches.
The linneages of the top BLAST hits are listed in Additional file 43. A version of this figure that
includes a more complete summary of the molecular features of each gene is provided in Additional
file 36. The asterisks indicate that sfc-6, -7 and -8 were identified using in silico methods rather than
proteomic methods (as was the case for all other gene products presented here).

5.4.4 Alternative splicing increases the diversity of shell-forming proteins

Via alternative splicing of mRNAs, transcripts with a variety of functions can be
generated from a single genomic locus [65]. With a draft genome for L. stagnalis
available we were able to perform some preliminary investigations into alternative
splicing of our shell-forming candidates. While some candidate genes displayed the
same or very similar exon-splicing patterns in all surveyed tissues (for example
Additional files 5.5, 5.9, 5.14, 5.15 and 5.16), most candidates are apparently
alternatively spliced depending on the tissue they are expressed in (Additional
files 5.4, 5.11, 5.12, 5.18, 5.19, 5.22, 5.23, 5.25 and 5.33). Striking examples include
Lstag-sfc-21 and Lstag-sfc-24 which are expressed in many tissues, but display
significant alternative splicing in the adult mantle (Additional files 5.22 and 5.25).
All splice variants of candidate Lstag-sfc-24 encode proteins with the same aspartic
acid-rich motif (Additional files 5.25, 5.37 and 5.38). Aspartic acid-rich proteins
have been suggested to act as an organic template for epitaxial crystal growth [66,
67]. It is tempting to speculate that the three additional domains only present in
adult mantle Lstag-sfc-24 contigs confer a specific shell-forming function to this
protein. The putative chitin-interacting candidate Lstag-sfc-21 presented in
Additional file 5.22 carries a signal sequence and is predicted to possess a catalytic

activity. Intriguingly a number of splice variants of this gene within the adult
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mantle are predicted to lack a signal sequence, the chitin-binding or catalytic
ability (Additional file 5.37).

A number of shell-forming gene candidates produce alternatively spliced
transcripts that encode proteins with differences regarding the presence/absence
of a signal sequence (Additional files 5.11, 5.12, 5.22, 5.25 and 5.37). Some shell-
forming genes also produce alternatively spliced transcripts that encode proteins
with similar coding features, but radically different 5' or 3' UTRs (Additional files
5.12, 5.19, 5.33 and 5.37). While UTRs do not contain protein-coding information,
they can be critical for localisation of the mRNA [68, 69] and post- transcriptional
gene regulation by molecules such as miRNAs [70]. Indeed several miRNAs have
now been associated with the targeting and regulation of biomineralising proteins

[71, 72].

5.4.5 Comparisons of molluscan shell forming proteomes

We conducted a broad comparison of our L. stagnalis shell forming genes against a
wide phylogenetic range of twelve other biomineralising proteomes comprising in
total 879 proteins (sequences used in this analysis are provided in Additional file
5.39). Of all L. stagnalis shell proteins, 27 shared significant sequence similarity
with one or more proteins derived from one of these twelve proteomes (Fig. 5.4).
The highest degree of overall similarity was found with the shell forming proteome
of the common groove snail C. nemoralis (Fig. 5.4), the closest phylogenetic relative
to L. stagnalis of all species in this comparison. The next highest level of similarity
shared with the L. stagnalis shell forming proteome (15.9% of the L. gigantea shell
forming proteome) was markedly lower. L. stagnalis shell-forming proteins that
shared significant similarity with biomineralizing proteins from other species and
that also returned a significant match against a SwissProt entry included Lstag-sfc-
32 (with similarity to C. nemoralis contig 572), which appears to be an
intermediate filament protein. Lstag-sfc-22 (a gene expressed exclusively in zone
5, Additional file 5.23) shared relatively weak similarity with C. nemoralis contig
821, and shares significant sequence similarity with PIF, an aragonite binding
protein reported to be involved in nacre formation in the oyster P. fucata [19].
Interestingly, of the 12 candidates expressed in the matrix-secreting zone 5, nine

showed similarity with other shell proteins (Figs. 5.4, and Additional files 5.23-
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5.33). Eight of them were shared with C. nemoralis (Fig. 5.4). In contrast, none of
the asymmetrically expressed or glycine-rich candidates were found in any of the
other biomineralizing proteomes (low complexity filtering was inactivated in these

comparison; Fig. 5.4).

5.4.6 Glycosylation patterns of the shell matrix

The monosaccharides profiles of ASMs and AIMs extracted from adult L. stagnalis
shells were peculiar, with less than half of the dozen standard monosaccharides
represented. For ASM, these include galactosamine, glucosamine, galactose,
glucuronic acid and glucose, while AIM lacked glucuronic acid (Table 5.1). We also
found marked differences in the glycosylation rates of acid-soluble and acid-
insoluble matrices. In general the absolute degree of glycosylation of the ASM was
1-3 orders of magnitude greater that of the AIM. The largest difference was in the
amount of galactosamine (10.6 ng/pL vs. 0.03 ng/uL). While glucosamine was
more abundant absolutely in the ASM (9.41 ng/pL vs. 0.13 ng/uL), the

proportional difference was not so extreme (34.8% vs. 54.2%).

5.5 Discussion

5.5.1 Molecular modularity of the adult molluscan mantle

Two of the most striking features of the phylum Mollusca are its size (in terms of
number of species) and its diversity. Widely accepted to be second only to the
Arthropoda in terms of number of living species [73, 74], molluscs arguably
display the greatest diversity of body forms of all metazoan phyla, and have
successfully colonized all kinds of environments. While there currently exists no
consensus as to why molluscs have enjoyed such deep evolutionary success (one
interesting suggestion includes a plastic nervous system, [75]) we believe the
mantle tissue (an apomorphy of the phylum) and its ability to prolifically evolve
new shell phenotypes must contribute to an explanation of this success. A logical
extension of this question would therefore be, “what is it about the molluscan
mantle tissue that makes it so evolutionarily plastic?” For arthropods,
segmentation and body plan modularisation (and the underlying gene regulatory

networks that control appendage identity within each segment) are widely
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Figure. 5.4. BLASTp comparisons of the L. stagnalis shell proteome against 879 biocalcifying
proteins derived from 6 bivalves, 4 gastropods, 1 brachiopod, 1 sea urchin and 1 coral.
Individual lines spanning the ideogram connect proteins that share significant similarity (e values <
10e%). Transparent red lines connect proteins with the lowest quartile of similarity (with a
threshold of 10e%) and green lines with the highest quartile of similarity. The percentage of each
shell proteome that shared similarity with the L. stagnalis proteome is indicated. The table provides
further information for those candidates that share sequence similarity with another species.
Abbreviations: conserved domain database (CD); Genbank non-redundant protein database (NR);
SwissProt database (SP).

thought to have played leading roles in supporting the diversification of insects,
spiders and crustaceans [76]. The importance of establishing segmentation at a
very early developmental age in prominent phyla such as annelids, chordates and

arthropods has caused much effort to be spent on identifying the causal molecular
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mechanisms that may have common evolutionary histories [77-79]. As recently
reviewed by Esteve-Altava [80], the presence of morphological modules can help
us to understand the evolvability of body form, but the identification of such
modules has so far been biased towards mammals, arthropods and plants.
Following Esteve-Altava’s and Eble’s [81] definition of a morphological module (a
group of body parts that are more integrated among themselves than they are to
other parts outside the group) we propose that the molluscan mantle is a prime
example of such a morphological module. This modular nature of the molluscan
mantle is not unique to Lymnaea [82-84]. Although the precise functions of these
zones (and of the individual gene products that define them) await the
development of targeted genome editing methods, it is clear that they must act in a
coordinated way to deposit the shell. We predict that there are related modules of
gene regulatory networks (GRNs) that act to specify each zone of the molluscan
mantle, and that it is the modular nature of these GRNs and the resulting
morphological modularity of the mantle tissue that supported the diversification of
the phylum Mollusca. Characterisation of the spatial expression patterns of shell-
forming proteomes from a selection of other molluscan lineages will contribute to

a more refined understanding of molluscan shell evolution.

Table 5.1: Glycosylation analysis of acid-soluble and acid-insoluble matrices extracted from

adult L. stagnalis shells.

ASM AIM

Monosaccharide ng/ug % ng/ug %
Fucose ND - TR -
Rhamnose ND - TR -
Galactosamine 10.60 39.2 0.03 12.5
Arabinose ND - ND -
Glucosamine 9.41 34.8 0.13 54.2
Galactose 4.34 16.0 0.04 16.7
Glucose 0.32 1.2 0.04 16.7
Mannose ND - TR -
Xylose ND - ND -
Galacturonic acid ND - ND -
Glucuronic acid 2.39 8.8 ND -

Total 27.06 100.0 0.24 100.0

ND = not detected, TR = trace.
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5.5.2 Ontogenetic expression of shell-forming candidates

A prominent outcome of our survey of the adult shell proteome is that many of the
genes that encode these proteins are not only regulated spatially, but also
temporally. Many shell-forming candidates are expressed in the invaginated larval
shell gland of the trochophore (Additional files 5.14, 5.15, 5.21, 5.24, 5.25, 5.27 and
5.28) or in cells that border it (Additional files 5.2, 5.3, 5.6, 5.7, 5.8, 5.10, 5.11 and
5.18). Only two candidates were solely expressed in the adult mantle tissue and
not in any larval stage (Additional files 5.17 and 5.23). Timmermans [59]
concluded that the spatial patterning of larval shell-forming cells persists
throughout development and foreshadows the zonation observable in the adult
mantle. We also observed this phenomenon at the molecular level. All candidate
genes that were expressed in the margin of the shell gland or the shell field were
expressed in the belt (zones 2, 3 and 4) of the adult mantle (Summarised in Fig. 5.3,
Additional files 5.2-5.8, 5.10-5.12 and 5.18). Most candidates expressed in the
invaginated cells of the shell gland or throughout the developing shell field were
subsequently expressed in the low columnar outer epithelium of zone 5 in adult
mantle tissue (Summarised in Fig. 5.3, Additional files 5.24, 5.25, 5.27, 5.28, 5.29,
5.31). However three genes conspicuously deviate from this pattern. Lstag-sfc-13, -
14 and -20 display a broad expression pattern in the invaginated cells of the shell
gland and throughout the entire shell field in larvae, but were not detected in the
low columnar outer epithelium (zone 5) of the adult mantle tissue (Additional files
5.14, 5.15 and 5.21). However we should point out that for all candidate shell-
forming genes we did not consider the potential effect of a diurnal rhythm on gene
expression. All samples for in situ hybridisation were taken during daylight hours,

and so genes with activity during the night would be missed.

5.5.3 Asymmetric expression of shell-forming genes

The expression of Lstag-sfc-1, Lstag-sfc-2 and Lstag-sfc-3 in zones 1 and 2 of the
adult mantle suggests they may be involved in the formation of the periostracum
(Fig 5.1 and Additional files 5.2, .5.3 and 5.4), however it is their larval expression
patterns that are more striking. Lstag-sfc-1, -2 and -3 display a right-sided
asymmetric expression pattern in cells bordering the shell gland and shell field. In

contrast Lstag-sfc-17 is expressed on the left side (Fig 5.1 and Additional file 5.18).
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Following the expression of these genes ontogenetically into older larvae that
begin to display the coiled phenotype of the adult, it is apparent that right-sided
cells in the trochophore are likely to be those that give rise to the right + anterior
region of the adult mantle that will produce the outer lip of the shell, while left-
sided cells will give rise to posterior mantle tissue responsible for forming the left
+ parietal region of the shell (Fig. 5.1). We therefore suggest that Lstag-sfc-1, -2 and
-3 are in some way associated with producing thinner, more rapidly produced shell
at the outer shell lip than in the thicker parietal region while Lstag-sfc-17 may
inhibit the rapid deposition of shell. Exactly how this is achieved awaits more
specific gene function assays.

In addition to the trochophore left/right asymmetry corresponding to the left +
parietal/right + outer lip regions of the shell, there is a second axis of symmetry
that becomes apparent in 7-day old juvenile snails. Many shell-forming candidates
are initially symmetrically expressed in or surrounding the shell gland of 2-3 dpfc
trochophores, but then become asymmetrically expressed in the mantle of older
animals. For example Lstag-sfc-6, -7, -8, -12, -14, -15, -17, -18, -20, -23, -24, -26, -27, -
29 and -31 are expressed in the left side of the free mantle edge in 7 dpfc juveniles
(summarised in Fig. 5.3). In contrast, relatively few shell-forming gene candidates
(Lstag-sfc-5, -9, -10, -21 and -25) are expressed evenly along the free edge of the

mantle in 7 dpfc juveniles (summarised in Fig. 5.3).

5.5.4 The spatial expression of a peroxidase in the adult mantle allows a
model of shell formation to be developed

In agreement with Timmermans histochemical study of peroxidase activity [59],
the expression of Lstag-sfc-5, a shell-forming candidate with an “Animal heme-
dependent peroxidase” domain (Pfam PF03098; Additional file 5.41B) is localised
to zones 1 and 2. Peroxidases may be involved in periostracum formation by cross-
linking fibrous proteins rich in reactive quinones to form water insoluble,
protease-resistant polymers [85-87]. This process, also referred to as tanning or
sclerotisation, can also be catalysed by tyrosinase (also known as catechol oxidase,
catecholase, polyphenoloxidase, phenoloxidase and phenolase), and within the
molluscan biomineralisation literature sclerotisation by tyrosinase appears to be

the more commonly assumed mechanism, rather than by peroxidase. Nonetheless,
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Timmermans demonstrated that heat inactivation clears the periostracal groove
and belt of both peroxidase activity and the ability to form melanin (a typical assay
used to test for tyrosinase activity), while specific tyrosinase inhibitors (NaHSO3
and KCN) did not affect its ability to produce melanin [59]. The spatial expression
pattern of Lstag-sfc-5, coupled with the observations that newly secreted
periostracum itself also displays peroxidase activity [57], and Timmermans
experiments [59], strongly suggests that the peroxidase we have identified here
plays a key role in cross-linking the periostracum in L. stagnalis rather than a

tyrosinase, as also supposed for other gastropods such as Lottia [15].

5.5.6 Glycine-rich shell-forming candidates are likely to be substrates for the
peroxidase

An important aspect of scleroprotein formation is its spatial coordination. The
cross-linking reaction often generates cytotoxic intermediates, and the end
products cannot be easily degraded or resorbed [88]. Furthermore the
uncontrolled formation of extensive scleroprotein polymers prior to secretion
would clearly be detrimental to the cell. One common strategy to avoid these
events is to compartmentalize the scleroprotein precursor (that is unable to
spontaneously polymerize) away from the cross-linking enzyme. Following
secretion, the precursors are activated and enzymatically cross-linked [88]. Such a
scenario would suggest that the substrate upon which the peroxidase acts are not
located within the same cells.

Three candidates expressed in zone three (Lstag-sfc-6, -7 and -8) encode secreted,
basic proteins that are dominated by repetitive low complexity domains (RLCDs)
and anomalous amino acid contents (high glycine, tyrosine, asparagine and leucine
contents; Additional files, 5.37 and 5.38). All of these glycine-rich proteins carry
tyrosine residues flanked by glycine. This arrangement has been shown to be
favourable for the formation of cross-links between tyrosine residues by
peroxidase [89]. Waite, in his review of natural quinone-tanned glues [85],
highlighted the typical DOPA-containing consensus precursor peptide sequences
from a number of marine invertebrates. Allowing for a single mismatch, these
substrate peptides (VGGYGYGK, GGGFGGYGK and GGGYGGYGK, crosslinking

tyrosine residues in bold) can be found within Lstag-sfc-6, Lstag-sfc-7 and Lstag-
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sfc-8. Interestingly, these glycine-rich candidates are expressed exclusively in zone
three (Additional files 5.7-5.9) immediately adjacent to zone 2, the region in which
the peroxidase Lstag-sfc-5 is expressed (Additional file 5.6). Theoretically, once
these proteins are secreted, the secreted peroxidase would be in very close
proximity to the glycine-rich proteins and could act on the favoured tyrosine

residues to form di-tyrosine cross-links extracellularly.

