














To those who walked this path next to me and without whom this work would not have

been possible. To Catalina.












Abstract

Biominerals of shells, bones and teeth are composits of minerals and organic tissue
components precipitated by organisms. Accordingly, it is very important to understand
(1) the relation between the soft and hard tissues in composite materials of living
organisms, (2) the resulting micro- and nanostructure of the constituting biominerals (3)
and the function of the minerals of the biomineralization epithelial cells in producing
these materials. Brachiopod shells were selected to be the principal subject of this work
as they are major geochemical archives for paleo-environmental reconstruction of sea
water conditions.

The shell of modern brachiopods is secreted by the outer mantle epithelium (OME)
of the animal. Despite several decades of research, it is still unknown how the mineral is
transported from OME cells to the site of mineralization. For brachiopod shells the
biomineralization process was not yet described and often biomineralization of mollusc
shells was used as a reference. In order to understand mineral transport and shell
secretion, we investigated the ultrastructure of OME cells and their spatial relation to
the growing shell for the terebratulide brachiopod Magellania venosa (Chapters 2.1 and
2.2). The animals were chemically fixed and high pressure frozen. We worked with high
resolution panorama images formed of up to 350 TEM images. This ensured a general
overview as well as a detailed description of the ultrastructure of the OME. We found
and described the specific differences between (1) the OME ultrastructure at the
commissure and that at central shell regions as well as (2) differences between areas in
the central region where active secretion takes place and those areas where secretion is
finished. The OME at the commissure consists of several cell layers, while at central
shell regions it is single-layered. It is significantly thinner at the central shell region in
comparison to the commissure. Especially at sites of actively forming calcite fibres,
OME cells are only a few tens of nanometre thin.

Where the mineral deposition takes place, the apical membrane of OME cells is in
direct contact with the calcite of the forming fibre. At these sites the extracellular
organic membrane at the proximal convex surface of the fibre is absent. When mineral
secretion is finished the cells form an extracellular organic membrane which lines the
proximal surface of fibres. The extracellular organic membrane is attached to the apical
cell membrane via apical hemidesmosomes. Tonofilaments cross the cell, connect apical
to basal hemidesmosomes, stabilize the contact between epithelium and fibres and keep
the mantle attached to the shell. Furthermore, communication and cooperation of
neighbouring OME cells could be proved in this work as individual fibres are secreted
by several cooperating cells at the same time (Chapters 2.1 and 2.2).

The extracellular space, the space between the epithelium and the growing fibres, is
either absent or very narrow. Quantitative analysis demonstrated that there are no
significant differences in the volume fraction of vesicles between secreting and non-
secreting regions of the OME. The latter and the extreme reduction in cell thickness at
sites of mineral secretion suggest that for Magellania venosa shells mineral transport to
the sites of mineralization does not occur by transport with organelles such as vesicles
but via ion transport mechanisms through the cell membrane.

For the central shell region the previously discussed data was complemented with
atomic force microscopy (AFM) and electron backscatter diffraction (EBSD)
measurements. In the central region of the shell the fibrous layer is secreted. The fibrous



layer of modern terebratulide brachiopod shells has an overall plywood-like
organization with the basic mineral units, the calcite fibres, being assembled with a
microstructure resembling an ‘anvil-type’ arrangement (Chapter 2.2). The observations
on the TEM images and on etched sample surfaces under AFM lead us to develop a
model for calcite fibre secretion and fibre shape formation for Magellania venosa is
described as a dynamic process coordinated by outer mantle epithelium cells (OME).
The secretion process consists of the following steps: (i) local detachment of epithelial
cell membrane from the organic membrane of previously formed fibres, (ii) onset of
secretion of calcite at these sites, (iii) organic membrane formation along the proximal,
convex side of the forming fibre during achievement of the full width of the fibre, (iv)
start of membrane secretion at the corners of fibres progressing towards the centre of the
fibre, (v) attachment of the cells via apical hemidesmosomes to newly formed organic
membrane, and (vi) suspension of calcite secretion at sites where the proximal, organic
membrane of the calcite fibre is fully developed and the apical cell membrane is
attached to the latter with apical hemidesmosomes.

Thecideide brachiopods are an anomalous group of invertebrates. Their position
within the phylogeny of the Brachiopoda and the identification of their origin is still not
fully resolved. Studies of morphological features such as shell structure and body size
aimed to shed more light on thecideide evolution. However, none of these did provide a
definitive answer, possibly because of their complex and diverse evolutionary track. In
this thesis (Chapter 2.3) we attempt to trace thecideide shell evolution from a
microstructure and texture point of view. We describe for this group of brachiopods the
appearance and disappearance of a variety of calcite biocrystals that form the shells and
trace these from Late Triassic to Recent times. The results and conclusions are based on
EBSD measurements that form the basis of a phylogenetic tree. With this thesis we
present a new phylogenetic hypothesis for the evolution of Thecideida. This is the first
study that links microstructure and texture results gained from EBSD measurements
with phylogenetic analysis and implications derived from phylogenetic evolution.