5.5.7 A role for immunity and signalling in shell formation

Lstag-sfc-18 contains two Ig superfamily domains (Additional file 5.19; [90]) and
displays sequence similarity with the IMP-L2 like proteins (Additional files 5.40
and 5.41), an insulin-like growth factor binding protein (IGF-BP) that carries two
immunoglobulin-like domains and is able to bind insulin-like growth factors (IGF)
[91]. Several studies by Dogterom and colleagues demonstrated the influence of a
growth hormone secreted by the cerebral ganglia specifically on shell formation in
L. stagnalis [92-95]. The authors conclude that this growth hormone acts on cells
in the belt region to control shell extension and periostracum formation, but not on
shell thickening. Interestingly Perlustrin, a protein associated with nacre in
abalone shells, contains an IGF-BP domain and was also shown to bind IGFs and
insulin [96]. An intriguing idea for the presence of IGF-BP in the abalone shell is
that it would allow the shell to signal to the underlying mantle epithelium.
According to this hypothesis, IGFs present in the extrapallial fluid are bound by
IGF-BP during calcification and incorporated into the shell. Should the shell
dissolve or be locally damaged, these IGFs would be released and subsequently
stimulate the underlying mantle epithelium to re-calcify. One line of evidence that
strongly supports this hypothesis is provided by the osteogenic activity of mollusc
shells [97]. This hypothesis implies that although the shell is acellular, it is able to
actively communicate and provide real-time feedback to the mantle epithelium
[98]. This interesting hypothesis awaits the development of gene specific knock-

down or knock-out assays.
5.5.8 RLCDs are an abundant feature of L. stagnalis shell proteins

Proteins containing repetitive low-complexity domains (RLCDs) are a prominent

feature of molluscan shell-forming proteomes [15, 99, 100], and L. stagnalis is no
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exception. More than half of the L. stagnalis shell-forming candidates we identified
possess RLCDs. Proteins containing these domains were present in the belt and the
low columnar outer epithelium of the adult mantle and in a wide variety of
patterns of the larval stages we investigated. The motif complexity, motif length
and number of motif repeats can vary greatly, from stretches consisting of a single
amino acid (for example Additional file 5.24), to motifs that exceed ten amino acids
(for example Additional files 5.3, 5.4, 5.29 and 5.34). In some cases, almost the
whole protein is composed of RLCDs (Additional files 5.7-5.10). Repeated motifs
are a common feature of structural proteins such as collagens, keratins, silk and
cell wall proteins, as well as structural modules in functional proteins such as
receptors, histones, ion channels and transcription factors [101, 102]. RLCDs are
often part of intrinsically unstructured regions that lack a fixed or ordered three-
dimensional structure [101]. In some cases, these regions define the functionality
of the protein. As a general rule, unstructured proteins interact readily with other
proteins [103], and the highly repetitive, modular and biased amino acid
compositions can confer strength and elasticity [104]. It will be extremely
informative to selectively remove RLCDs from shell-forming proteins and to study
the resulting shell phenotypes once genome modification tools become broadly

available to molluscs.

5.5.9 Broad sequence similarity comparisons of metazoan biomineralizing
proteomes

The crossed-lamellar microstructure is fabricated by phylogenetically diverse
molluscan taxa and is by far the most commonly employed shell design of the
Conchifera [21, 22, 28]. While much attention has been dedicated to the
characterisation of nacre-forming bivalve shell proteomes, technical advances in
nucleic acid sequencing and proteome-scale surveys has seen a rapid growth in the
number and diversity of molluscan shell-forming proteomes, and allows broad
comparisons of these datasets to be performed. These comparisons can provide
insight into the degree of evolutionary conservation that exists across shell-
forming proteomes [50]. In general, molluscan shell-forming proteomes are
markedly different, with some deeply conserved elements such as alkaline

phosphatases, peroxidases and carbonic anhydrases [28, 57, 105, 106]. The
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significant diversity of molluscan shell ultrastructures, crystal textures, colours,
and materials properties therefore cannot be explained by the use of the same
genes in different ways. Rather, each lineage has uniquely evolved a large fraction
of its shell-forming proteome [14-16, 100, 107]. To expand on this comparative
theme we collected a total of 879 biomineralising proteins validated by proteomics
from a total of ten molluscs, one brachiopod, one sea urchin and one coral, and
performed sequence similarity comparisons against our L. stagnalis dataset. Two
of the ten molluscs, Cepaea nemoralis and Mya truncata [51, 108], construct shells
that contain crossed lamellar texture. Interestingly our comparative analyses show
that L. stagnalis and M. truncata have only three proteins that share relatively low
degrees of sequence similarity, while L. stagnalis and C. nemoralis share seventeen
proteins (some of these with very high degrees of sequence similarity), the highest
extent of similarity between all species surveyed (Fig. 5.4). Both L. stagnalis and
C. nemoralis inhabit non-marine environments, and the similarities in their shell
proteomes may either be a manifestation of this, and/or a reflection of their
crossed lamellar shells. The similarity of their shell protein content may also
reflect the relatively recent divergence time (Meso-Cenozoic) of these two clades
(Stylommatophoran, i.e. C. nemoralis vs. hygrophilid, ie, L. stagnalis) within the
monophyletic order of pulmonate gastropods, in comparison to the other species.
One of the most striking observations we made in these comparisons was that
almost all L. stagnalis shell-forming candidates expressed in zone 5 share sequence
similarity with C. nemoralis. Conversely, L. stagnalis shell-forming candidates
expressed asymmetrically on the right side in larvae were not present in any other
biomineralising proteomes.

Some L. stagnalis shell-forming proteins contain domains found in a number of the
biomineralizing proteins present in the dataset we assembled, or are known to
play a role in processes other than biomineralization such as the Sushi domain, the
von Willebrand factor A domain, the immunoglobulin domain and the filament
protein domain [14, 109]. The Pif-like protein is prevalent in both bivalve and
gastropod nacreous shell proteomes, and is known to bind aragonite crystals and
to regulate nacre formation [110]. However limpets, which construct crossed

lamellar structures, also contain Pif in their shells [15, 110, 111]. Our results
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further demonstrate that Pif is not limited to nacreous matrices, and that it is likely

to be a deeply conserved element of the molluscan biomineralizing proteome.

5.5.10 Glycosylation patterns

Our preliminary analysis of the sugar moieties associated with shell-forming
proteins revealed an interesting dichotomy between the ASM and AIM; the
population of ASM proteins appear to be far more glycosylated than AIM proteins
(Table 5.1). Whether this difference is generated by a heavily glycosylated subset
of the ASM, or if it reflects a general trend of most ASM proteins being glycosylated
remains unknown. We also cannot determine whether there are any spatial biases
within the adult mantle tissue with regards to the location of glycosylated proteins.
The high percentage of glucosamine identified in AIM and ASM suggests that chitin,
or its deacetylated derivative chitosan, is present in both extracts but this
hypothesis requires further testing. Despite their likely importance to the
functional mechanisms of shell formation, post-translational modifications of
molluscan shell-forming proteins remain relatively understudied, and we predict
that research efforts in these directions would yield interesting functional insights

into the mechanisms of shell fabrication.

5.6 Conclusion

By characterising the spatial expression patterns of 34 genes associated with shell-
formation we have revealed patterns of asymmetry that presumably contribute to
the coiled phenotype of Lymnaea’s shell. Our broad survey of these genes in the
adult mantle tissue also highlight the morphological modularity of this phylum
specific organ, and allude to an explanation as to why the Mollusca have evolved so
many successful shell morphologies. While gene co-option, domain shuffling and
gene family expansion are mechanisms that have clearly contributed to the great
diversity of molluscan shell-forming proteins, our analyses also suggest that
alternative splicing acts to significantly expand the shell-forming molecular
repertoire. Comparing the results of spatial gene expression surveys focused on
shell-formation from a broad range of molluscan taxa will shed further light on the

evolutionary story of this fascinating structure.

102



Chapter 5

Availability of supporting data

All raw NGS data has been deposited with the SRA with BioSample accession
numbers SAMNO08117214, SAMN08117215, SAMN08709370, SAMN08709371,
SAMNO08709372, SAMNO08709373, SAMNO08709374, SAMNO08709375,
SAMNO08709376, and SAMNO08709377. Individual image files for the in situ
hybridization gene expression patterns and the sense strand cDNA sequences used
to generate the in situ hybridization riboprobes can be accessed from the
associated GigaDB repository [45]. The mantle transcriptome assemblies are also
available via GigaDB [45] (file names: C2844 CLC idba Trinity for annotation.fasta
and C2845 CLC idba Trinity for annotation.fasta). All MS data have been deposited
with the ProteomeXchange Consortium with the dataset identifiers PXD008547
and 10.6019/PXD008547. Other supporting data are available from additional
files, also including an extended description of the in situ hybridization results (see

additional file 5.47).

Additional files

Additional file 5.1. Summarized results of MASCOT searches.

Additional files 5.2-5.35. Whole mount in situ hybridisation results and
molecular features of 34 shell-forming gene candidates.

Additional file 5.36. A more comprehensive summary of the results presented in
Fig. 5.3.

Additional file 5.37. Detailed table of the molecular features of all shell-forming
protein candidates.

Additional file 5.38. Results of repetitive motif searches using Xstream.
Additional file 5.39. A FASTA formatted file of the 879 protein se- quences used
to construct Fig. 5.4.

Additional file 5.40. Detailed results of tBLASTx similarity searches for all shell-
forming candidate genes against nr database.

Additional file 5.41. Detailed results of protein family and protein domain
similarity searches for all shell-forming candidate genes against CDD database.
Additional file 5.42. Detailed results of BLAST similarity searches for all shell-

forming candidate genes against SwissProt database.
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Additional file 5.43. Lineages for all shell-forming candidates that returned
positive BLAST results.

Additional file 5.44. Nucleotide sequences of 34 families of shell forming
candidate genes.

Additional file 5.45. Translated sequences of 34 families of shell forming
candidate genes.

Additional file 5.46. mRNA regions targeted by riboprobes.

Additional file 5.47. Extended Results and Discussion.

The additional files can be found via the attached CD of the printed version or
online at https://academic.oup.com/gigascience/article/7/6/giy056/4997018.
Additional files 2-35 can be fount in the appendix 1.
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AIM: acid-insoluble matrix; ASM: acid-soluble matrix; BLAST: Basic Local
Alignment Search Tool; CNS: central nervous sys- tem; dpfc: days post first
cleavage; GRN: gene regulatory net- work; hpfc: hours post first cleavage; IGF-BP:
insulin-like growth factor-binding protein; LC: Liquid chromatography; MS: mass
spectrometry; NGS: next-generation sequencing; PCR: polymerase chain reaction;
RLCD: repetitive low-complexity do- main; SEM: Scanning Electron Microscopy;

SRA: Sequence Read Archive; UTR: untranslated region.
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Chapter 6

6
Expression and purification of the Lymnaea stagnalis

shell-forming candidate 10 in E. coli

6.1 Introduction

A great number of genes and gene products involved in shell formation has been
identified due to next-generation sequencing techniques and high-through-put
proteomics [1-10]. The resulting protein catalogues are valuable resources for
broad comparisons analyses between different shell secretomes and are useful
when questions relating the evolutionary conservation or innovation of shell
proteins are addressed [1, 9, 11]. Besides that, it is still challenging to assign a
function to each of these proteins. To shed light on the role of these components, in
vitro approaches such as calcification assays with native [12-16] or recombinant
proteins [17-21] can be applied. With these assays, the effects of a shell protein
fraction, individual proteins or specific protein domains on calcium carbonate
crystallisation can be studied. The production of recombinant proteins in a
heterologous expression host such as Escherichia coli has the advantage that large
quantities can be produced at relatively low costs. This is beneficial if the protein
derives from a species that is rare or hard to access. Furthermore, it is possible to
produce single domains of a protein that can be studied independently in respect
to their effect on mineralization. For the production of a protein in a heterologous
expression host, the general approach involves the acquisition of cDNA, the
engineering of an expression vector, the cloning into competent cells, the
expression of the protein and subsequent purification of the target protein. The
aim is to produce a soluble protein that reflects the native condition in the animal.
However, the expression and purification of a heterologous protein in E. coli can be
tricky. The behaviour of each protein is different and there is no protocol that
works for all. Optimisation experiments regarding vector design, choice of
expression host and culture condition have to be conducted in order to obtain the
purified protein. Only 10% of eukaryotic proteins can be expressed in E. coli in the
soluble form [22]. Proteins that are not expressed in the soluble form are likely not

modified or folded properly and can precipitate in the cell through the formation
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of inclusion bodies [22]. Unfortunately, this is common if the protein is produced
in large quantities [23]. This chapter summarises the on-going project of the
expression and purification of the Lymnaea stagnalis shell-forming candidate 10
(Lstag-sfc-10). In order to express and purify this protein in the soluble form, a

number of optimisation experiments were necessary.

pET16b A Lstag-sfc-10

—— — —— s \BP

\ TEV
Lstag-sfc-10-His  m— — — m—— His
wemnn TEVCS

pRK793 B
MBP-TEVcs-His-TEV I E— i ——
His-MBP-TEVcs-Lstag-sfc-10 m—— — ——
Lstag-sfc-10-TEVcs-MBP-His  s— I E— S

Fig. 6.1. Schematic representation of the expression constructs. (A) Schematic representation
of the expression construct composed of the Lstag-sfc-10 fragment ligated into the pET16b
expression vector. (B) Schematic representation of the expression construct that was engineered
from a modified pRK793 and the Lstag-sfc-10 fragment. Both constructs encode MBP-Lstag-sfc-10
fusion proteins, but vary in the arrangement of the MBP, Lstag-sfc-10, TEV cleavage site and His-
tag. His: oligohistidine tag, MBP: maltose binding protein, TEV: TEV protease, TEVcs: cleavage site
targeted by TEV protease.

113




Chapter 6

6.2 Methods

6.2.1 Cultivation of adult L. stagnalis

Adult L. stagnalis were cultured as described in chapter 5.

6.2.2 Gene isolation

RNA was extracted from the adult mantle with TRI reagent according to the
manufactures instruction including an additional precipitation step with high salt
solution (0.8 M sodium citrate, 1.2 M NaCl). A cDNA library was constructed using
1 pg total RNA, 2 uM oligo dT primer (20mer) and water in a volume of 10 pL and
heated to 70 °C for 5 minutes (min). After cooling to 42 °C, 15 pL reaction mix
comprising 1X reverse transcription buffer, 0.5 mM dNTP and 200 U MMLV-
reverse transcriptase H- (Promega, #M3682) were added and incubated at 42 °C
for 90 min. The reaction was stopped by heating to 70 °C for 15 min.

6.2.3 Expression construct preparation

pET16b+Lstag-sfc-10-His

Using mantle cDNA as template and gene specific primers Lst_c1222_0E_F1 (see
supplementary Table S. 6.1 for all primer sequences) and Lst_c1222_OE_R1 that
introduced Ncol restriction sites, a fragment of Lstag-sfc-10 that spans the open
reading frame (ORF) excluding the signal sequence, was isolated. 44 pL of the PCR
product were incubated with CutSmart Buffer (NEB, #B7204S) and 1 pL Ncol-HF
(NEB, #R3193S) for 1 hour (h) at 37 °C. 1.5 pL oft the Ncol digested PCR product
was incubated with 0.5 pL of Ncol digested and dephosphorylated pET16b
(Addgene, #69662-3), 2.5 pL of 2x ligation buffer and 0.5 uL T4 DNA ligase
(Promega, #M1801). For plasmid proliferation, pET16b+Lstag-sfc-10-His was
cloned into DH 10B. Plasmids were isolated using the High Pure Plasmid Isolation
Kit (Roche, #11754777001). The correct fragment insertion was verified with
Sanger sequencing. A schematic of pET16b+Lstag-sfc-10-His is presented in Fig.
6.1A.
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Modified pRK793+ Lstag-sfc-10

A modified pRK793 producing a MBP-TEVcs-His-Lstag-sfc-10 fusion protein and
lacking the TEV protease domain was prepared via a PCR using the pRK793
plasmid (Addgene, #8827) as template and gene specific primers pRK793_Gib_F1
and pRK793_Gib_R1. To obtain the Lstag-sfc-10 insert with overhang sequence
that allows Gibson assembly into the modified vector, a PCR was prepared using
pET16b+Lstag-sfc-10-His as  template and gene  specific primers
pRK793_Gib_c1222_F1 and pRK793_Gib_c1222_R1. Gibson assembly with the
modified vector and the Lstag-sfc-10 insert was performed according to
manufactures instructions (NEB, #E2611S)[25]. This expression construct
produces a MBP-TEVcs-His-Lstag-sfc-10 fusion protein that is suitable for TEV
cleavage but cannot be purified from the likewise his tagged TEV protease. To
engineer a vector producing a His-MBP-TEVcs-Lstag-sfc-10 fusion protein suitable
for TEV cleavage and subsequent protein purification, further vector modifications

were performed.

The modified pRK793 vector backbone containing the Lstag-sfc-10 fragment and
lacking the TEV protease, the MBP, the His-tag and the TEVcs was prepared via a
PCR using the modified pRK793 MBP-TEVcs-His-Lstag-sfc-10 as template and gene
specific primers 793+c1222_Gib_F1 and 793+c1222_Gib_R1. To obtain the MBP
insert with flanking His-tag and TEVcs, a PCR was prepared using the modified
pRK793 MBP-TEVcs-His-Lstag-sfc-10 as template and gene specific primers His-
MBP-TEVcl_F and His-MBP-TEVcl_R. To introduce overhang sequence that allows
Gibson assembly, a PCR was prepared using the previous PCR product as template
and gene specific primers Gib_His-MBP_F1 and Gib_His-MBP_R1. Gibson assembly
with the modified vector backbone and MBP insert was performed according to
manufactures instructions (NEB, #E2611S)[25]. For plasmid proliferation, the
modified pRK793His-MBP-TEVcs-Lstag-sfc-10 was cloned into NEB 5-alpha (NEB,
#C29871). Plasmids were isolated using the High Pure Plasmid Isolation Kit
(Roche, #11754777001). The correct fragment insertion was verified with Sanger
sequencing. A schematic of the modified pRK793 His-MBP-TEVcs-Lstag-sfc-10 is
presented in Fig. 6.1B.
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As positive control served the expression vector containing a chitin-binding
domain-GFP (CBD-GFP) [26] that was a kind gift of Prof. Dr. Ingrid Weiss
(University of Stuttgart, Germany).

6.2.4 Prediction of protein molecular weight
The molecular weight of the recombinant proteins were predicted with the

ExPasyProtParam tool [27, 28]

6.2.5 Protein production

For protein production, the expression vectors were cloned into a variety of E. coli
cell strains. Expression pET16b+Lstag-sfc-10-His was cloned into JM 09 (DE3),
Origami B (DE3) and BL 21 (DE3). The modified pRK793+His-MBP-TEVcs-Lstag-
sfc-10 was cloned into JM 09 (DE3), Rosetta 2 (DE3), BL 21 (DE3), BL 21 Codon
Plus (DE3) RIPL and BL 21 Gold (DE3) pLysS. ZYM5052 or MTBau medium [29]
including the appropriate antibiotics were inoculated with transformed cells and
incubated overnight at 37 °C at 750 rpm. Optimisation experiments were
performed with strains that expressed the protein most efficiently at 37 °C, 30 °C

and 25 °C at 750 rpm.

6.2.6 Cell culture preparation for SDS-PAGE and Coomassie staining

To prepare the soluble and insoluble cell fractions of the expression hosts, cultures
were centrifuged at 1000 relative centrifugal force (rcf) at 4 °C for 5 min. The
supernatant was removed and cell pellets were stored at -80 °C. Pellets were
resuspended in RIPA buffer (25 mM Tris-HCI pH 7.6, 150 mM NaCl, 0.1% sodium
dodecyl sulfate (SDS), 1% NP-40, 1% sodium deoxycholate) and sonicated in 3 x 20
seconds pulses at 130 W and 20% amplitude. Then, samples were centrifuged at
maximum speed at 4 °C for >20 min. The supernatant contained the soluble
proteins and was separated from the pellet. The pellet contained the insoluble
proteins and was resuspended in RIPA buffer. 4x loading dye (40% glycerol, 8%
SDS, 1.75 mM Tris pH 6.8, 0.1 M dithiothreitol (DTT), 0.01% bromphenol blue) was
added to the soluble and insoluble fractions and heat denatured at 85 °C for 10
min. For SDS polyacrylamide gel electrophoresis (PAGE), a 12% or 10%
acrylamide gel (Rotiphorese Gel 30 (Roth #3029.3), 0.37 M Tris-HCI pH 8.8, 0.1%
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SDS  (Roth  #3060.2), 0.08 9% TEMED (Roth #2367.3), 0.05%
ammoniumperoxodisulfat (Roth #9592.3), H20) was prepared, depending on the
size oft the produced protein. After electrophoresis, the gel was stained with
Coomassie stain (40% methanol, 10% acetic acid, 20% Coomassie staining
solution (Roth #A152.2), 30% H>0) and de-stained over night with 25% methanol

in H20. The gel was photo documented with a standard image scanner.

6.2.7 Protein purification

His-tagged proteins were purified with the Ni-NTA Spin Kit (Qiagen, #31314).
Proteins that were present in the insoluble fraction of the cell lysate were purified
under denaturing conditions. Thawed cells were resuspendet in 700 uL Buffer B (7
M urea, 0.1 M NaH2PO4, 0.01 M Tris-HCI pH 8.0) and sonicated in 3 x 20 seconds
pulses at 130 W and 20% amplitude. The lysate was centrifuged at 12000 x g for
15-30 min. The supernatant was applied onto a pre-equilibrated Ni-NTA spin
column and centrifuged at 270 x g until all liquid passed the column. The column
was washed twice with 600 pL Buffer C (8 M urea, 0.1 M NaH2PO4, 0.01 M Tris-Cl
pH 6.3) at 890 x g for 2 min each. The protein was eluted twice in 150 pL buffer E
(8 M urea, 0.1 M NaH;P0O4, 0.01 M Tris-HCl pH 4.5) with a 2 min spin at 890 x g.
Fractions of each step were taken for SDS PAGE. Electrophoresis was carried out as
described in the previous section.

Proteins that were present in the soluble fraction of the cell lysate were purified
under native conditions. Bacterial pellets from a 5 mL cell culture were
resuspendet in 630 pL lysis buffer NPI-10 (50 mM NaH2PO4, 300 mM NaCl, 10 mM
imidazole, pH 8.0) and sonicated in 3 x 20 seconds pulses at 130 W and 20 %
amplitude. The lysate was centrifuged at 12000 x g for 35 min. The cleared lysate
was applied onto a pre- equilibrated NiNTA spin column and centrifuged for 5 min
at 270 x g. The column was washed twice with 600 pL wash buffer NPI-20 (50 mM
NaH2P04, 300 mM NaCl, 20 mM imidazole, pH 8.0) by centrifuging for 2 min at 890
x g. The protein was eluted twice with 150 pL elution buffer NPI-500 (50 mM
NaH2P04, 300 mM NaCl, 500 mM imidazole, pH 8.0) by centrifuging for 2 min at
890 x g. Fractions of each step were taken for SDS PAGE. Electrophoresis was

carried out as described in the previous section.

117



Chapter 6

6.3 Results and discussion

By combining proteomic analyses, transcriptome sequencing and in situ
hybridisation, more than 30 candidate genes associated with the production of the
crossed-lamellar L. stagnalis shell were identified (see chapter 5). Lstag-sfc-10 is
one of these candidate genes and encodes a secreted protein that has a glycine-rich
repeated motif and an anomalous glycine content of 20%. The shell-forming
candidate Lstag-sfc-10 is expressed in a symmetrical ring in the cells bordering the
shell gland in trochophore larvae and along the entire shell field margin in veliger
larvae. In adults, the gene displays a distinct and clear signal in zone three of the
mantle belt (see chapter 5). These expression patterns suggest that Lstag-sfc-10
plays a vital role in shell-formation throughout L. stagnalis development. However,

the concrete function of the candidate remains elusive.

6.3.1 Lstag-sfc-10 is expressed in the insoluble cell fraction

In the first attempt, Lstag-sfc-10 (containing the open reading frame except the
signal sequence) was ligated into the expression vector pET16b, which supplies a
His-tag (Fig. 6.1A). Creating a His-tagged recombinant protein is necessary, when
the construct is purified with immobilized metal affinity chromatography (IMAC)
[31]. His-tags are relatively small and do not effect the folding of the attached
protein or alter its solubility [22, 23]. The predicted 36.64 kDa Lstag-sfc-10-His (S.
6.2) was successfully expressed in the insoluble protein fraction of the E. coli strain
BL21 (DE3) at a growing temperature of 37 °C (Fig. 6.2A). ]M 09 (DE3) and
Origami B (DE3) did not express Lstag-sfc-10-His (data not shown).

A common strategy to force an insoluble target protein into the soluble cell
fraction is by decreasing the growing temperature. This change of culturing
condition increases the stability and correct folding patterns of the recombinant
protein [23]. At a growing temperature of 30 °C, less target protein was present in
the insoluble cell fraction and no target protein was present in the soluble cell
fraction (Fig. 6.2A). At a growing temperature of 25 °C, no target protein was
present in any cell fraction (Fig.6.2A). The insoluble target protein could be
purified with an IMAC approach under denaturing conditions (Fig. 6.2B).
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Fig. 6.2. Over Expression of Lstag-sfc-10-His. (A) Coomassie stained SDS PAGE of the soluble and
insoluble fractions of BL21 (DE3) cell lysates. Cells were transformed with pET16b Lstag-sfc-10-His
and cultured at the growing temperature of 25 °C (lane 1 & 2), 30 °C (lane 3 & 4) and 37 °C (lane 5
& 6). Negative control: BL21 (DE3) lacking the expression vector (lane 7 & 8). The asterisk
indicates the target protein Lstag-sfc-10-His with a molecular weight of about 36 kDa. The target
protein was present in the insoluble fractions of the cell lysates. With decreasing growing
temperature, less target protein was produced in the expression host. (B) IMAC based protein
purification under denaturing conditions of the target protein Lstag-sfc-10-His (lane 1-5), CBD-GFP
as the positive control (lane 6-10) and BL21 (DE3) lacking the expression vector as negative
control (lane 11-15). The asterisk indicates the produced protein. S: soluble cell fraction, IS:
insoluble cell fraction, CBD-GFP: chitin binding domain-green fluorescent protein, - : negative
control, CL: cell lysate, FT: flow-through, W1: first wash, W2: second wash, E: eluate. Protein ladder
indicates the molecular weight in kDa.
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6.3.2 Solubilisation of Lstag-sfc-10 through fusion with the maltose binding
protein

Proteins with unstructured polypeptide chain segments such as Lstag-sfc-10 can
often not be expressed in the soluble form in E. coli [22]. Forcing the target protein
into the soluble cell fraction could not be achieved by reducing the growing
temperature (Fig. 6.2A). Another approach to solubilise a target protein is by
fusing it with a highly soluble protein [23]. The maltose binding protein (MBP) is a
fusion partner that is commonly used to enhance protein solubility [32-35]. The
MBP-TEV encoding expression vector pRK793 was altered to create a vector that
encodes a His-MBP-TEVcs-Lstag-sfc-10 fusion protein (Fig. 6.1B) that is predicted
to have a molecular weight of 75.97 kDa (S. 6.2). The fusion protein contains a
short amino acid sequence (TEVcs) that is recognised by the Tobacco Etch Virus
(TEV) protease and allows separation of the Lstag-sfc-10 from its fusion partner
MBP via protease cleavage. The location of the His-tag is defined by the clean-up
strategy of the protein. In case of the fusion protein His-MBP-TEVcs-Lstag-sfc-10, it
involves purification from other bacterial components via IMAC and subsequent
cleavage with a His-tagged TEV protease. The target protein is then separated from
the MBP and TEV protease by IMAC. In order to allow the proper separation of the
MBP and TEV protease from the target protein, the MBP has to carry the His-tag
(Fig. 6.1B).

The fusion protein His-MBP-TEVcs-Lstag-sfc-10 could be expressed in the
insoluble and soluble protein fraction of the E. coli strains JM 09 (DE3), Rosetta 2
(DE3), BL 21 (DE3), BL 21 Codon Plus (DE3) RIPL and BL 21 Gold (DE3) pLysS ata
growing temperature of 37 °C (Fig. 6.3A). To force more fusion protein into
solubility, the culturing temperature was decreased to 30 °C. A markedly
improvement of solubility was reached in the E. coli strain Rosetta 2 (DE3) (Fig.

6.3B).

6.3.3 Purification of the fusion protein

Subsequently, the soluble fusion protein His-MBP-TEVcs-Lstag-sfc-10 produced in
Rosetta 2 (DE3) was purified with IMAC under native condition (Fig. 6.3C). The in
silico predicted molecular weight of the His-MBP-TEVcs-Lstag-sfc-10 is 75.97 kDa
(S. 6.2) and SDS PAGE indicated a molecular weight of about 72 kDa (Fig. 6.3). The
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Fig. 6.3. Over Expression of the His-MBP-TEVcs-Lstag-sfc-10 fusion protein. (A) Coomassie
stained SDS PAGE of the soluble and insoluble fractions of cell lysate of different cell hosts
transformed with a modified pRK793 expressing the fusion protein His-MBP-TEVcs-Lstag-sfc-10
and cultured at the growing temperature of 37 °C. The asterisk indicates the fusion protein. The
His-MBP-TEVcs-Lstag-sfc-10 fusion protein has a molecular weight of about 75 kDa. Positive
control: CBD-GFP, negative controls: respective cell host lacking expression vector. (B) Coomassie
stained SDS PAGE of the soluble and insoluble fraction of cell lysate of different cell hosts
transformed with a modified pRK793 expressing the fusion protein His-MBP-TEVcs-Lstag-sfc-10
and cultured at the growing temperature of 30 °C. The asterisk indicates the fusion protein. The
His-MBP-TEVcs-Lstag-sfc-10 fusion protein has a molecular weight of about 75 kDa. Positive
control: CBD-GFP, negative controls: respective cell host lacking expression vector. Reduction of the
growing temperature to 30 °C improved the solubility of the fusion protein. Best results were
obtained when the fusion protein was produced in Rosetta 2 (DE3) (lane 5). (C) IMAC based clean-
up under native conditions of the fusion protein His-MBP-TEVcs-Lstag-sfc-10 expressed in Rosetta
2 (DE3) at 30 °C. Negative control: cell host lacking expression vector. The asterisk indicates the
produced protein. The fusion protein does not bind the nickel resin and is abundant in the flow
through (lane 4). The 55 kDa protein in the eluate might be a truncated version of the fusion
protein (lane 10). FP: fusion protein His-MBP-TEVcs-Lstag-sfc-10, CBD-GFP: chitin binding domain-
green fluorescent protein, - : negative control, S: soluble cell fraction, IS: insoluble cell fraction, CL:
cell lysate, FT: flow-through, W1: first wash, W2: second wash, E: eluate. Protein ladder indicates
the molecular weight in kDa.

72 kDa fusion protein did not bind the nickel resin and was abundant in the flow-
through, whereas the eluate contained a protein with a molecular weight of about
55 kDa (Fig. 6.3C). The negative control did not contain the 55 kDa protein in the
eluate (Fig. 6.3C). This indicates that the 55 kDa protein is not an endogenous
histidine-rich protein. Likely, it is a truncated version of the fusion protein that
bound the nickel resin with greater affinity than the complete His-MBP-TEVcs-
Lstag-sfc-10 fusion protein. The His-tag of the complete fusion protein might have
been less accessible due to its tertiary structure.

Truncated target proteins are common contaminants and can result from wrong
initiation of translation, premature translation termination or the degradation
during protein expression or purification [36]. It is unlikely that the truncated
version resulted from an internal translation initiation, because the resulting
protein would lack the 5’ His-tag and improbable bind the nickel resin. Premature
translation termination can be excluded because Sanger sequencing of the
expression vector did not reveal an internal stop codon and abundant amounts of
the complete fusion protein were present in the cell lysates. This hints at protein

degradation during expression or purification.
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6.4 Future experiments

In order to obtain the native fusion protein, the purification protocol has to be
optimised. Future purifications will include protease inhibitors that might prevent
the formation of truncated proteins. To increase the binding affinity of the fusion
protein to the nickel resin, imidazole concentration and pH of the binding buffer
have to be optimised. A rearrangement of the expression vector that produces the
protein Lstag-sfc-10-TEVcs-MBP-His might lead to the production of a protein that
can be purified with IMAC (Fig. 6.1B). In this scenario, Lstag-sfc-10 is located at the
N-terminus of the protein, followed by a TEV cleavage site and the solubilising
MBP, which is His-tagged at the C-terminus. Potentially, the His-tag will not be
hidden by the tertiary structure and is fully accessible for resin binding. Another
approach to produce soluble protein involves expression in a eukaryotic
expression hosts such as insect cells [37] or the yeasts Pichia pastoris [38] and
Saccharomyces cerevisiae [39]. If it is not possible to produce the target protein in
the soluble form, calcification assays can be performed with the insoluble protein
as produced from the pET16b+Lstag-sfc-10-His (Fig. 6.2B). Previously, a
biomineralising protein that was purified under denaturing conditions and
refolded in vitro was successfully deployed in an calcification assays [20].