BSD measurements demonstrated the presence of a large variety of mineral units
within thecideide shells throughout the geological record. With geologic time there is a
progressive loss of the fibrous layer in favour of highly disordered acicular and granular
microstructures. This loss can be seen as a paedomorphic pattern in the complex mosaic
of evolutionary changes characterizing thecideide brachiopods. The Upper Jurassic
species has transitional forms. The shells are composed of stacks of acicles on the
external part of the shell. The fibrous layer is kept only in some regions next to the soft
tissue of the animal. The regularity of biocrystal shape, mineral unit size, and the
strength of calcite co-orientation decreases from the Late Triassic to Recent species.
Even though, since the Upper Jurassic the thecideide shell microstructure shows the
same type of mineral unit morphologies made of (i) nanometric to small granules, (ii)
acicles, (iii) fibres, (iv) polygonal crystals, (v) large roundish crystals. | deduce from my
studies that the change in microstructure and texture of thecideide brachiopods may be
related to the ecological strategy to exploit distinct niches and life styles, in particular
attachment to hard substrates. The clear and well defined microstructure of this
brachiopod group is well distinguishable and can help to unravel the phylogenetic
relationships between different taxa.

Brachiopods are one of the very few marine organism groups which have a
complete fossil record. First species appeared in early Cambrian. The end-Permian
extinction erased the majority of Paleozoic brachiopod taxa and reset taxonomic,
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The work presented in this dissertation was done inside the framework of the
Innovative Training Network (ITN) Programme “Brachiopods As SEnsitive tracers of
gLobal mariNe Environment: Insights from alkaline, alkaline Earth metal, and metalloid
trace element ratios and isotope systems” (BASE-LINE Earth). The research was funded
by the European Commission within the Marie Sktodowska-Curie Actions in Horizon
2020 'European Union Funding Programme for Research and Innovation' (H2020-
MSCA-ITN-2014; REA Grant Agreement No. 643084).

The main objectives of BASE-LINE Earth programme were to gain knowledge on
(1) the link between brachiopod shells (fossil and recent ones) and marine ecology and
biomineralization processes; (2) the pathways and processes of diagenetic alteration; (3)
the reliability of time series for trace element ratios (Mg/Ca, Sr/Ca, Li/Ca, Ba/Ca, B/Ca,
U/Ca) and their isotope systems (e.g. d?®Mg, d***°Ca, ®’Sr/%sr, d®®sr, d>**3Cr, d'Li,
d''B) for the Phanerozoic Ocean (https://www.baseline-earth.eu/research).

The analytical work for my PhD studies was done at the LMU in Munich and at the
University of UIm. The studies performed in Munich were related to the first objective
of the Base-LiNE Earth programme (see above) and involved the study of modern and
living brachiopods: their biological ultrastructure as well as their shell microstructure.
Within the specific scientific objectives we collected information and gained important
knowlegde on the (1) “reliability and sensitivity of carbonate archives to environmental
and compositional change in the adjacent water body” (first, second and fourth
scientific publications) and (2) “the influence of the brachiopod physiology (vital effect)
on biomineralogy, trace element composition and isotope partitioning in their calcitic
shells” (https://www.baseline-earth.eu/research) (first, second and third scientific
publications).

I worked in collaboration with many of the partners and fellows of the ITN (e.g.
GEOMAR Helmholtz Centre for Ocean Research, University of Milano, Institut de
Physique du Globe de Paris) and with other external institutions. The interdisciplinary
concept of BASE-LINE Earth, composed by researchers with very diverse backgrounds,
allowed us to have very rich scientific approaches and discussions when facing the
different scientific topics of our research.
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Chapter 1. Introduction

Organisms precipitate different minerals through biological mineralization and the
products of these processes are called biominerals or biological hard tissue. The relation
between the organics and the hard tissues (the biomineral) is of great importance for
understanding the impact of vital effects on mineral chemistry and mineral morphology.
Out of the 60 different minerals (Table 1.1) in the biosphere that can be produced by
organisms (Lowenstam and Weiner, 1989), we focused our research on the most
abundant one: calcium carbonate (Table 1.2). Biomineralization processes and
biomineralized carbonate hard tissues are the subject of study of this Thesis.

From all the marine organisms that form minerals (e.g. bivalves, gastropods, corals,
echinoderms, coccolithophores) brachiopods play an important role, not only in the
formation of sedimentary sequences, but also as element and isotope archives for ocean
chemistry and paleo-environmental reconstruction.

Brachiopods are bivalved lophophorates, which are sessile marine animals that
mineralize low-Mg calcite (subphylum Rhynchonelliformea and Craniiformea) or Ca-
phosphate (subphylum Linguliformea) shells. Brachiopods exist since the Early
Cambrian, diversified during the Ordovician and are still extant (Carlson, 2016, Harper
et al. 2017). Even though these organisms mostly live in shallow marine waters their
life style is highly diverse. By the end of the Ordovician, brachiopods had already
populated a wide range of marine habitats, had diverse life-styles (from free-living to
cemented), and developed different types of shell morphologies and microstructures
(e.g. Lowenstam 1961, Veizer et al. 1986, Bates and Brand 1991, Grossman et al. 1996,
Carpenter and Lohmann 1995, Peck et al. 1997, Williams 1997, Williams et al. 2000,
Cusack et al. 2001, Samtleben et al. 2001, Peck 2007, Angiolini et al. 2009, Harper and
Drachen 2010, Nielsen et al. 2013, Roark et al. 2015, Carlson 2016, Harper et al. 2017,
Garbelli et al. 2017).