An optimised protocol that allows the production of Lstag-sfc-10 in the
heterologous expression host E. coli will be useful to provide sufficient protein for
various protein assays, that will help elucidate the role of the protein in the shell

forming process.

Supplementary files
The supplementary files can be found in the appendix 2.
Supplementary S. 6.1: List of all primers used in this study

Supplementary S. 6.2: Insert and protein sequences
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General discussion

Much of the evolutionary success of molluscs can be traced back to the ability to
form a calcified shell that supports the soft molluscan body and offers protection
from predation and desiccation [1]. The molluscan shell is comprised of CaCOz and
a matrix of organic macromolecules such as proteins, glycoproteins, chitin and
acidic polysaccharides [1]. This matrix gets secreted by the mantle tissue and
constitutes a scaffold on which the CaCOs minerals form [2, 3]. Although the
organic components make up less than 5% of the shell weight, they play a
fundamental role in conferring the shells material properties and finally define
shape, size and colour of the mature structure [4]. Technical advances in nucleic
acid sequencing and high throughput proteomics promoted the identification of
the proteinaceous components of the extracellular matrix on the molecular level
and enabled the collection of a large number of mineralising genes and their
encoded proteins. The bulk of these proteins were identified from marine species
with a nacro-prismatic shell and great economic value [5-19]. However, besides
the prism and nacre microstructures, the shell can be composed of many other
textures such as spherulitic, laminar, foliated, helical or crossed [20]. To get a
better understanding of the shell secretome diversity and further elucidate the
evolutionary history of molluscan shell formation, it is important to extend the
research focus to species that compose microstructures other than narco-
prismatic. In my thesis, I study the shell proteome of the freshwater pulmonate
Lymnaea stagnalis that secrets a shell of the crossed-lamellar type, with special

regards to its ontogenetic characterisation.

The functional characterisation of the proteinaceous matrix components still
represents a major challenge in the field of molluscan biomineralisation. I aim to
gain insight into the function of shell-forming genes by analysing their expression
with in situ hybridisation. This technique allows the spatial and temporal
resolution of gene expression within a tissue and can significantly contribute to the

functional characterisation of next generation sequence data. We developed in situ
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hybridisation protocols for L. stagnalis larval (chapter 2, 3) and adult mantle
(chapter 4) tissues to trace the expression of the biomineralisation gene
candidates during all ontogenetic stages. L. stagnalis larvae are deposited in an egg
capsuled filed with a viscous fluid that likely interferes with the WMISH procedure.
The extraction of the embryos and larvae from the capsule is a delicate and time-
consuming procedure. In chapter 2 we present a protocol that challenges
inhibiting factors by applying the mucolytic agent N-acetyl-L-cysteine (NAC), a
reducing agent dithiothreitol (DTT) and a pre-hybridization treatment with
sodium dodecyl sulfate (SDS). Further optimisation efforts led to the development
of a method that includes the high-throughput removal of embryos and larvae
from the egg capsules and a preservation regime that fixes larvae prior to
decapsulation. This advanced method presented in chapter 3 simplifies the WMISH
procedure and apparently negates the need for treatments with NAC, DTT or SDS.

In chapter 5 we present more than 30 candidate genes associated with the
production of the crossed-lamellar L. stagnalis shell that were identified with a
proteomic survey coupled with transcriptome sequencing. The spatial
characterisation of the shell-forming proteome highlighted its dynamic and
modular regulation, and the potential for interactions between co-expressed
genes. We could show that many adult shell-forming genes are expressed in larval
shell-forming cells, foreshadowing the zonation of the adult mantle. The in situ
hybridisation experiments revealed patterns of asymmetry that presumably
contribute to the coiled phenotype of the shell. We were able to identify a
peroxidase that likely plays a role in cross-linking periostracum proteins and
present three glycine-rich proteins that might serve as substrate for the cross-
linking reaction [21, 22]. The presence of chitin interacting proteins in the
L. stagnalis shell proteome indicates that chitin plays a role in scaffolding the
crossed-lamellar matrix [23]. We furthermore identified aspartic acid-rich proteins
that likely serve as organic template for epitaxial crystal growth [24, 25] and found
a number of proteins that are predicted to be highly glycosylated, a protein feature
that is assumed to enhance biomineral nucleation [26]. Each molluscan lineage has
uniquely evolved a large fraction of its shell-forming proteome with only some
deeply conserved elements. This protein diversity led to the astonishing diversity

of molluscan shell ultrastructures, crystal textures and colours [9, 17, 27-29]. By
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comparing a number of biomineralising proteomes with the shell proteome of
L. stagnalis, we were able to identify conserved elements (i.a. Pif-like, peroxidase,
von Willenbrand factor A domain, Sushi domain) and discovered that almost all
L. stagnalis shell-forming candidates expressed in the mantle low columnar outer
epithelium share sequence similarity with Cepaea nemoralis shell proteins. Gene
co-option, domain shuffling and gene family expansion are molecular mechanisms
that have contributed to the diversity of molluscan shell-forming proteins [4, 29].
Our analysis of the gene architecture of the biomineralisation genes suggests that
alternative splicing acts to significantly expand the shell-forming molecular

repertoire.

7.1 Outlook

The generation of a L. stagnalis shell protein catalogue is important to allow the
broad comparisons between shell-forming secretomes and can aid to solve
questions related to evolutionary conservation and innovation. The expression
analyses are useful to indicate co-expression and can emphasise unique or
prominent expression patterns. Nonetheless, the exact role of the encoded protein
cannot be determined by solely studying gene expression. To shed light on the role
of the proteinaceous shell components, in vitro approaches such as calcification
assays with recombinant proteins are useful [30-34]. These assays can
approximate the effects of individual shell proteins or specific domains on calcium
carbonate crystallisation. Furthermore, protein assays can be applied to
investigate functions besides crystallisation. For example, an enzyme assay could
be used to test the supposed cross-linking ability of the peroxidase on the
L. stagnalis glycine-rich shell-forming candidates Lstag-sfc-6, Lstag-sfc-7 and
Lstag-sfc-8 [35-37]. Furthermore, a modifying effect of the putative chitin
deacetylase-like domain containing Lstag-sfc-21 on chitin could be determined
with an enzyme assay containing the shell-forming candidate and chitin [38]. The
insulin-like growth factor (IGF) binding ability of the Haliotis laevigata Perlustrin
was previously shown in vitro by Weiss et al. 2001 [39]. Following the
experimental set-up of that study, the putative IGF binding ability of the IMP-L2-
like Lstag-sfc-18 could be tested.
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In order to provide sufficient protein for the various protein assays, it will be
useful to have protocols at hand that allow the production of the protein in
question in a heterologous expression host. In Chapter 6, I present the on-going
work that describes the protein production of shell- forming candidate Lstag-sfc-

10 in Escherichia coli.

Vast opportunities of studying the molecular mechanisms of shell formation in
L. stagnalis will arise once the CRISPR-Cas nuclease system is established [40, 41].
This gene editing approach is markedly easier to apply than other technologies and
has proven to be highly specific and efficient for a variety of organisms [42]. It
allows the knock-out of an entire gene or the removal of specific domains in a
multidomain protein and has recently been demonstrated to function in molluscs
[43].

The selective removal of a putative mineral interacting domain could unravel the
effect of this domain on the mineralised structure. This approach represents an
advantage to RNAi or morpholinos that knock-down the abundance of an entire
transcript posttranslationally [6, 44, 45]. Furthermore, RNAi does not allow the
generation of gene knock-outs and can show substantial off-target effects [46].
Aspartic acid-rich proteins are common biomineral components and are suspected
to be involved in epitaxial crystal growth [24, 25]. We identified two aspartic acid-
rich proteins in L. stagnalis (chapter 5). By removing the aspartic acid-rich repeats,
the effect of these regions on mineralisation could be monitored. The results might
give valuable insights to further elucidate the effect of aspartic acid-rich proteins
on mineralisation.

Another exciting possibility of the CRISPR-Cas nuclease system is to create gene
knock-ins. With this approach, L. stagnalis biomineralising proteins could be
tagged by fusing them with fluorescent proteins. This allows the in vivo monitoring
of the shell proteins throughout the entire life of the animal and within the mature
biomineral. In chapter 5, we identified a number of candidates that show unilateral
expression along the larval mantle margin, which hints at unilateral distribution of
the gene products within the larval shell. If the encoded proteins show unilateral
distribution within the coiled adult shell could be unravelled by creating

fluorescent knock-ins. Undoubtedly the exploitation of the CRISPR-Cas nuclease
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system would promote the functional characterisation of the L. stagnalis shell

proteins immensely.
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Appendix 1

Whole mount in situ hybridisation results and molecular

features of 34 shell-forming gene candidates

A  2-3dpfc 27 dpfc adult mantle

1 MLNLVVVLVCVCNAFAQSNSYGSQSYAPPPPVTNYANNGYGNDYALLGDIRALAKNASVVKSKDNALDEIILALIAANDENTFFNNQVKVNILPSIFSDL
101 ARQNREIADLESQATQLVFLADDIAVLOKAVSLLKARIPVIVAREDEFARVLKDFEAVDLVQODATLAQAKKDLDAQTSKLAELEALVVVIQGQIANFRRT
201 LEDIFGNINAESAQTFTFELSAQNNRVTRRLSEDFSGRKPAYQWGVISLHISDNTRSYVYNYGONGPTSGYAASNPYTGYGSNGNGYSAPPLNPSISYDV
301 DVEYDDITRDVTVTLEDFSTGGFRVEHVIVQVVFYRLEHDTLVNYGAYSSKY

Additional file 5.2. Spatial expression and molecular features of Lstag-sfc-1. (A) In situ
hybridisation against Lstag-sfc-1 during development and in the fully differentiated adult mantle.
The blue staining indicates the expression in the periphery of the shell forming tissue in larvae (i-iv,
i’-iv’)) and in zone one and two of the adult mantle (v, v'). Each column represents one
developmental stage and shows two perspectives. The developmental stage is indicated in the
header. The perspective is indicated in the lower right corner. v’ shows a magnification of the boxed
section in v. Days post first cleavage (dpfc), lateral (lat), dorsal (dors), ventral (ventr). (B) Protein
sequence and schematic representation of the translated Mantle_Edge_v2_Tri_252293. The signal
sequence (red) and the peptides identified with MS/MS (boxed sections) are indicated.
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A  2-3dpfc 5-6 dpfc adult mantle
i - s
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1 MLSSLFVVVIALGAVAAQTYQAPTYPNPGNQAKPQASNPPASNEEANNPPANNEPASNAPTYKPSAANTPVYN]
101 PSYNNGQVYAGRNVNAEVEEARRRIGDLEQYVITLSGVADDVTSKVKLVTAFAAEFQNKIYPTIQDYSKAQDKKIASFRRQIEELRFLODDVAEL

201 SSKVDDIAKTLAANRERHSVIAGEISRLDDTDVAQNLAIGKLETLVKSEGDRLAEAANKVNNNKAKASD ISDNLDKAVKVFNYEQGTSFTVTVSSAKPSV
301 VYTFTSAFPAVPDVQWGIIGATIEDLPSGNDYKADKSYGSOGNYKSDNSYCS0GNYNDESTNGRVNVTASATGATVSLVDNSDGFQISSFRVRVTATLID
401 SGYLEYTSKATTYY

Additional file 5.3. Spatial expression and molecular features of Lstag-sfc-2. (A) In situ
hybridisation against Lstag-sfc-2 during development and in the fully differentiated adult mantle.
The blue staining indicates the expression in the periphery of the shell forming tissue in larvae (ii-
iv, ii’-iv’) and zone one and two of the adult mantle (v, v’). Each column represents one
developmental stage and shows two perspectives. The developmental stage is indicated in the
header. The perspective is indicated in the lower right corner. v’ shows a magnification of the boxed
section in v. Days post first cleavage (dpfc), lateral (lat.), dorsal (dors.), ventral (ventr.). (B) Protein
sequence and schematic representation of the translated Mantle_Edge_v2_idb_77206. The signal
sequence (red), the repeated motif (blue) and the peptides identified with MS/MS (boxed sections)
are indicated.
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adult mantle

1 MSFNIAIWALFGLIGGATGAATYPNPQSSGANSPSYGSAQPNYGSAQPGYGSAQPNYGSAPSDSGYNGAASTYGSNGAEAELDNLKSQIGSLEGRRDAQV
101 YRLRNLAASAGANVEGKNNY IKFIGQQT INEQNIQAKRLDSLAEKIAATRKLREVIKQLDADANTVKDFNQKVRLDDFEDQIRKLKQTDLRQNGLIEELN

201 VRAANEADRIDALVVSSNSELRDLTLLESQTRRAINS INRVKSTSFSLTVSPNKPNPAKVIYNQEFLGVPQFFSYDPVGFKLVRKNAAAR
301 NGYSNYGSSNSGYSNYGSSSNGYNNGGYSNNAGYSAYPGDSSVSYHIESLPYNDFAAIYTYDESIGDYWVVDSVDLRATAIYFEPNLLPRVTG
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Additional file 5.4. Spatial expression and molecular features of Lstag-sfc-3. (A) In situ
hybridisation against Lstag-sfc-3 during development and in the fully differentiated adult mantle.
The blue staining indicates the expression in the periphery of the shell forming tissue in larvae (iii,
iii’, iv, iv’) and zone one and two of the adult mantle (v, v’). Each column represents one
developmental stage and shows two perspectives. The developmental stage is indicated in the
header. The perspective is indicated in the lower right corner. v’ shows a magnification of the boxed
section in v. Days post first cleavage (dpfc), lateral (lat.), dorsal (dors.), ventral (ventr.). (B) Protein
sequence and schematic representation of the translated Edge_v2_CLC_107. The signal sequence
(red), the repeated motifs (blue), and the peptide identified with MS/MS (boxed section) are
indicated. (C) Schematic representation of the gene architecture and splice variation of Lstag-sfc-3.
Transcriptomic contigs similar to Mantle_Edge_v2_CLC_107 were obtained from various L. stagnalis
transcriptomes and aligned to the corresponding genomic contig gls.1.0.scaf01097. The genomic
contig is indicated by the horizontal black line, the aligned transcripts are indicated by the boxed
sections, white boxes represent UTR region, blue boxes represent coding region. Scale bar
represents 1000 bp.
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A  2-3dpfc adult mantle

1 MNKLLGLAAFLAVTFIGATVAAPDSTCVNRPEGWVAEIGCWGSKICSNGTLVVNTCPGGTVLDRESMTCVESSANSTGCGKEAQCLGRPDGRYPDLSVGC
101 ISFYWCMNGANLGR EKGICNWPFDALPPCGTKEVPVKN
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Additional file 5.5. Spatial expression and molecular features of Lstag-sfc-4. (A) In situ
hybridisation against Lstag-sfc-4 during development and in the fully differentiated adult mantle..
The blue staining indicates the expression in the periphery of the shell forming tissue in larvae (iii,
iv, iii’, iv’) and zone one at the posterior wall of the mantle groove (v, v’). Each column represents
one developmental stage and shows two perspectives. The developmental stage is indicated in the
header. The perspective is indicated in the lower right corner. v’ shows a magnification of the boxed
section in v. Days post first cleavage (dpfc), lateral (lat.), dorsal (dors.), ventral (ventr.). (B) Protein
sequence and schematic representation of the translated Mantle_Edge v2_Tri_255684 and
Mantle_Edge_v2_idb_73304. The signal sequence (red) and the peptide identified with MS/MS
(boxed section) are indicated. (C) Schematic representation of the gene architecture and splice
variation of the Lstag-sfc-4. Transcriptomic contigs similar to Mantle_Edge v2_Tri_255684 and
Mantle_Edge_v2_idb_73304. were obtained from various L. stagnalis transcriptomes and aligned to
the corresponding genomic glLs.1.0.scaf01511. The genomic contig is indicated by the horizontal
black line, the aligned transcripts are indicated by the boxed sections, white boxes represent UTR
region, blue boxes represent coding region. Scale bar represents 1000 bp.
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A 2-3dpfc 5-6 dpfc adult mantle