Brachiopod shells consist of two valves connected to each other at the hinge.
Unlike bivalve shells that commonly have a bilateral symmetry, with the hinge located
in the sagittal plane, each brachiopod valve has a mirror plane, the median plane, which
cuts through the valves (Fig. 1.1a-d). Morphologically and crystallographically, the two
valves are not mirror images of each other, as it is the case for many bivalves (see Fig.
1.1a-d and Schmahl et al. 2012). Even if at juvenile stages valves are thinner relative to
adult ones, brachiopod valves have a quite constant thickness along their length. Shell
growth does not occur exclusively at commissural margins, but also takes place along
the inner surface of the shell (Rosenberg et al. 1988, Baumgarten 2013).

The internal structures of brachiopods consist of the lophophore or feeding filter
system separated from the body cavity (visceral area) by the anterior body wall (Fig.
1.1e). Most of the organs (digestive gland, stomach, gonads, heart...) in the coelom or
body cavity are situated on the posterior part, close to the hinge, while the lophophore
occupies the major part of the cavity (Fig. 1.1e). The muscular system holds together
the two valves and it is confined on the posterior region of the organism, close to the
pedicle (Fig. 1.1e). The latter is present in all terebratulide and rhynchonellide
brachiopods and it facilitates the attachment to a hard substrate.
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The dorsal and ventral mantle epithelium/mantle lobe line the two valves internally
(Fig. 1.1e) and are attached to the shell via tonofilaments. The mantle lobe can be
divided into three different parts: the outer mantle epithelium (the epithelium in close
contact to the shell), the middle layer consisting of connective tissue with varying
content of collagen, and the inner mantle epithelium with the cilia.

Table 1.1. Names and chemical compositions of biominerals produced by biologically
controlled mineralization and biologically induced processes (Weiner and Dove, 2003).

Name Formula

Carbonates

Calcite CaCo;

Mg-calcite (Mg,Ca,.,)CO3
Aragonite CaCO;

Vaterite CaCoO;
Monohydrocalcite CaCO3.H,0
Protodolomite CaMg(COs3),
Hydrocerussite Pb3(C0O3),(0OH),
Amorphous Calcium Carbonate (at least 5 forms) | CaCO3.H,O or CaCO;
Phosphates

Octacalcium phosphate CagH»(PO,)s

Brushite CaHPO,.2H,0
Francolite Cayg(POy)eF-
Carbonated-hydroxylapatite (dahllite) Cas(P0,4,C05)5(0OH)
Whitlockite CaygHo(Mg,Fe), ?(PO4),,
Struvite Mg(NH,)(PO,).6H,0O
Vivianite Fe;"(PO,),.8H,0
Amorphous Calcium Phosphate (at least 6 forms) | variable

Amorphous Calcium Pyrophosphate

Ca,P,0;-2H,0

Sulfates

Gypsum CaS0,.2H,0
Barite BaSO,

Celestite SrSO,

Jarosite KFe;"3(S0.),(OH)s
Sulfides

Pyrite FeS,

Hydrotroilite FeS.nH,O
Sphalerite ZnS

Waurtzite ZnS

Galena PbS

Greigite FesS,
Mackinawite (Fe,Ni)oSg
Amorphous Pyrrhotite Fe;,S (x =0-0.17)
Acanthite AQ,S




Table 1.1. Continuation 2/2.

Arsenates

Orpiment AS,S3
Hydrated Silica

Amorphous Silica SiO,.nH,0
Chlorides

Atacamite Cu,CI(OH)3
Fluorides

Fluorite CaF,
Hieratite K,SiFg
Metals

Sulfur S

Oxides

Magnetite Fes0,
Amorphous limenite F*TiO;
Amorphous Iron Oxide Fe,O3
Amorphous Manganese Oxide MnQO,
Hydroxides and Hydrous Oxides

Goethite a-FeOOH
Lepidocrocite v-FeOOH

Ferrihydrite

5F6203'9H20

Todorokite (Mn*?CaMg)Mn;"*0;-H.0
Birnessite NasMn14057-9H,0
Organic Crystals*

Earlandite Cag(CeHs0,),-4H,0
Whewellite CaC204-H20 CaC,0,-H,0

Weddelite CaC,04-(2+X)H,0 (X<0.5)
Glushinskite MgC,0,-4H,0

Manganese Oxalate (unnamed)

Mn,C,0,4-2H,0

Sodium urate CsH3N4NaO;
Uric Acid CsH4N,O5

Ca tartrate C4H,CaOq

Ca malate C,H,Ca0s
Paraffin Hydrocarbon

Guanine CsH3(NH,)N,O

* by the convention of Lowenstam and Weiner (1989)
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Table 1.2. Calcium carbonate biominerals in some organisms, summarized from Mann (2001).

Minerals

Formula

Organisms

Calcite

CaCO3

Coccolithophores
Foraminifera
Trilobites
Mollusks
Crustaceans
Brachiopod
Birds
Mammals

Mg-calcite

(Mg, Ca)CO3

Octocorals
Echinoderms

Aragonite

CaCO3

Scleractinian corals
Mollusks
Gastropods
Cephalopods
Otolith

Amorphous

CaCO3nH20

Crustacean
Plants

Vaterite

CaCO3

Gastropods
Ascidians




Rhynchonellata brachiopod Magellania venosa

%W\\\\\\\ S

POSTERIOR

VENTRAL VALVE

Figure 1.1. (a-d) Comparison of the Rhynchonellata brachiopod Magellania venosa (a and b)
and the Bivalve Venerupis decussate (c and d). The red dashed and diagonal red lines mark the
mirror symmetry planes in both animals. For brachiopods, the mirror plane cuts the valves
perpendicular to the plane defined by the valve commissures when they are closed and cross
from the anterior to the posterior region through the pedicle (a and b). For most bivalves it is the
opposite, the mirror plane is the same as the one defined by the commissures of the closed
valves (a and d). (e) Scheme of a half section of an articulate terebratulide brachiopod (modified
from Harper 2005 by Holmer; original drawn by Lisa Belhage, Geological Museum,
Copenhagen). The dorsal and ventral valves as well as the anterior and posterior region are
indicated. Some of the main internal regions are marked in colour: the mantle epithelium
(yellow), the lophophore (orange), body cavity (green), muscular system (red) and pedicle
(blue). The draws were done by Eloy Manzanero Criado, freelance Palaeoartist.
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There are five extant brachiopod orders: Lingulidae, Craniidae, Rhynchonellidae,
Thecideidae and Terebratulidae. They are highly distinct differing in soft-tissue
anatomy, shell morphology, shell chemistry and shell texture and microstructure. Some
of the differences can be observed not only on the macrometer scale but also on the
micro-, and nanometer scale. Due to the complexity of the characteristics given above,
most studies described the mentioned hierarchical structure for only one species per
study (e.g. Williams 1973, Schmahl 2004, Griesshaber et al. 2007, Cusack and Williams
2007, Perez-Huerta et al. 2007, Goetz et al. 2009, Merkel et al. 2009, Schmahl et al.
2012, Gaspard et al. 2016, Ye et al. 2018a).

An important part of this dissertation refers to thecideid brachiopods, the last
brachiopod order to appear in the fossil record (Carlson, 2016). Thecideide are a very
special group among Brachiopoda. Their position and connections within the
brachiopod phylogeny is still under debate as well as their origin (Williams 1973,
Carlson 2016). They are small bodied animals and live cemented to hard substrates in
cryptic habitats, a life-style and a living environment that contrasts significantly with
most terebratulide and rhynchonellide extant brachiopods (Williams 1973, Carlson
2016, Baumgarten et al. 2013, Ye et al. 2018a, 2018b).



1.1. Biomineralization processes

“The term biomineralization or biological biomineralization defines those processes by which
organisms form minerals”

(Lowenstam and Weiner 1989)

“Biomineralization links soft organic tissues, which are compositionally akin to the atmosphere
and oceans, with the hard materials of the solid Earth. It provides organisms with skeletons and
shells while they are alive, and when they die these are deposited as sediment in environments
from river plains to the deep ocean floor. It is also these hard, resistant products of life which
are mainly responsible for the Earth’s fossil record.”

(Leadbeater and Riding 1986)

“Biomineralization is by definition a multidisciplinary field that draws on researchers from
biology, chemistry, geology, material science, and beyond.”

(L.A. Estroff, 2008)

Through cellular activity organisms convert ions in solution into solid minerals
(Simkiss and Wilbur, 1989). The minerals that result from these processes are called
biominerals, which form minerals when combined with an organic substance. The
presence of the organic component is the main difference to the inorganic mineral
equivalents. However, biominerals as well as inorganic minerals have often defined
morphologies, crystallography, trace elements and isotopic composition. One specific
characteristic of biocomposite materials is that they are highly controlled from nano- to
macrometer scale levels, leading to hierarchical hybrid composite complex structures
with multifunctional properties (Schmahl et al, 2012).

In nature we find an extensive amount of examples of biominerals precipitated by
plants, bacteria, molluscs, brachiopods... Also vertebrates mineralize biominerals, such
as calcium phosphate to produce bones and teeth (Lowenstam and Weiner, 1989).
Biominerals are often adapted to specific functional purposes. Therefore, these minerals
play an important role in many organisms” structures as they give them stability and
mobility [e.g. calcium phosphate in vertebrates skeletons, calcium oxalate in plants
(chlorophyte) (Lowenstam and Weiner, 1989) silicates in algae and diatoms], protection
(e.g. calcium carbonate or calcium phosphate forming shells), tools for living (e.g.
calcium phosphate of vertebrate teeth or calcium carbonate in fish otoliths, magnetite in
magnetotactic bacteria) and many more.

Porter (2011) and Cohen et al. (2011) place the first evidence of biomineral
formation starting at about 750 Mya and Maloof et al. (2010) suggest that around
630 Mya sponge organisms may have formed the first calcite skeletons. However, most
animal lineages started to biomineralize at the end of the Precambrian and at the
beginning of the Cambrian (541 Mya). From this moment on, that many phyla started to
form a huge diversity of biomaterials (Knoll, 2003). Hence, understanding all aspects of
biominerals is important in order to understand better the evolution of life.