1 MLRVEDNMKSAVLSLLGICLYLTVSIHSDEKFCASHADLYYANIAGKIQGGYDMLSLGDQSACANRATRDLRYREIDGRCNHPKDYGSTMKPLKRYLKAH
101 YODAEGKDAPRIYSVMGDNYLPSPRLISFKLFPDIPKVANTSRWTMQOFGQLIDHDITSAPVPTGPNGTIKCCGVKDMPKECFPISVPKEDTRFDTCMEFV
201 RSQAAADEKGNQLYPREQLNAITSFVDGSAFYGSDLNATKRLRTEDGKGALLKTVVVNGFERLPNDTSARPGCLKSQRPES YCMVTGDRRANLHPGLSSA
301 HLLFHLYHENFVVRSLAAAILNKRGQPYAPNNVEYF ITNAPEYLKEKLFQEGRKVMGGIFQNIVFCDYLPIILGPGLIEKFKLGCTRRSKYNPYVDPRIAN
401 SFTAAAFRFGHTLVPNSFTINGKQEMLKDSFLIPDGTIYGFESLVONFLTDGKSEAFDWFFSKSISEHLFETRTGPKGAIDLLSVNIQRARDHGIPAYYY
501 WRRYYGLRRFTSFDDWGYETGKKFKQLYNHVNDVDLFVGGVFEPPVAGGVVGETFGHIIANQFAD:! POGFTDEE IAAIQEVTFNSIV
601 CYSAKLQYVQDNTWFVPSESNPVRPCSVHPQFNAEVFAKNFDQPY

Additional file 5.6. Spatial expression and molecular features of Lstag-sfc-5. (A) In situ
hybridisation against Lstag-sfc-5 during development and in the fully differentiated adult mantle.
The blue staining indicates the expression in the periphery of the shell forming tissue in larvae (i-iv,
i’-iv’) and zone one and two of the adult mantle (v, v’). Each column represents one developmental
stage and shows two perspectives. The developmental stage is indicated in the header. The
perspective is indicated in the lower right corner. v’ shows a magnification of the boxed section in v.
Days post first cleavage (dpfc), lateral (lat.), dorsal (dors.), ventral (ventr.). (B) Protein sequence
and schematic representation of the translated Mantle_Edge_v2_CLC_241. The signal sequence
(red), the conserved animal haem peroxidase domain (underlined black and highlighted grey) and
the peptide identified with MS/MS (boxed section) are indicated.
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1 MNTFITVLALALLSVSVHGSF AGIGGGIGGGIGIGGGIG
101 IGGGLGLGGGLGYGGLGREGYGGLGYGRGYY

1 MNTFITFLALALLSVSVHGSF AGIGGGIGGGIG
101 IGGGIGIGGGLGLGGGLGYGGLGREGYGGLGYGRGYY

Additional file 5.7. Spatial expression and molecular features of Lstag-sfc-6. (A) In situ
hybridisation against Lstag-sfc-6 during development and in the fully differentiated adult mantle.
The blue staining indicates the expression in the periphery of the shell forming tissue in larvae (i-iv,
i’-iv’) and zone three of the adult mantle (v, v'). Each column represents one developmental stage
and shows two perspectives. The developmental stage is indicated in the header. The perspective is
indicated in the lower right corner. v’ shows a magnification of the boxed section in v. Days post
first cleavage (dpfc), lateral (lat.), dorsal (dors.), ventral (ventr.). (B) Protein sequence and
schematic representation of the translated Mantle_Edge_v2_Tri_232353. The signal sequence (red),
the repeated motif (blue) and the peptide identified with MS/MS (boxed section) are indicated. (C)
Protein sequence and schematic representation of the translated Mantle_Edge_v2_idb_111343. The
signal sequence (red), the repeated motif (blue) and the peptide identified with MS/MS (boxed
section) are indicated.

(g)
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2-3 dpfc 3-4 dpfc 5-6 dpfc 27 dpfc adult mantle
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1  MYKSVLAVLLLVALASANGFYGGYGYGGGYGGYGEEYEaVeVELTICLVGRECYCCCrCCYCKGCFGELGECHGEGEEGEEWGYGGGYGYGGGVGKAVVIP
101 VGGYGYGKGYY

Additional file 5.8. Spatial expression and molecular features of Lstag-sfc-7. (A) In situ
hybridisation against Lstag-sfc-7 during development and in the fully differentiated adult mantle.
The blue staining indicates the expression in the periphery of the shell forming tissue in larvae (i-iv,
i’-iv’) and zone three of the adult mantle (v, v'). Each column represents one developmental stage
and shows two perspectives. The developmental stage is indicated in the header. The perspective is
indicated in the lower right corner. v’ shows a magnification of the boxed section in v. Days post
first cleavage (dpfc), lateral (lat.), dorsal (dors.), ventral (ventr.). (B) Protein sequence and
schematic representation of the translated Mantle_Edge_v2_Tri_209370 and
Mantle_Edge_v2_idb_133123. The signal sequence (red), the repeated motif (blue) are indicated.
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A  2-3dpfc adult mantle

1 MFTSVFAVLLLAAATMA' VLLP
101 IGGYGKGYNNYY
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Additional file 5.9. Spatial expression and molecular features of Lstag-sfc-8. (A) In situ
hybridisation against Lstag-sfc-8 during development and in the fully differentiated adult mantle.
The blue staining indicates the expression in the periphery of the shell forming tissue in larvae (iv,
iv’) and zone three of the adult mantle (v, v’). Each column represents one developmental stage and
shows two perspectives. The developmental stage is indicated in the header. The perspective is
indicated in the lower right corner. v’ shows a magnification of the boxed section in v. Days post
first cleavage (dpfc), lateral (lat.), dorsal (dors.), ventral (ventr.). (B) Protein sequence and
schematic representation of the translated Mantle_Edge_v2_Tri_126421. The signal sequence (red)
and the repeated motif (blue) are indicated. (D) Schematic representation of the gene architecture
and splice variation of Lstag-sfc-8. Transcriptomic contigs similar to Mantle_Edge v2_Tri_126421
were obtained from various L. stagnalis transcriptomes and aligned to the corresponding genomic
contig gls.1.0.scaf03406. The genomic contig is indicated by the horizontal black line, the aligned
transcripts are indicated by the boxed sections, white boxes represent UTR region, blue boxes
represent coding region. Scale bar represents 1000 bp.
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5-6 dpfc adult mantle

1 %W—LTVCFMCAFYTGGYNSG_

101 YNNDYTNYGSSY

C NN [ D N D D
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101 YNNDYTNYGSSY

Additional file 5.10. Spatial expression and molecular features of Lstag-sfc-9. (A) In situ
hybridisation against Lstag-sfc-9 during development and in the fully differentiated adult mantle.
The blue staining indicates the expression in the periphery of the shell forming tissue in larvae (i-iv,
i’-iv’) and zone three of the adult mantle (v, v'). Each column represents one developmental stage
and shows two perspectives. The developmental stage is indicated in the header. The perspective is
indicated in the lower right corner. v’ shows a magnification of the boxed section in v. Days post
first cleavage (dpfc), lateral (lat.), dorsal (dors.), ventral (ventr.). (B) Protein sequence and
schematic representation of the translated Mantle_Edge_v2_idb_86937. The signal sequence (red)
and the repeated motif (blue) are indicated. (C) Protein sequence and schematic representation of
the translated Mantle_Edge_v2_idb_86933. The signal sequence (red) and the repeated motif (blue)
are indicated.
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A  2-3dpfc 5-6 dpfc adult mantle
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Additional file 5.11. Spatial expression and molecular features of Lstag-sfc-10. (A) In situ
hybridisation against Lstag-sfc-10 during development and in the fully differentiated adult mantle.
The blue staining indicates the expression in the periphery of the shell forming tissue in larvae (i-iv,
i’-iv’) and zone three of the adult mantle (v, v'). Each column represents one developmental stage
and shows two perspectives. The developmental stage is indicated in the header. The perspective is
indicated in the lower right corner. v’ shows a magnification of the boxed section in v. Days post
first cleavage (dpfc), lateral (lat.), dorsal (dors.), ventral (ventr.). (B) Protein sequence and
schematic representation of the translated Mantle_Edge_v2_idb_67296. The signal sequence (red),
the repeated motif (blue) and the peptides identified with MS/MS (boxed section) are indicated. (C)
Schematic representation of the gene architecture and splice variation of the Lstag-sfc-10.
Transcriptomic contigs similar to Mantle_Edge_v2_idb_67296 were obtained from various
L. stagnalis transcriptomes and aligned to the corresponding genomic contig gls.1.0.scaf01041. The
genomic contig is indicated by the horizontal black line, the aligned transcripts are indicated by the
boxed sections, white boxes represent UTR region, blue boxes represent coding region. Scale bar
represents 1000 bp.
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2-3 dpfc 5-6 dpfc adult mantle
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1 MEYSAGCCVLLVIVLAYSADGQTNVPNDPLWSTFVQVLSAQTQRSVQDINTLGLSDPTISFLWNGYKANMPSYAAPTPPPTTTPPPLPDLYQTSYSFSSN
101 AINQASPSPSPSSASNADMYNTLLNIINQPSSATAAQPVAPPASTSTSSQDVLKAYAQMAAGSTTGATGATDPYALLQQYTASTNSAGGTLDASKLLQQY
201 SSLMAGTSGTSGATPTTAGGSQDFNALLQQYASIMGGTSGGATAPTASSSPNYAQLLOQYNQIMS SGGALTQEQLLOIYAQLSA
301 AANAPTAAPPTATQTTTNTVSPPAPTNTFDQQLAMFFPQFKNLFPTQSAGSPNSTTSSNTTDATQMIFDTLLF PTSPLNP
401 LONMINPPSGSGGAAMLHDHVENVFKTKASREMGCRFLPELLELDLLPTAPIDCLGKCPFPYVNSQRFGVYCLCCPPGVNDQTAGLMSVMRRASYMETPL
501 AVVT
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Additional file 5.12. Spatial expression and molecular features of Lstag-sfc-11. (A) In situ
hybridisation against Lstag-sfc-11 during development and in the fully differentiated adult mantle.
The blue staining indicates the expression in the periphery of the shell forming tissue in larvae (iii,
iv, iii’, iv’) and zone three of the adult mantle (v, v’). Each column represents one developmental
stage and shows two perspectives. The developmental stage is indicated in the header. The
perspective is indicated in the lower right corner. v’ shows a magnification of the boxed section in v.
Days post first cleavage (dpfc), lateral (lat.), dorsal (dors.), ventral (ventr.). (B) Protein sequence
and schematic representation of the translated Mantle_Edge_v2_CLC_58. The signal sequence (red),
the repeated motifs (blue), C-terminal cysteine residues (highlighted grey) and the peptide
identified with MS/MS (boxed section) are indicated. (C) Schematic representation of the gene
architecture and splice variation of Lstag-sfc-11. Transcriptomic contigs similar to
Mantle_Edge_v2_CLC_58 were obtained from various L. stagnalis transcriptomes and aligned to the
corresponding genomic contig gls.1.0.scaf01302. The genomic contig is indicated by the horizontal
black line, the aligned transcripts are indicated by the boxed sections, white boxes represent UTR
region, blue boxes represent coding region. Scale bar represents 1000 bp.
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-3 dpfc 5-6 dpfc adult mantle
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1  MIIGGYKNCTPDMGAFYLRPLGILLLTLMLFVSFSDVLSTPSRGRRQQQDMAQVVNNLHIQIQSYEHALSECRRHLOLLTGQGQQQATVGSGMANWAWLG
101 GMGGRRRRATRARRHSDYYSYWNNQYSQLORTLQARYQEYAQCANSLQTIRADQEEIKNKEQVARNLLRE IETAVGGVRSCVGQDGQSTIDLPAVQTY IN
201 NGGFIQPLVESPAQTI .. vvvvus..

Additional file 5.13. Spatial expression and molecular features of Lstag-sfc-12. (A) In situ
hybridisation against Lstag-sfc-12 during development and in the fully differentiated adult mantle.
The blue staining indicates the expression in the periphery of the shell forming tissue in larvae (iii,
iv, iii’, iv’) and zone three of the adult mantle (v, v’). Each column represents one developmental
stage and shows two perspectives. The developmental stage is indicated in the header. The
perspective is indicated in the lower right corner. v’ shows a magnification of the boxed section in v.
Days post first cleavage (dpfc), lateral (lat.), dorsal (dors.), ventral (ventr.). (B) Incomplete protein
sequence of the translated Mantle_Edge_v2_idb_103149. The peptide identified with MS/MS (boxed
section) is indicated.
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adult mantle

1 MKMSSSVLLOLALLICCTCAAHAYGNGEKNGEYKYYNGDGYHHDFDGEGYRNGYGNGEFGDREKYGNGEGNGEGNGEGGEGEE YGGFGGFGGFPPFGGYSH
101 PGWGPHTEYMDGAPYLR