About one half of the known biogenic mineral species are silica, iron oxides, metal
sulphides, sulphates and oxalate biominerals. Biominerals with calcium ion as a major
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component comprise the other half of the known biogenic minerals (Lowenstam and
Weiner 1989). This is as a consequence of organisms developing the ability to
manipulate this ion started very early in the evolution of life. Calcium carbonate
minerals are the most abundant biogenic minerals on the Earth in terms of: (1)
quantities produced and (2) the widespread distribution among many different taxa in
combination with proteins and organic polymers such as collagen and chitin
(Lowenstam and Weiner 1989, Vinn, 2013).

Biomineralization processes can be grouped into two different concepts depending
on the degree of biological control (Lowenstam, 1981): “biologically induced”
(Lowenstam 1981) and “organic matrix-mediated”, known as well as “biologically
controlled” biological mineral formation (Mann 1983).

Biologically induced mineralization takes place mainly when microbial metabolic
processes interact with the surrounding environment (Fortin et al. 1997, Braissant et al.
2007 and Decho, 2010). This type of process occurs when the cell surface acts as a
template for mineral nucleation and growth (Weiner and Dove 2003). Within this
concept we can distinguish induced and influenced mineralization. Induced mineral
formation occurs when the biochemical conditions that induce the mineral precipitation,
are the product of microbial activities (Dupraz et al. 2009, Decho, 2010). Influenced
mineral formation refers to the processes where the driving forces for precipitation
come from the passive interaction between the extracellular polymers and the
geochemistry of the environment (Dupraz et al. 2009, Decho, 2010). The degree of
biological control of these systems is still under debate. During the last years many
studies pointed out that induced or influenced biomineralization are not passive
precipitation, showing that the bacteria (including their walls and extracellular
polymeric substances) have a real influence in several aspects of the biomineral
formation (e.g., Lian et al. 2006, Sanchez-Roman et al. 2007, Tourney and Ngwenya,
2009, Shirakawa et al. 2011, Ercole et al. 2012, Oppenheimer-Shaanan et al. 2016, Yin
et al. 2020). The biologically induced mineralization is a common mineralization
concept among the Monera, Fungi and Protista kingdoms (Lowenstam and Weiner
1989) (Fig. 2).

Biologically controlled mineralization was defined by Mann (1983) as a regulated
process, based on genetic predetermination (Simkiss and Wilbur, 1989), that produces
materials with specific biological structures and functions such as shells, bones, teeth.
Due to the high biological control over mineral growth, the understanding of
biologically controlled mineralization is of special interest for materials with
engineering applications (Boskey, 1998, Sarikaya, 1999). This type of mineralization
can be categorized as being either an extra-, inter-, or intracellular process (Lowenstam
and Weiner 1989). Practically all these processes, regardless whether inside or outside
of the cell, occur in an isolated or closed environment (Weiner and Dove 2003). The
mineralization is biologically controlled when the process is organic matrixmediated
and the nucleation, growth and morphology of the deposited mineral is directed by cells
(Weiner and Dove 2003).
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Figure 2. Scheme of biologically induced mineralization modified from Weiner and Dove
(2003).

Intercellular mineralization occurs when the isolated site of mineralization is the
epidermis of the individual (Mann, 2001). It can be found in communities of single-
celled organisms and the processes take place until the mineral fills the intercellular
spaces. It is the surface of a cell or organism that directs the polymorph and shape of the
precipitated biomineral (Weiner and Dove 2003) (Fig 3).
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Figure 3. Scheme of biologically controlled intercellular mineralization modified after Weiner
and Dove (2003).
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Intracellular mineralization occurs when specialized vesicles direct the nucleation
of the biomineral within the cell (Weiner and Dove 2003). This is the case for
echinoderms, coccoliths or some foraminifera and silica mineralizing algae (Fig 4).
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Figure 4. Schemes of biologically controlled intracellular mineralization based on Weiner and
Dove (2003) and Weiner and Addadi (2011).

Extracellular mineralization takes place when the cell secrets an extracellular
organic matrix that us subsequently mineralized (Weiner and Dove 2003). The organic
framework regulates and organizes functions for the biomineral formation (Weiner and
Dove 2003). The transfer of mineral or ions to the extracellular matrix can be done by
(1) active pumps of ions to the site of mineralization (Simks, 1986) or by (2) vesicles,
filled with cations, which are exported through the cell membrane and take precursor
compounds to the organic matrix (Weiner and Dove 2003) (Fig.5).

For this study the process of extracellular mineralization is of major interest as it is
the predominant biological hard tissue forming process for mollusk shells (Gregoire et
al. 1955, Crenshaw 1980, Weiner and Traub 1980, 1984, Falini et al. 1996, Pereira-
Mouries et al. 2002, Weiss et al. 2002, Gotliv et al. 2003, Weiner and Addadi 2011).
For brachiopod shells the biomineralization process was not yet described and often
biomineralization of mollusk shells was used as a reference. Accordingly, the studies of
this thesis aimed to understand, in one hand, how the mineralization in modern
brachiopod shells takes place and, in the other hand, if there is any analogy with the
biomineralization process of mollusc shells.

The classical mechanisms of the extracellular mineralization process are still under
discussion and every new study brings new light for understanding the complexity of
this way of mineralizing shells (e.g. Roer 1980, Aizenberg et al. 1996, Greenaway et al.
1995, Wheatly 1999, 2001, Ziegler et al. 2002, 2004, Politi et al. 2008, Gal et al. 2014,
Weiner and Addadi et al. 2011, Simonet Roda et al. 2019).
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Figure 5. Schemes of biologically controlled extracellular mineralization based on Weiner and
Dove (2003) and Weiner and Addadi (2011).