C Mantie zone 5[]} ] I

Additional file 5.14. Spatial expression and molecular features of Lstag-sfc-13. (A) In situ
hybridisation against Lstag-sfc-13 during development and in the fully differentiated adult mantle.
The blue staining indicates the expression across the shell forming tissue in larvae (i-iv, i’-iv’) and
zone three of the adult mantle (v, v'). Each column represents one developmental stage and shows
two perspectives. The developmental stage is indicated in the header. The perspective is indicated
in the lower right corner. v’ shows a magnification of the boxed section in v. Days post first cleavage
(dpfc), lateral (lat.), dorsal (dors.), ventral (ventr.). (B) Protein sequence and schematic
representation of the translated Mantle_Proximal_v2_idb_67016. The signal sequence (red), the
repeated motif (blue) and the peptide identified with MS/MS (boxed section) are indicated. (C)
Schematic representation of the gene architecture and splice variation of Lstag-sfc-13.
Transcriptomic contigs similar to Mantle_Proximal v2_idb_67016 were obtained from various L.
stagnalis transcriptomes and aligned to the corresponding genomic contig gLs.1.0.scaf00172. The
genomic contig is indicated by the horizontal black line, the aligned transcripts are indicated by the
boxed sections, white boxes represent UTR region, blue boxes represent coding region. Scale bar
represents 1000 bp.
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A  2-3dpfc 5-6 dpfc
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1 MRWGVCLFVLACALVAEFSQCQITDGYGTDPRHPGHGRGRGEGGRGRGGGRGRGOGRGEWKGHGGPRGGHHVPGELPPGGPSEGPPGEQPAPRYRRDASA
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Additional file 5.15. Spatial expression and molecular features of Lstag-sfc-14. (A) In situ
hybridisation against Lstag-sfc-14 during development and in the fully differentiated adult mantle.
The blue staining indicates the expression across the shell forming tissue in larvae (i-iv, i’-iv’) and
zone three of the adult mantle (v, v'). Each column represents one developmental stage and shows
two perspectives. The developmental stage is indicated in the header. The perspective is indicated
in the lower right corner. v’ shows a magnification of the boxed section in v. Days post first cleavage
(dpfc), lateral (lat.), dorsal (dors.), ventral (ventr.). (B) Protein sequence and schematic
representation of the translated Mantle_Edge v2_Tri_28903. The signal sequence (red), the
repeated motif (blue) and the peptide identified with MS/MS (boxed section) are indicated. (C)
Schematic representation of the gene architecture and splice variation of Lstag-sfc-14.
Transcriptomic contigs similar to Mantle_Edge v2_Tri_28903 were obtained from various
L. stagnalis transcriptomes and aligned to the corresponding genomic contig gLs.1.0.scaf02426. The
genomic contig is indicated by the horizontal black line, the aligned transcripts are indicated by the
boxed sections, white boxes represent UTR region, blue boxes represent coding region. Scale bar
represents 1000 bp.
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Additional file 5.16. Spatial expression and molecular features of Lstag-sfc-15. (A) In situ
hybridisation against Lstag-sfc-15 during development and in the fully differentiated adult mantle.
The blue staining indicates the expression in the periphery of the shell forming tissue in larvae (iv,
iv’) and the adult mantle belt (v, v’). Each column represents one developmental stage and shows
two perspectives. The developmental stage is indicated in the header. The perspective is indicated
in the lower right corner. v’ shows a magnification of the boxed section in v. Days post first cleavage
(dpfc), lateral (lat.), dorsal (dors.), ventral (ventr.). (B) Protein sequence and schematic
representation of the translated Mantle_Edge_v2_CLC_8979. The signal sequence (red) and the
peptide identified with MS/MS (boxed section) are highlighted. (¢) Schematic representation of the
gene architecture and splice variation of Lstag-sfc-15. Transcriptomic contigs similar to
Mantle_Edge_v2_CLC_8979 were obtained from various L. stagnalis transcriptomes and aligned to
the corresponding genomic contig gLs.1.0.scaf01427. The genomic contig is indicated by the
horizontal black line, the aligned transcripts are indicated by the boxed sections, white boxes
represent UTR region, blue boxes represent coding region. Scale bar represents 1000 bp.
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Additional file 5.17. Spatial expression and molecular features of Lstag-sfc-16. (A) In situ
hybridisation against Lstag-sfc-16 during development and in the fully differentiated adult mantle.
The blue staining indicates the expression in the adult mantle belt (v, v’). Each column represents
one developmental stage and shows two perspectives. The developmental stage is indicated in the
header. The perspective is indicated in the lower right corner. v’ shows a magnification of the boxed
section in v. Days post first cleavage (dpfc), lateral (lat.), dorsal (dors.), ventral (ventr.). (B) Protein
sequence and schematic representation of the translated CNS_v2_Tri_113901. The signal sequence
(red) and the peptide identified with MS/MS (boxed section) are indicated.
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Additional file 5.18. Spatial expression and molecular features of Lstag-sfc-17. (A) In situ
hybridisation against Lstag-sfc-17 during development and in the fully differentiated adult mantle.
The blue staining indicates the expression in the periphery of the shell forming tissue in larvae (i-iv,
i’-iv’) and zone four of the adult mantle (v, v’). (v, v'). Each column represents one developmental
stage and shows two perspectives. The developmental stage is indicated in the header. The
perspective is indicated in the lower right corner. v’ shows a magnification of the boxed section in v.
Days post first cleavage (dpfc), lateral (lat.), dorsal (dors.), ventral (ventr.). (B) Protein sequence
and schematic representation of the translated Mantle_Edge_v2_idb_90504. The signal sequence
(red) and the peptide identified with MS/MS (boxed section) are highlighted. (C) Schematic
representation of the gene architecture and splice variation of Lstag-sfc-17. Transcriptomic contigs
similar to _Mantle_Edge_v2_idb_90504 were obtained from various L. stagnalis transcriptomes and
aligned to the corresponding genomic contig gls.1.0.scaf01608. The genomic contig is indicated by
the horizontal black line, the aligned transcripts are indicated by the boxed sections, white boxes
represent UTR region, blue boxes represent coding region. Scale bar represents 1000 bp.
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Additional file 5.19. Spatial expression and molecular features of Lstag-sfc-18. (A) In situ
hybridisation against Lstag-sfc-18 during development and in the fully differentiated adult mantle.
The blue staining indicates the expression in larvae (i-iv, i’-iv’) and zones two, three and four of the
adult mantle (v, v’). Each column represents one developmental stage and shows two perspectives.
The developmental stage is indicated in the header. The perspective is indicated in the lower right
corner. v’ shows a magnification of the boxed section in v. Days post first cleavage (dpfc), lateral
(lat.), dorsal (dors.), ventral (ventr.). (B) Protein sequence and schematic representation of the
translated Mantle_Edge v2_idb_32853. The signal sequence (red), the two conserved
immunoglobulin domains (underlined black and highlighted grey) and the peptides identified with
MS/MS (boxed sections) are indicated. (C) Schematic representation of the gene architecture and
splice variation of the Lstag-sfc-18. Transcriptomic contigs similar to Mantle_Edge_v2_idb_32853
were obtained from various L. stagnalis transcriptomes and aligned to the corresponding genomic
contig gls.1.0.scaf01043. The genomic contig is indicated by the horizontal black line, the aligned
transcripts are indicated by the boxed sections, white boxes represent UTR region, blue boxes
represent coding region. Scale bar represents 1000 bp.
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1 MVSINCLLCGVLLTVCFTALSDAQYYPSFKNELRDIKSRLSQLENFKANISTRFSNAASALFEISPEFRGHRYYLSKKTGNAAIPVSEAICELFGGYLVE
101 INDEGEYRFVONFIRNHTSDFFGVYTGGNDEDHEGTWVYRHSKEPALFLDWTPGQPTNDIDGDCLILLNRNDWRMDDFRCYHVNSDTRFMCEVLY

Additional file 5.20. Spatial expression and molecular features of Lstag-sfc-19. (A) In situ
hybridisation against Lstag-sfc-19 during development and in the fully differentiated adult mantle.
We interpret the staining in juvenile animal to be non-specific background. The blue staining
indicates the expression in zone four of the adult mantle (v, v’). Each column represents one
developmental stage and shows two perspectives. The developmental stage is indicated in the
header. The perspective is indicated in the lower right corner. v’ shows a magnification of the boxed
section in v. Days post first cleavage (dpfc), lateral (lat.), dorsal (dors.), ventral (ventr.). (B) Protein
sequence and schematic representation of the translated Mantle_Edge_v2_idb_42787. The signal
sequence (red), the conserved C-type lectin/C-type lectin-like domain (underlined black and
highlighted grey) and the peptide identified with MS/MS (boxed section) are indicated.
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1 MRMSSQLLAEKHIPSTQACLLHLVTLLAISRLILCOTVNSHCEYLVGAAPSGAPVPGLOLGSPFKIYTKAKVTEVTPGHPIQVTIGPFSQHLNFFNETDF
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Additional file 5.21. Spatial expression and molecular features of Lstag-sfc-20. (A) In situ
hybridisation against Lstag-sfc-20 during development and in the fully differentiated adult mantle.
The blue staining indicates the expression across the shell forming tissue in larvae (i-iv, i’-iv’) and
zone four of the adult mantle (v, v’). Each column represents one developmental stage and shows
two perspectives. The developmental stage is indicated in the header. The perspective is indicated
in the lower right corner. v’ shows a magnification of the boxed section in v. Days post first cleavage
(dpfc), lateral (lat.), dorsal (dors.), ventral (ventr.). (B) Protein sequence and schematic
representation of the translated Mantle_Edge_v2_idb_71081. The signal sequence (red) and the
peptides identified with MS/MS (boxed sections) are highlighted. (C) Protein sequence and
schematic representation of the translated Mantle_Edge_v2_idb_71083. The signal sequence (red)
and the peptides identified with MS/MS (boxed sections) are indicated.
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Additional file 5.22. Spatial expression and molecular features of Lstag-sfc-21. (A) In situ
hybridisation against Lstag-sfc-21 during development and in the fully differentiated adult mantle.
The blue staining indicates the expression in the larval mantle edge (iv, iv’) and zone one, two and
five of the adult mantle (v, v'). Each column represents one developmental stage and shows two
perspectives. The developmental stage is indicated in the header. The perspective is indicated in
the lower right corner. v’ shows a magnification of the boxed section in v. Days post first cleavage
(dpfc), lateral (lat.), dorsal (dors.), ventral (ventr.). (B) Protein sequence and schematic
representation of the translated Mantle_Edge_v2_idb_97925. The signal sequence (red), the
putative catalytic domain of chitin deacetylase-like proteins (underlined black and highlighted
grey) and the peptide identified with MS/MS (boxed section) are indicated. (C) Schematic
representation of the gene architecture and splice variation of Lstag-sfc-21. Transcriptomic contigs
similar to Mantle_Edge_v2_idb_97925 were obtained from various L. stagnalis transcriptomes and
aligned to the corresponding genomic contig gls.1.0.scaf00440. The genomic contig is indicated by
the horizontal black line, the aligned transcripts are indicated by the boxed sections, white boxes
represent UTR region, blue boxes represent coding region. Scale bar represents 1000 bp.
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Additional file 5.23. Spatial expression and molecular features of Lstag-sfc-22. (A) In situ
hybridisation against Lstag-sfc-22 during development and in the fully differentiated adult mantle.
The blue staining indicates the expression in zone five of the adult mantle (v, v’). Each column
represents one developmental stage and shows two perspectives. The developmental stage is
indicated in the header. The perspective is indicated in the lower right corner. v’ shows a
magnification of the boxed section in v. Days post first cleavage (dpfc), lateral (lat.), dorsal (dors.),
ventral (ventr.). (B) Protein sequence and schematic representation of the translated
Mantle_Edge_v2_Tri_283967. The signal sequence (red), the repeated motif (blue) and the peptides
identified with MS/MS (boxed sections) are indicated. (C) Schematic representation of the gene
architecture and splice variation of Lstag-sfc-22. Transcriptomic contigs similar to
Mantle_Edge_v2_Tri_283967 were obtained from various L. stagnalis transcriptomes and aligned to
the corresponding genomic contig gLs.1.0.scaf01583. The genomic contig is indicated by the
horizontal black line, the aligned transcripts are indicated by the boxed sections, white boxes
represent UTR region, blue boxes represent coding region. Scale bar represents 1000 bp.
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Additional file 5.24. Spatial expression and molecular features of Lstag-sfc-23. (A) In situ
hybridisation against Lstag-sfc-23 during development and in the fully differentiated adult mantle.
The blue staining indicates the expression across the shell forming tissue in larvae (i-iv, i’-iv’) and
zones three, four and five of the adult mantle (v, v’). Each column represents one developmental
stage and shows two perspectives. The developmental stage is indicated in the header. The
perspective is indicated in the lower right corner. v’ shows a magnification of the boxed section in v.
Days post first cleavage (dpfc), lateral (lat.), dorsal (dors.), ventral (ventr.). (B) Protein sequence
and schematic representation of the translated Mantle_Edge_v2_Tri_102017. The signal sequence
(red), the repeated motifs (blue) and the peptides identified with MS/MS (boxed sections) are
indicated. (C) Protein sequence and schematic representation of the translated
Mantle_Edge_v2_Tri_102018. The signal sequence (red), the repeated motifs (blue) and the
peptides identified with MS/MS (boxed sections) are indicated.
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Additional file 5.25. Spatial expression and molecular features of Lstag-sfc-24. (A) In situ
hybridisation against Lstag-sfc-24 during development and in the fully differentiated adult mantle.
The blue staining indicates the expression across the shell forming tissue in larvae (i-iv, i’-iv’) and
zone five of the adult mantle (v, v’). Each column represents one developmental stage and shows
two perspectives. The developmental stage is indicated in the header. The perspective is indicated
in the lower right corner. v’ shows a magnification of the boxed section in v. Days post first cleavage
(dpfc), lateral (lat.), dorsal (dors.), ventral (ventr.). (B) Protein sequence and schematic
representation of the translated Mantle_Edge_v2_idb_51055. The signal sequence (red), the
repeated motif (blue) and the peptides identified with MS/MS (boxed sections) are indicated. (C)
Schematic representation of the gene architecture and splice variation of Lstag-sfc-24.
Transcriptomic contigs similar to Mantle_Edge_v2_idb_51055 were obtained from various L.
stagnalis transcriptomes and aligned to the corresponding genomic contig gLs.1.0.scaf00135. The
genomic contig is indicated by the horizontal black line, the aligned transcripts are indicated by the
boxed sections, white boxes represent UTR region, blue boxes represent coding region. Scale bar
represents 1000 bp.
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1  MNVCTIALFGCALVAFSSAQDMTSLMFQAMGIELPPMPPQMPQSLRDHLYPQQQOQRLROOQFQRLRAAAASASLKAKANPYSFPYSATNNLPDKKEPLYS
101 LANRIRQPGDANALSNKDLTPANPYSVSRTASSRNPAVRTAGRPTPQNMEMYRQLROWREQPKRINDAKNAGCKLPVDSAAASVLMFGDCRNPSARFVCQ
201 VEMMTCMNVGLSAMCCPYGMNKLAMDTISYFNKMOHFISEVA

Additional file 5.26. Spatial expression and molecular features of Lstag-sfc-25. (A) In situ
hybridisation against Lstag-sfc-25 during development and in the fully differentiated adult mantle.
The blue staining indicates the expression in the larval mantle edge (iv, iv’) and zone four and five
of the adult mantle (v, v'). Each column represents one developmental stage and shows two
perspectives. The developmental stage is indicated in the header. The perspective is indicated in
the lower right corner. v’ shows a magnification of the boxed section in v. Days post first cleavage
(dpfc), lateral (lat.), dorsal (dors.), ventral (ventr.). (B) Protein sequence and schematic
representation of the translated Mantle_Edge_v2_idb_44802. The signal sequence (red) and the
peptide identified with MS/MS (boxed section) is highlighted.
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1 MRFICCGLLYLVTMVFTCGSSLAEQVPCRTGQSTCTGAESLSVINTTPYCCDPGFNMQWKNELVNGTSKTDCICDRYYYETACIEDRIQCQGATSLASDG
101 ASVRCCKNGDSMNSASTIVNGVRSSYCKCIRYNKPGGMVMNRTPVLSEEQQMLQOLQYWGSLGLLPEEMQAQMSQMORALNPNAGSGGIGQWAMSFFEGL
201 ARGLQQALDPASRTNTTEPRGPNRNRRPINRGAVLNTNVNNNADLPFQPMIAVQONRMORRRQQQONWGGGSFGQSSMTSFNQIPMAPGGQVNTNQSPSG
301 GNAGPTEVNRENTGETEVNRIVNE INNRVK

Additional file 5.27. Spatial expression and molecular features of Lstag-sfc-26. (A) In situ
hybridisation against Lstag-sfc-26 during development and in the fully differentiated adult mantle.
The blue staining indicates the expression across the shell forming tissue in larvae (i-iv, i’-iv’) and
zone five of the adult mantle (v, v’). Each column represents one developmental stage and shows
two perspectives. The developmental stage is indicated in the header. The perspective is indicated
in the lower right corner. v’ shows a magnification of the boxed section in v. Days post first cleavage
(dpfc), lateral (lat.), dorsal (dors.), ventral (ventr.). (B) Protein sequence and schematic
representation of the translated Mantle_Edge v2_Tri_114584. The signal sequence (red), the
repeated motif (blue) and the peptide identified with MS/MS (boxed section) are indicated.
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Additional file 5.28. Spatial expression and molecular features of Lstag-sfc-27. (A) In situ
hybridisation against Lstag-sfc-27 during development and in the fully differentiated adult mantle.
The blue staining indicates the expression across the shell forming tissue in larvae (i-iv, i’-iv’) and
zone five of the adult mantle (v, v’). Each column represents one developmental stage and shows
two perspectives. The developmental stage is indicated in the header. The perspective is indicated
in the lower right corner. v’ shows a magnification of the boxed section in v. Days post first cleavage
(dpfc), lateral (lat.), dorsal (dors.), ventral (ventr.). (B) Protein sequence and schematic
representation of the translated Mantle_Edge_v2_idb_25973. The signal sequence (red), the
repeated motif (blue) and the peptides identified with MS/MS (boxed sections) are indicated. (C)
Protein sequence and schematic representation of the translated Mantle_Edge_v2_idb_25972. The
signal sequence (red), the repeated motif (blue) and the peptides identified with MS/MS (boxed
sections) are indicated.
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A  2-3dpfc adult mantle

B W i | S O T |11 ]
1 MITLTHYFPVIFLVSTWSLSFAQQYYGSQAPPQVYPVQQOQONTAAWRQWYQQQQOQQRQQQOQONAAAQAAYQRQLAAYNAARAAATRQQAPPVTAPQYNSY
101 NKPAAP PAAQYTQOQYQQYYOOQARLPPAQTQANPSY TLRTQQTAPA
201 PATTPPPSTTPASGONPIGSQYNQQSPIQQQONPYQPQPAQSSGYNSYYPPQOPQOQ
301 QYTGQTQPQ! QFQQPSPATENLDPFSSQFDVNGLKPTIFNPHYQBPE
401 NPNEFAGILDQQGYGGQONPPAPANKVDFSAKGPNPIQLNQFLAQPMAPKETNSLSTNLDALLGTLLSSGASLGQQAQSKPKPT

501 TKAPPSPASSLISDRLNDFILGPKPEFRSNAFSEIPTNGAAYDSLNPLAGFMGETPPPPTTTTPAPPGRIGDFLAGE IGVNKELSQPKTTAESFPPNIYM
601 YDFQQTQPATPAPAPQQTNTDLANLGTQDLSALVKKLLGVLAVKRAAAGQG

Additional file 29. Spatial expression and molecular features of Lstag-sfc-28. (A) In situ
hybridisation against Lstag-sfc-28 during development and in the fully differentiated adult mantle.
The blue staining indicates the expression across the shell forming tissue in larvae (ii-iv, ii’-iv’) and
zone five of the adult mantle (v, v’). Each column represents one developmental stage and shows
two perspectives. The developmental stage is indicated in the header. The perspective is indicated
in the lower right corner. v’ shows a magnification of the boxed section in v. Days post first cleavage
(dpfc), lateral (lat.), dorsal (dors.), ventral (ventr.). (B) Protein sequence and schematic
representation of the translated Mantle_Edge_v2_idb_25543. The signal sequence (red), the
repeated motifs (blue) and the peptides identified with MS/MS (boxed sections) are indicated.
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A  2-3dpfc 5-6 dpfc adult mantle

g

1 MMAMMKVSLLVLVCLCSGGHAALYPEQGPTTQSSGAPQVLSQGWSPGVDKVAADTYLOALONLOROFKSIMMSTNEVNLATPPSVRPAPLQWPAFPQKQR
101 QPQOPPPAYPPPRQDPPPGPPPTSSLDSIF!

201 .HSRECSSGGYHPGQLCCDGIVNLIPPGGAQQWACCHKGMYDHTTQVCCGDIPI PRPPKGSPPMLCCGFSLYDPTTHLCCDSFPVPNPTRSLKCCRKQA
301 YDPVHQMCCGEQVKPRPLGQPNMDCCGKHMFNAITHVCCDEGNPYPKSPAMACCGKKQFQPQFQQCCFGDPLPKDVYCMAK

Additional file 5.30. Spatial expression and molecular features of Lstag-sfc-29. (A) In situ
hybridisation against Lstag-sfc-29 during development and in the fully differentiated adult mantle.
blue staining indicates the expression in the larval mantle edge (iv, iv’) and zone four and five of
the adult mantle (v, v’). Each column represents one developmental stage and shows two
perspectives. The developmental stage is indicated in the header. The perspective is indicated in
the lower right corner. v’ shows a magnification of the boxed section in v. Days post first cleavage
(dpfc), lateral (lat.), dorsal (dors.), ventral (ventr.). (B) Protein sequence and schematic
representation of the translated Mantle_Edge_v2_idb_75685. The signal sequence (red), the
repeated motif (blue) and the peptide identified with MS/MS (boxed section) are indicated.
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A  2-3dpfc 5-6 dpfc 27 dpfc adult mantle

7 - -

B ............. PPPPPPVHFSSVHGPLPPPPPSNFVNPPPPPPPPVSLDHVPPPTPLQITPHINFISIPLVEPPPPPPPSKHEAAPPHENVAASDKVA
ADRPAQAEAEALARDKQHDLLDMHQDLVANAPARETPPPPPPPPTPPKAVSAGDLKGLAVDKAADALDIQRDLVAIAKEKEAAAKEAMANLGGGNLFFPG

Additional file 5.31. Spatial expression and molecular features of Lstag-sfc-30. (A) In situ
hybridisation against Lstag-sfc-30 during development and in the fully differentiated adult mantle.
The blue staining indicates the expression across the shell forming tissue in larvae (ii-iv, ii’-iv’) and
zone five of the adult mantle (v, v’). Each column represents one developmental stage and shows
two perspectives. The developmental stage is indicated in the header. The perspective is indicated
in the lower right corner. v’ shows a magnification of the boxed section in v. Days post first cleavage
(dpfc), lateral (lat.), dorsal (dors.), ventral (ventr.). (B) Incomplete protein sequence of the
translated Mantle_Proximal_v2_Tri_90027. The peptides identified with MS/MS (boxed sections)
are indicated.

164



Appendix 1

A  2-3dpfc adult mantle

1 MYAMGGHLGCLLLLALCDSVMGVTAATQRFEADKFLDMLSRSEDPQVAYVDLLAALHKRLRLDPANNTTAASSPVDPGASNPNTMVETAGNCPNAPAKLG
101 [RSTTYTSENKI LGSRAFYQCDAGYNGRSLFVOCMNGGVWSTPSGWEGCKPVDCGSSPPTIVNADISY TTTTFGSMATYTCOPGYKLDNPSANVTCLDTGY
201 WDTATFSCDKVTLPQLDNANLAALGALFGGGGSAGANTNQNPLMAALLKNMOGMPGF PNFPPTSPTPPPTTTPKPTVASRIQIGGFQLPSHLQSLLPNGL
301 SSTQGMRPQDLMTLASVGLGAPNSAAAPRDISQLLSSMHPMS IFGHSMGIGGPPAGTTGAAGGPGAALPPDPEKMAEQREEMMMRAMMANAMKSMMOPRT
401 ATNGTAPAQTSNPAMEMMTLMALQSGLSGGGAAGGGAGAS GELDEMAMMEGEMNPAMLGLGGEEEMGACCLEGCLEGGA

Additional file 5.32. Spatial expression and molecular features of Lstag-sfc-31. (A) In situ
hybridisation against Lstag-sfc-31 during development and in the fully differentiated adult mantle.
The blue staining indicates the expression in the larval mantle edge (iv, iv’) and zone one to five of
the adult mantle (v, v’). Each column represents one developmental stage and shows two
perspectives. The developmental stage is indicated in the header. The perspective is indicated in
the lower right corner. v’ shows a magnification of the boxed section in v. Days post first cleavage
(dpfc), lateral (lat.), dorsal (dors.), ventral (ventr.). (B) Protein sequence and schematic
representation of the translated Mantle_Edge_v2_Tri_9904. The signal sequence (red), the repeated
motifs (blue), the conserved sushi domain (underlined black and highlighted grey) and the peptides
identified with MS/MS (boxed sections) are indicated.
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adult mantle

A  2-3dpfc 3-4 dpfc 5-6 dpfc 27 dpfc
i

]
KILAGLODEIGSLR 0
201 DENAKLREILEKVQEQNRRLRADLDTETMHIEADCLAQ!KTEBA:.E DLL MLELLKPEPIQIRGMDYADFWKSELAKCVREINLAYD KIDLIQODC
301 EAKYASQINQLRSGNVKDGMOLOHSQEEVKKLRGOLODKNAAYAELATRIAS SVLAQLOHLM
401 DAKMSLELEIACYKKLLEGEESRVGLRTLVEQAIGTQSKGSASLKDAIQSSTLRESTGSLTVOR SSKGPIGFASIDHSGGNVVIBNTTQP RAKSQNLKG
501 WKLVKVVGGRNTIEVDLKEIELTAGRTFTLWARGAKDKAAVDNEQVADNFSFGVGTCVWE ATLNAKFSG
I ' 11 1L
cMantlezone1-5 Il lm i L) ll{:
L HHL ———HH
Mantie zone 5 | ] HiHH H
I ' 11 LU
Ceph‘tenl. :. l“l i LA {:
1] HIHH]
i | HiHH HH ]
Ceph.lobe il 1118 & -
i | HHE 1
cNs 1 1] HiHH HH
Buccal mass | i1 HHE HH
oot : ] HHE HH ]
= ] HIHEL )
42 hplc 1 a HiE HH ]

Additional file 5.33. Spatial expression and molecular features of Lstag-sfc-32. (A) In situ
hybridisation against Lstag-sfc-32 during development and in the fully differentiated adult mantle.
The blue staining indicates the expression in larvae (i-iv, i’-iv’) and along the inner and outer
epithelium of the adult mantle (v, v’). Each column represents one developmental stage and shows
two perspectives. The developmental stage is indicated in the header. The perspective is indicated
in the lower right corner. v’ shows a magnification of the boxed section in v. Days post first cleavage
(dpfc), lateral (lat.), dorsal (dors.), ventral (ventr.). (B) Protein sequence and schematic
representation of the translated Mantle_Edge_v2_Tri_206671. The conserved intermediate filament
protein domain (underlined black and highlighted grey) and the peptides identified with MS/MS
(boxed sections) are indicated. (C) Schematic representation of the gene architecture and splice
variation of Lstag-sfc-32. Transcriptomic contigs similar to Mantle_Edge v2_Tri_206671 were
obtained from various L. stagnalis transcriptomes and aligned to the corresponding genomic contig
gLs.1.0.scaf00652. The genomic contig is indicated by the horizontal black line, the aligned
transcripts are indicated by the boxed sections, white boxes represent UTR region, blue boxes
represent coding region. Scale bar represents 1000 bp.
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A  2-3dpfc 5-6 dpfc adult mantle

1 MILKFVSFAVFVQLISGFAFKVEDINLFGVNRRASPENKGTQQLVCKQKPLELGIVLDSSSSIATKDFQTGIKFLODFLOHFDIGPDPNDVRVSIITYGN
101 GTYPDRAFNLNTYRSKEGVISAIGNITHMAGDNTDTGLAIKYMREAQLAKSVVRTGVARVGLVITDGKSQDWLTTNEQSQFARADGITMFAIGVGRSVNK

201 EELIKIAGNESRVTNVSGYDSLKNIINTLADEICI PTTSPPDDTPCCIKKPADVYFV
301 FSQMELGLEATEWTAVFISETIDARDMINGFRYGVISGSCPDDAGFALNAYDNVADIRAWVQSYKNRKLPSLVQNLAARGY TEARGARAGVMKVAVIVAN
401 SGMNLTDLOAEVNKLVADGVKNVFIADPTGKGVSVSGVTILTERLAGQQSNQLVTALCASKENRVML

Additional file 5.34. Spatial expression and molecular features of Lstag-sfc-33. (A) In situ
hybridisation against Lstag-sfc-33 during development and in the fully differentiated adult mantle.
The blue staining indicates the expression in larvae (iij, iv, iii’, iv’) and the adult mantle (v, v’). Each
column represents one developmental stage and shows two perspectives. The developmental stage
is indicated in the header. The perspective is indicated in the lower right corner. v’ shows a
magnification of the boxed section in v. Days post first cleavage (dpfc), lateral (lat.), anterior (ant.),
ventral (ventr.). (B) Protein sequence and schematic representation of the translated
Mantle_Edge_v2_idb_53476. The signal sequence (red), the repeated motif (blue) and the conserved
von Willebrand factor type A domain (underlined black and highlighted grey) and the peptides
identified with MS/MS (boxed sections) are indicated.
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A  2-3dpfc 5-6 dpfc adult mantle

1 MOIYLLGTILLVLAISCRGDPDENIPCTEAQTNYNSCTDEKGYNNCWDLYYQVLGACYSKAWQECAETEHEYFGKGCDRVGEEKDESCDELKEKIGSICT
101 NEWFAGLYETTGATRDVEK

Additional file 5.35. Spatial expression and molecular features of Lstag-sfc-34. (A) In situ
hybridisation against Lstag-sfc-34 during development and in the fully differentiated adult mantle.
The blue staining indicates the expression in larvae (i-iv, i’-iv’). Each column represents one
developmental stage and shows two perspectives. The developmental stage is indicated in the
header. The perspective is indicated in the lower right corner. v’ shows a magnification of the boxed
section in v. Days post first cleavage (dpfc), lateral (lat.), anterior (ant.), ventral (ventr.). (B) Protein
sequence and schematic representation of the translated Mantle_Edge_v2_idb_111997. The signal
sequence (red) and the peptide identified with MS/MS (boxed section) are highlighted.
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Supplementary files Chapter 6

Supplementary S. 6.1: List of all primers used in chapter 6

Lst_c1222_OE_F1
Lst_c1222_OE_R1
pRK793_Gib_F1
pRK793_Gib_R1

pRK793_Gib_c1222_F1

pRK793_Gib_c1222_R1

793+c1222_Gib_F1
793+c1222_Gib_R1
His-MBP-TEVcl_F
His-MBP-TEVcl_R
Gib_His-MBP_F1

Gib_His-MBP_R1

AAAAAACCATGGGACAGTGGCCGACTCAAGGTGG

AAAAAACCATGGCGAAGAGGCTACTGGATGTTT

TAATAAGGATCCTCTAGAGTCGACC

ATGATGATGATGATGATGATGACCTTG

GGTCATCATCATCATCATCATCATCAGTGGCCGACTCAAG
GTGGC

ACTCTAGAGGATCCTTATTAGAAGAGGCTACTGGATGTTT
GGC

CAGTGGCCGACTCAAGGTGGCTTCC

AATCTATGGTCCTTGTTGGTGAAGT

ATGcatcatcatcatcatcatcatATGAAAATCGAAGAAGGTAA

ACCTTGAAAATAAAGATTTTCTCCCCTT

ACCAACAAGGACCATAGATTATGCATCATCATCATCATCA

CCACCTTGAGTCGGCCACTGACCTTGAAAATAAAGATTTT
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Supplementary S. 6.2: Insert and protein sequences of chapter 6

>Lstag-sfc-10
AAAAAACCATGGGACAGTGGCCGACTCAAGGTGGCTTCCCTGGAGGGCAGGGTGGCTTC
CCTGGAAGTCAGGGTGGCTTCCCCGGAGGTCCCGGTGGCTTTCCAGGAGGTCCCGGTGG
CTTCCCCGGAGGTCCCGGTGGCTTTCCCGGAGGCCCTGGCGGCTTTCCCGGGGGTCAAG
GAATGTTCCCTGGACAAGGATTTAATCCACTTTTCGGTAATGGACAACAAGGATTTCCA
CAACAATTCCAACCTCCTCAAATTTTGACCTGTATTGGAACTAACGAGGCCCAAGATCA
TCTAAAAATCACCCTCAGACCCGAGCCAAGCAGTTTCACCTCCCAGAACCCAGCCTTCC
AGTTCGGACAGCCAAGGGAGCTCAACCGTCAAGACTGGAGAATCAGCGCCGTTTACATC
CCCGCCGCCAGCTACGGGGCCATCAGCCCATCAGGCACCAGTTCTCTCGTTGGTCAGTTC
TTCCTCGCCCTGACCCGCTACGGCCGCACTGACGGCAACTGTGCTGGTCTTGGTGGCAT
TCTCCAGAACGATGACCTCATCAACCAAGGGCAACAACCTAGAGGTCAGTTCTCCCAAT
TCAGTAACGGAATGTACGGCCAAACATCATATCCAGCTGGGTTCATCCAAGATCCCATC
GTCATCAGCCAAGGTGGCAACGTCTACTCCGGTGTTGTCAGAGATCTCTCCGAGGCTGA
CCTGAGGGGTCGTGGTGTCGCTATCTGCTTGGACTACTTGTGCCAACGTCCCACTACAA
CCTGCTGCTCTGTGGTCAAAGATTCAGTCCCCGCCACTGAAGTTGTTGGTGCTCCAACC
ATCGGCTCTTACTCAGGAAGTGCACTCCTCTCCGGATCCGGAGCTAAAGCCGGTACTAG
CACCGGAGGAGGTAACCTATTTGGTGGCTCCACCGGCCAAACATCCAGTAGCCTCTTCG
CCATGGTTTTTT

>Lstag-sfc-10
QWPTQGGFPGGQGGFPGSQGGFPGGPGGFPGGPGGFPGGPGGFPGGPGGFPGGQGMFP
GQGFNPLFGNGQQGFPQQFQPPQILTCIGTNEAQDHLKITLRPEPSSFTSQNPAFQFGQP
RELNRQDWRISAVYIPAASYGAISPSGTSSLVGQFFLALTRYGRTDGNCAGLGGILQNDDL
INQGQQPRGQFSQFSNGMYGQTSYPAGFIQDPIVISQGGNVYSGVVRDLSEADLRGRGVAI
CLDYLCQRPTTTCCSVVKDSVPATEVVGAPTIGSYSGSALLSGSGAKAGTSTGGGNLFGGS
TGQTSSSLF