1.2. Brachiopod shells
1.2.1. Shell secretion

Williams and co-workers investigated shell formation for modern rhynchonellide -
Hemithiris psittacea , Notosaria nigricans, Waltonia inconspicua- and terebratulide -
Laquens californicus, Macandrevia cranium, Megerlia truncata, Terebratalia
transversa, Terebratella inconspicua- (Williams 1953, 1966, 1968a, 1968b, 1973, 1997
and Williams et al. 1997, 2000) brachiopods. The mantle epithelium of brachiopods is
the one in charge of the secretion of the different shell layers, being the “biological
filter” or guide between the sea water and the shell. The area where the mineralization
of the shell takes place is called extracellular space.

According to Williams, TEM and SEM observations show that secretory cells of
the brachiopod epithelium are formed within a ‘generative zone’ of the mantle
epithelium: the mantle groove that separates the inner and outer lobes of the mantle
edge. Williams postulated that the epithelial cells of the mantle lobes act like ‘a
conveyor belt’ (e.g. Williams 1966, 1973, Williams et al. 1997). This model relies on
the notion that the generative zone of the mantle constantly produces new cells and,
therefore, existing cells have to move away. Consequently, Williams suggested
(Williams 1966, 1968, 1997) that mantle epithelial cells are capable of performing many
secretory tasks and secrete all layers of a brachiopod shell: the periostracum, the
extracellular matrix, the calcite of the primary layer, the calcite of the fibrous and that of
the columnar shell layer (Williams et al. 1968b). The energy that is required for
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physiological changes that epithelial cells must perform when switching between the
different secretory tasks was not determined (Williams 1966, 1968).

The fibrous and columnar shell layers of modern rhynchonellide and terebratulide
brachiopods are hybrid composites where an extracellular biopolymer matrix is
mineralized with calcite; both secreted by outer mantle epithelium (OME) cells. The
organic components are formed within the cell or at the apical cell membrane, they
cross through the cell membrane at the side of the shell, and they are released into the
shell as networks of fibrils or as extracellular organic membranes (Simonet Roda et al.
2019b). As mentioned above, the precursor of the mineralized shell can follow two
possible routes of cellular transport: (1) Transport of mineral loaded vesicles that fuse
with the apical cell membrane and deposit their content at the sites of mineralization; or
(2) transport of ions that cross from the cell to the growing shell. Despite many decades
of research, there is still no definitive evidence whether brachiopod shell mineralization
occurs via one or another way. Nevertheless, there is general consensus that there is a
tight cellular control for brachiopod hard tissue formation.

1.2.2. Shell microstructures

Through geological time brachiopods have developed different types of shell
microstructures (Ye et al. 2020). For this dissertation we defined the term
“microstructure” based on electron backscattered diffraction (EBSD) measurements.
This technique allowed us to determine grain morphology, size, mode of co-
orientation/misorientation, co-orientation/misorientation strength and crystallite
orientation based on physical measurements. The term ‘texture’ relates to the orientation
of a crystal within a material while the term ‘microstructure’ is the sum of all grain
sizes, grain morphologies, crystallite co- and misorientations in a given material
(Simonet Roda et al. 2020a).

The studies presented in this dissertation were done on modern and fossil
specimens of brachiopod with calcitic shells. Form the five different extant orders four
(Craniidae, Rhynchonellidae, Thecideidae and Terebratulidae) secrete calcitic shell and
within them terebratulide and rhynchonellide brachiopods are the most abundant.

Modern terebratulide and rhynchonellide brachiopod shells consist of up to four
shell layers: the periostracum situated in the outermost part that is followed inward by
up three mineralized layers: the primary, the fibrous and, in some species, the columnar
layer (Figure 6). Each shell layer has a specific microstructure (e.g. Schmahl et al. 2004,
Schmahl et al. 2008, Griesshaber et al. 2009, Goetz et al. 2009, Goetz et al. 2011,
Schmahl et al. 2012, Gaspard and Nouet 2016, Ye et al. 2018, Simonet Roda 2020b)

(Fig. 6).

For the primary layer, EBSD measurements show that it consists of an array of
interdigitating, irregularly shaped micrometre sized calcite units (Goetz et al. 2011).
According to TEM results of Griesshaber et al. (2009) the non-punctate primary shell
layer of modern brachiopods does not contain organic material. However, as some
organics, e.g. chitin, do not become contrasted by conventional contrasting methods,
some organic components might be present within the primary layer. Going inward,
there is the fibrous shell layer consisting of arrays of calcite fibres. This layer comprises
sub-layers where the stacks of fibres are differently oriented (Merkel et al. 2007,
Schmahl et al. 2008, Griesshaber et al. 2009). In contrast to the primary layer, there are



biopolymers occluded within the fibrous shell layer of brachiopods. The organic
components can be found inside the individual fibres forming a nanometer scale
network of fibrils (Casella et al. 2018). In addition, thick organic membranes line each
fibre at their proximal, convex surface (Simonet Roda et al. 2019b). The specific shape
and way of packing of the fibres implicates their full encasing by organic substance
(Simonet Roda et al. 2019b). In the innermost region of the shell we can find the tertiary
or columnar layer. This layer is characterized by long, thick calcite prims. The upper
part of the columnar layer, adjacent to the fibrous layer, is formed by a band of small
columnar calcite crystals (1-5 um). These crystals compete at growth when increasing
their width as they grow towards the inner part of this layer, forming the large ‘‘pillars”’
(Goetz et al. 2009). In this layer the organic content is minor (Fig. 6).