Number of amino acids: 310
Molecular weight: 31552.87 Da
Theoretical pl: 5.78

>Lstag-sfc-10-His
ATGGGACAGTGGCCGACTCAAGGTGGCTTCCCTGGAGGGCAGGGTGGCTTCCCTGGAAG
TCAGGGTGGCTTCCCCGGAGGTCCCGGTGGCTTTCCAGGAGGTCCCGGTGGCTTCCCCG
GAGGTCCCGGTGGCTTTCCCGGAGGCCCTGGCGGCTTTCCCGGGGGTCAAGGAATGTTC
CCTGGACAAGGATTTAATCCACTTTTCGGTAATGGACAACAAGGATTTCCACAACAATT
CCAACCTCCTCAAATTTTGACCTGTATTGGAACTAACGAGGCCCAAGATCATCTAAAAA
TCACCCTCAGACCCGAGCCAAGCAGTTTCACCTCCCAGAACCCAGCCTTCCAGTTCGGAC
AGCCAAGGGAGCTCAACCGTCAAGACTGGAGAATCAGCGCCGTTTACATCCCCGCCGCC
AGCTACGGGGCCATCAGCCCATCAGGCACCAGTTCTCTCGTTGGTCAGTTCTTCCTCGC
CCTGACCCGCTACGGCCGCACTGACGGCAACTGTGCTGGTCTTGGTGGCATTCTCCAGA
ACGATGACCTCATCAACCAAGGGCAACAACCTAGAGGTCAGTTCTCCCAATTCAGTAAC
GGAATGTACGGCCAAACATCATATCCAGCTGGGTTCATCCAAGATCCCATCGTCATCAG
CCAAGGTGGCAACGTCTACTCCGGTGTTGTCAGAGATCTCTCCGAGGCTGACCTGAGGG
GTCGTGGTGTCGCTATCTGCTTGGACTACTTGTGCCAACGTCCCACTACAACCTGCTGC
TCTGTGGTCAAAGATTCAGTCCCCGCCACTGAAGTTGTTGGTGCTCCAACCATCGGCTC
TTACTCAGGAAGTGCACTCCTCTCCGGATCCGGAGCTAAAGCCGGTACTAGCACCGGAG
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GAGGTAACCTATTTGGTGGCTCCACCGGCCAAACATCCAGTAGCCTCTTCGCCATGGGC
CATCATCATCATCATCATCATCATCATCACAGCAGCGGCCATATCGAAGGTCGTCATAT
GCTCGAGGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCG
CTGAGCAA

>Lstag-sfc-10-His
MGQWPTQGGFPGGQGGFPGSQGGFPGGPGGFPGGPGGFPGGPGGFPGGPGGFPGGQGM
FPGQGFNPLFGNGQQGFPQQFQPPQILTCIGTNEAQDHLKITLRPEPSSFTSQNPAFQFG
QPRELNRQDWRISAVYIPAASYGAISPSGTSSLVGQFFLALTRYGRTDGNCAGLGGILQND
DLINQGQQPRGQFSQFSNGMYGQTSYPAGFIQDPIVISQGGNVYSGVVRDLSEADLRGRG
VAICLDYLCQRPTTTCCSVVKDSVPATEVVGAPTIGSYSGSALLSGSGAKAGTSTGGGNLF
GGSTGQTSSSLFAMGHHHHHHHHHHSSGHIEGRHMLEDPAANKARKEAELAAATAEQ

Number of amino acids: 357
Molecular weight: 36743.53 Da
Theoretical pl: 6.48

>MBP-TEVcs-His-Lstag-sfc-10
ATGAAAATCGAAGAAGGTAAACTGGTAATCTGGATTAACGGCGATAAAGGCTATAACG
GTCTCGCTGAAGTCGGTAAGAAATTCGAGAAAGATACCGGAATTAAAGTCACCGTTGA
GCATCCGGATAAACTGGAAGAGAAATTCCCACAGGTTGCGGCAACTGGCGATGGCCCTG
ACATTATCTTCTGGGCACACGACCGCTTTGGTGGCTACGCTCAATCTGGCCTGTTGGCT
GAAATCACCCCGGACAAAGCGTTCCAGGACAAGCTGTATCCGTTTACCTGGGATGCCGT
ACGTTACAACGGCAAGCTGATTGCTTACCCGATCGCTGTTGAAGCGTTATCGCTGATTT
ATAACAAAGATCTGCTGCCGAACCCGCCAAAAACCTGGGAAGAGATCCCGGCGCTGGAT
AAAGAACTGAAAGCGAAAGGTAAGAGCGCGCTGATGTTCAACCTGCAAGAACCGTACT
TCACCTGGCCGCTGATTGCTGCTGACGGGGGTTATGCGTTCAAGTATGAAAACGGCAAG
TACGACATTAAAGACGTGGGCGTGGATAACGCTGGCGCGAAAGCGGGTCTGACCTTCCT
GGTTGACCTGATTAAAAACAAACACATGAATGCAGACACCGATTACTCCATCGCAGAA
GCTGCCTTTAATAAAGGCGAAACAGCGATGACCATCAACGGCCCGTGGGCATGGTCCAA
CATCGACACCAGCAAAGTGAATTATGGTGTAACGGTACTGCCGACCTTCAAGGGTCAAC
CATCCAAACCGTTCGTTGGCGTGCTGAGCGCAGGTATTAACGCCGCCAGTCCGAACAAA
GAGCTGGCAAAAGAGTTCCTCGAAAACTATCTGCTGACTGATGAAGGTCTGGAAGCGG
TTAATAAAGACAAACCGCTGGGTGCCGTAGCGCTGAAGTCTTACGAGGAAGAGTTGGC
GAAAGATCCACGTATTGCCGCCACCATGGAAAACGCCCAGAAAGGTGAAATCATGCCGA
ACATCCCGCAGATGTCCGCTTTCTGGTATGCCGTGCGTACTGCGGTGATCAACGCCGCC
AGCGGTCGTCAGACTGTCGATGAAGCCCTGAAAGACGCGCAGACTAATTCGAGCTCGAA
CAACAACAACAATAACAATAACAACAACCTCGGGATCGAGGGAAGGGGAGAAAATCTT
TATTTTCAAGGTCATCATCATCATCATCATCATCAGTGGCCGACTCAAGGTGGCTTCCC
TGGAGGGCAGGGTGGCTTCCCTGGAAGTCAGGGTGGCTTCCCCGGAGGTCCCGGTGGCT
TTCCAGGAGGTCCCGGTGGCTTCCCCGGAGGTCCCGGTGGCTTTCCCGGAGGCCCTGGC
GGCTTTCCCGGGGGTCAAGGAATGTTCCCTGGACAAGGATTTAATCCACTTTTCGGTAA
TGGACAACAAGGATTTCCACAACAATTCCAACCTCCTCAAATTTTGACCTGTATTGGAA
CTAACGAGGCCCAAGATCATCTAAAAATCACCCTCAGACCCGAGCCAAGCAGTTTCACC
TCCCAGAACCCAGCCTTCCAGTTCGGACAGCCAAGGGAGCTCAACCGTCAAGACTGGAG
AATCAGCGCCGTTTACATCCCCGCCGCCAGCTACGGGGCCATCAGCCCATCAGGCACCA
GTTCTCTCGTTGGTCAGTTCTTCCTCGCCCTGACCCGCTACGGCCGCACTGACGGCAACT
GTGCTGGTCTTGGTGGCATTCTCCAGAACGATGACCTCATCAACCAAGGGCAACAACCT
AGAGGTCAGTTCTCCCAATTCAGTAACGGAATGTACGGCCAAACATCATATCCAGCTGG
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GTTCATCCAAGATCCCATCGTCATCAGCCAAGGTGGCAACGTCTACTCCGGTGTTGTCA
GAGATCTCTCCGAGGCTGACCTGAGGGGTCGTGGTGTCGCTATCTGCTTGGACTACTTG
TGCCAACGTCCCACTACAACCTGCTGCTCTGTGGTCAAAGATTCAGTCCCCGCCACTGA
AGTTGTTGGTGCTCCAACCATCGGCTCTTACTCAGGAAGTGCACTCCTCTCCGGATCCG
GAGCTAAAGCCGGTACTAGCACCGGAGGAGGTAACCTATTTGGTGGCTCCACCGGCCAA
ACATCCAGTAGCCTCTTC

>MBP-TEVcs-His-Lstag-sfc-10
MKIEEGKLVIWINGDKGYNGLAEVGKKFEKDTGIKVTVEHPDKLEEKFPQVAATGDGPD
[TFWAHDRFGGYAQSGLLAEITPDKAFQDKLYPFTWDAVRYNGKLIAYPIAVEALSLIYN
KDLLPNPPKTWEEIPALDKELKAKGKSALMFNLQEPYFTWPLIAADGGYAFKYENGKY
DIKDVGVDNAGAKAGLTFLVDLIKNKHMNADTDYSIAEAAFNKGETAMTINGPWAWS
NIDTSKVNYGVTVLPTFKGQPSKPFVGVLSAGINAASPNKELAKEFLENYLLTDEGLEAV
NKDKPLGAVALKSYEEELAKDPRIAATMENAQKGEIMPNIPQMSAFWYAVRTAVINAAS
GRQTVDEALKDAQTNSSSNNNNNNNNNNLGIEGRGENLYFQGHHHHHHHQWPTQGG
FPGGQGGFPGSQGGFPGGPGGFPGGPGGFPGGPGGFPGGPGGFPGGQGMFPGQGFNPLF
GNGQQGFPQQFQPPQILTCIGTNEAQDHLKITLRPEPSSFTSQNPAFQFGQPRELNRQD
WRISAVYIPAASYGAISPSGTSSLVGQFFLALTRYGRTDGNCAGLGGILQNDDLINQGQQP
RGQFSQFSNGMYGQTSYPAGFIQDPIVISQGGNVYSGVVRDLSEADLRGRGVAICLDYLCQ
RPTTTCCSVVKDSVPATEVVGAPTIGSYSGSALLSGSGAKAGTSTGGGNLFGGSTGQTSSS
LF

Number of amino acids: 712
Molecular weight: 75885.79 Da
Theoretical pl: 5.51

>His-MBP-TEVcs-Lstag-sfc-10
ATGCATCATCATCATCATCATCATATGAAAATCGAAGAAGGTAAACTGGTAATCTGGA
TTAACGGCGATAAAGGCTATAACGGTCTCGCTGAAGTCGGTAAGAAATTCGAGAAAGA
TACCGGAATTAAAGTCACCGTTGAGCATCCGGATAAACTGGAAGAGAAATTCCCACAG
GTTGCGGCAACTGGCGATGGCCCTGACATTATCTTCTGGGCACACGACCGCTTTGGTGG
CTACGCTCAATCTGGCCTGTTGGCTGAAATCACCCCGGACAAAGCGTTCCAGGACAAGC
TGTATCCGTTTACCTGGGATGCCGTACGTTACAACGGCAAGCTGATTGCTTACCCGATC
GCTGTTGAAGCGTTATCGCTGATTTATAACAAAGATCTGCTGCCGAACCCGCCAAAAAC
CTGGGAAGAGATCCCGGCGCTGGATAAAGAACTGAAAGCGAAAGGTAAGAGCGCGCTG
ATGTTCAACCTGCAAGAACCGTACTTCACCTGGCCGCTGATTGCTGCTGACGGGGGTTA
TGCGTTCAAGTATGAAAACGGCAAGTACGACATTAAAGACGTGGGCGTGGATAACGCT
GGCGCGAAAGCGGGTCTGACCTTCCTGGTTGACCTGATTAAAAACATACACATGAATGC
AGACACCGATTACTCCATCGCAGAAGCTGCCTTTAATAAAGGCGAAACAGCGATGACCA
TCAACGGCCCGTGGGCATGGTCCAACATCGACACCAGCAAAGTGAATTATGGTGTAACG
GTACTGCCGACCTTCAAGGGTCAACCATCCAAACCGTTCGTTGGCGTGCTGAGCGCAGG
TATTAACGCCGCCAGTCCGAACAAAGAGCTGGCAAAAGAGTTCCTCGAAAACTATCTGC
TGACTGATGAAGGTCTGGAAGCGGTTAATAAAGACAAACCGCTGGGTGCCGTAGCGCT
GAAGTCTTACGAGGAAGAGTTGGCGAAAGATCCACGTATTGCCGCCACCATGGAAAAC
GCCCAGAAAGGTGAAATCATGCCGAACATCCCGCAGATGTCCGCTTTCTGGTATGCCGT
GCGTACTGCGGTGATCAACGCCGCCAGCGGTCGTCAGGCTGTCGATGAAGCCCTGAAAG
ACGCGCAGACTAATTCGAGCTCGAACAACAACAACAATAACAATAACAACAACCTCGGG
ATCGAGGGAAGGGGAGAAAATCTTTATTTTCAAGGTCAGTGGCCGACTCAAGGTGGCT
TCCCTGGAGGGCAGGGTGGCTTCCCTGGAAGTCAGGGTGGCTTCCCCGGAGGTCCCGGT
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GGCTTTCCAGGAGGTCCCGGTGGCTTCCCCGGAGGTCCCGGTGGCTTTCCCGGAGGCCC
TGGCGGCTTTCCCGGGGGTCAAGGAATGTTCCCTGGACAAGGATTTAATCCACTTTTCG
GTAATGGACAACAAGGATTTCCACAACAATTCCAACCTCCTCAAATTTTGACCTGTATT
GGAACTAACGAGGCCCAAGATCATCTAAAAATCACCCTCAGACCCGAGCCAAGCAGTTT
CACCTCCCAGAACCCAGCCTTCCAGTTCGGACAGCCAAGGGAGCTCAACCGTCAAGACT
GGAGAATCAGCGCCGTTTACATCCCCGCCGCCAGCTACGGGGCCATCAGCCCATCAGGC
ACCAGTTCTCTCGTTGGTCAGTTCTTCCTCGCCCTGACCCGCTACGGCCGCACTGACGGC
AACTGTGCTGGTCTTGGTGGCATTCTCCAGAACGATGACCTCATCAACCAAGGGCAACA
ACCTAGAGGTCAGTTCTCCCAATTCAGTAACGGAATGTACGGCCAAACATCATATCCAG
CTGGGTTCATCCAAGATCCCATCGTCATCAGCCAAGGTGGCAACGTCTACTCCGGTGTT
GTCAGAGATCTCTCCGAGGCTGACCTGAGGGGTCGTGGTGTCGCTATCTGCTTGGACTA
CTTGTGCCAACGTCCCACTACAACCTGCTGCTCTGTGGTCAAAGATTCAGTCCCCGCCA
CTGAAGTTGTTGGTGCTCCAACCATCGGCTCTTACTCAGGAAGTGCACTCCTCTCCGGA
TCCGGAGCTAAAGCCGGTACTAGCACCGGAGGAGGTAACCTATTTGGTGGCTCCACCGG
CCAAACATCCAGTAGCCTCTTC

>His-MBP-TEVcs-Lstag-sfc-10
MHHHHHHHMKIEEGKLVIWINGDKGYNGLAEVGKKFEKDTGIKVTVEHPDKLEEKFPQ
VAATGDGPDIIFWAHDRFGGYAQSGLLAEITPDKAFQDKLYPFTWDAVRYNGKLIAYPI
AVEALSLIYNKDLLPNPPKTWEEIPALDKELKAKGKSALMFNLQEPYFTWPLIAADGGY
AFKYENGKYDIKDVGVDNAGAKAGLTFLVDLIKNIHMNADTDYSIAEAAFNKGETAMTI
NGPWAWSNIDTSKVNYGVTVLPTFKGQPSKPFVGVLSAGINAASPNKELAKEFLENYLL
TDEGLEAVNKDKPLGAVALKSYEEELAKDPRIAATMENAQKGEIMPNIPQMSAFWYAV
RTAVINAASGRQAVDEALKDAQTNSSSNNNNNNNNNNLGIEGRGENLYFQGQWPTQG
GFPGGQGGFPGSQGGFPGGPGGFPGGPGGFPGGPGGFPGGPGGFPGGQGMFPGQGFNPL
FGNGQQGFPQQFQPPQILTCIGTNEAQDHLKITLRPEPSSFTSQNPAFQFGQPRELNRQD
WRISAVYIPAASYGAISPSGTSSLVGQFFLALTRYGRTDGNCAGLGGILQNDDLINQGQQP
RGQFSQFSNGMYGQTSYPAGFIQDPIVISQGGNVYSGVVRDLSEADLRGRGVAICLDYLCQ
RPTTTCCSVVKDSVPATEVVGAPTIGSYSGSALLSGSGAKAGTSTGGGNLFGGSTGQTSSS
LF

Number of amino acids: 713
Molecular weight: 75971.94 Da
Theoretical pl: 5.44
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