Thecideide shell microstructure is complicated and rare and “the full taxonomic
potential of shell microstructures remains to be realized” (Baker, 2006, p. 1938).
Nowadays we know that it consists of only one mineralized layer with a heterogranular
microstructure (Simonet Roda et al. 2020a) also called “acicular primary layer”
(Williams, 1997, Williams and Cusack 2007) (Fig. 6). The latter term may be confusing
as it compares it to the common primary layer (the external one and the first to be
secreted during brachiopod growth) of terebratulide and rhynchonellide brachiopods.
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Figure 6. Diagram, based on Williams (1997), Schmahl et al. (2012), and Simonet Roda et al.
(2020), showing the different types of shell microstructures of modern terebratulide,
rhynchonellide and thecideide brachiopods.

The description and name of the thecideide shell microstructure was classically
done under the frame of the primary shell layer. It was named as the “subclass” primary
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acicular layer, pointing out the presence of acicular crystallites (Figure 6, Williams,
1973 and 1997). Recent studies redefine the thecideide microstructures by comparing
the shell of modern and fossil specimens with the common primary layer of
terebratulides (Simonet Roda et al., 2020a and 2020b). These studies define the
microstructure as a non-primary heterogranular microstructure where bigger crystals
with different morphologies — acicular, poligonal, roundish and granular - are embedded
in a matrix of nanocrytallites. The organic material within the shell is very abundant and
follows the growth lines that are often perpendicular to the longitudinal axis of the
acicular crystallites (Simonet Roda et al., 2020a).

secondary fibre

puncta ke rhombic block

puncta

acicular crytallite T——
granular calcite

Figure 7. Diagram from Williams (1973) showing a sectioned block of the shell of the
thecideide genus Thecidellina x 640 magnification. In the scheme we can observe some of the
characteristic features of the thecideide microstructure. The puncta in this genus has an average
diameter of 25 pm.

Theicideids show a particular evolution of their shell microstructure which involves
the progressive loss of the secondary fibrous layer - which became restricted to isolated
patches mainly on the brachiopods teeth - in favour of an “acicular” microstructure
starting from the Jurassic-Cretaceous (e.g. Baker 2006, Williams and Carlson 2007,
Simonet Roda et al. 2020a). Baker 2006 clarifies that the loss of the fibrous fabric as an
evolutionary change occurred at different rates among the different Thecideid
subfamilies. In the Lacazellinae and Thecideinae, the fibres are suppressed by the Late
Jurassic but in the Thecidellininae they are persisting up to the Cretaceous (Baker
2006).



1.2.3. Importance for the scientific realm and other science disciplines

The interest of marine invertebrate shells is wide, comprising different scientific
fields. For Earth scientist they are very useful tools for understanding the evolution of
the water masses. The sea water conditions will be reflected to some extent in the
calcitic shells of marine organisms as it is the environment where they live and grow.
This makes them to be very important archives for reconstruction of paleo-
environments and climates as well as of ocean and sea water conditions (e.g. Rowell
and Grant 1987, Carpenter and Lohmann 1995, Grossman et al. 1996, Veizer et al.
1999, Brand et al. 2003, Parkinson et al. 2005).

The combination of mineral and organic components gives them some advantages
relative to inorganic materials, such as strength and flexibility (e.g. Griesshaber et al.
2005, Schmahl et al. 2012). These properties make biominerals very interesting for
medical and material sciences. Understanding the biomineralization processes and
natural biomaterials leads to a better approach in mimicking the processes in laboratory
to create similar materials. Within the last decades biominerals have been used as model
systems for new synthetic biomimetic materials (e.g. Sarikaya,1994, and Sarikaya,
2002, Mayer, 2005, Nindijasari et al. 2015, Greiner et al. 2018, Yin et al. 2019). The
development of new biomimetic materials is of great importance for pharmaceutical and
medical applications (e.g. Jackson et al. 1988, Saenz et al. 1999, Kamat et al. 2000,
Queiroz et al. 2001, Srivastav 2011, Rezaie et al. 2015, Devi et al. 2017, Khan and Chen
2019).

“Consequently, biomineralization involves biologists, chemists, and geologists in
interdisciplinary studies at one of the interfaces between Earth and life.”

(Leadbeater and Riding 1986)
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Chapter 2. Results and Discussion

2.2. Terebratulide brachiopod shell biomineralization by
mantle epithelial cells
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2.1. Terebratulide brachiopod shell biomineralization by
mantle epithelial cells

Simonet Roda M.* (1), Ziegler A. (2), Griesshaber, E. (1), Yin X. (1), Rupp U. (2), Greiner M.
(1), Henkel D. (3), Haussermann V. (4), Eisenhauer A. (3), Laudien J. (5), and Schmahl W. W.
1

! Department of Earth and Environmental Sciences, LMU, 80333 Miinchen, Germany

2 Central Facility for Electron Microscopy, University of Ulm, 89069 Ulm, Germany

® Marine Biogeochemistry/Marine Systems, GEOMAR Helmholtz Centre for Ocean Research, 24148
Kiel, Germany
* Pontificia Universidad Catélica de Valparaiso, Facultad de Recursos Naturales, Escuela de Ciencias del
Mar, Avda. Brasil 2950, Valparaiso, Chile and Huinay Scientific Field Station, Puerto Montt, Chile
> Alfred-Wegener-Institut Helmholtz-Zentrum fiir Polar- und Meeresforschung, 27568, Bremerhaven,
Germany

*Corresponding author: simonet@Irz.uni-muenchen.de

Abstract

To understand mineral transport pathways for shell secretion and to assess differences in
cellular activity during mineralization, we imaged with TEM and FE-SEM ultrastructural
characteristics of outer mantle epithelium (OME) cells. Imaging was carried out on Magellania
venosa shells embedded/etched, chemically fixed/decalcified and high-pressure frozen/freeze-
substituted samples from the commissure, central shell portions and from puncta. Imaging
results are complemented with morphometric evaluations of volume fractions of membrane-
bound organelles.

At the commissure the OME consists of several layers of cells. These cells form oblique
extensions that, in cross-section, are round below the primary layer and flat underneath fibres.
At the commissure the OME is multi-cell layered, in central shell regions it is single-cell
layered. When actively secreting shell carbonate extrapallial space is lacking, because OME
cells are in direct contact with the calcite of the forming fibres. Upon termination of secretion,
OME cells attach via apical hemidesmosomes to extracellular matrix membranes that line the
proximal surface of fibres. At the commissure volume fractions for vesicles, mitochondria and
lysosomes are higher relative to single-cell layered regions, whereas for endoplasmic-reticulum
and Golgi apparatus there is no difference.

FE-SEM, TEM imaging reveals the lack of extrapallial space between OME cells and
developing fibres. In addition, there is no indication for an amorphous precursor within fibres
when these are in active secretion mode. Accordingly, our results do not support transport of
minerals by vesicles from cells to sites of mineralization, rather by transfer of carbonate ions via
transport mechanisms associated with OME cell membranes.

Keywords: transcellular ion transport, ultrastructure, amorphous calcium carbonate,
ACC, isotope fractionation, marine invertebrates



2.1.1 Introduction

Brachiopods are shell-forming sessile marine invertebrates that have existed from
the Early Cambrian and are still extant (e.g. Lowenstam, 1961, Veizer et al., 1986, Peck
et al. 1997, Samtleben et al., 2001, Carlson 2016, Cross et al. 2018). They mineralize
low-Mg calcite or Ca-phosphate shells and populate a wide range of marine habitats
(e.g. Bates and Brand, 1991; Grossman et al., 1996; Carpenter and Lohmann, 1995;
Williams et al. 2000, Cusack et al. 2001; Peck 2007; Angiolini et al., 2009; Lee et al.
2011; Roark et al., 2015; Garbelli et al., 2017; Temereva and Kuzmina 2017).

Brachiopod shells consist of two valves that are connected to each other at the
hinge. Unlike mollusc shells each brachiopod valve has a mirror plane, the median
plane, that cuts through the valves. The two valves are not mirror images of each other.
Brachiopod valves have a quite constant thickness along their length. As juvenile valves
are thinner relative to adult ones, valve growth does not occur exclusively at
commissural margins, it takes also place along inner shell surfaces (Rosenberg et al.
1988, Baumgarten 2013).

Modern terebratulide and rhynchonellide brachiopod shells consist of up to four
shell layers: the outermost periostracum that is followed inward by up to three
mineralized layers: the primary, the fibrous and, where developed, the columnar layer.
Each shell layer has a specific microstructure (e.g. Schmahl et al. 2004, Griesshaber et
al. 2007, Schmahl et al. 2008, Griesshaber et al. 2009, Goetz et al. 2009, Goetz et al.
2011, Schmahl et al. 2012, Gaspard and Nouet 2016, Ye et al. 2018a, 2018b, Simonet
Roda et al. 2019). EBSD measurements show that the primary layer consists of an array
of interdigitating, irregularly shaped micrometre sized calcite units (Goetz et al. 2011).
Organic substance is not incorporated within the primary layer (Griesshaber et al. 2009).
Arrays of calcite fibres form the proximal part of both brachiopod valves. EBSD results
prove that the fibrous shell portion consists of sub-layers. The latter are formed of
differently oriented stacks of parallel calcite fibres (Merkel et al. 2007, Schmahl et al.
2008, Griesshaber et al. 2009). In contrast to the primary layer, in the fibrous shell layer
biopolymers are incorporated and are developed as membranes or fibrils (Casella et al.
2018a, Simonet Roda et al. 2019). A thin network of fibrils exists within each fibre
(Casella et al. 2018a, 2018b), while organic membranes separate adjacent calcite fibres
(Williams 1966, 1968a, 1968b, 1997). The membranes are secreted only onto the
proximal, convex side of the fibres and are not fully encasing them (Simonet Roda et al.
2019). The specific shape and mode of packing of the fibres implicates that they are
enveloped by organic substance.

The calcite fibres in modern brachiopods are single crystals (Schmahl et al., 2004,
2008, 2012, Griesshaber et al. 2007, Goetz et al. 2009, Ye et al. 2018a, 2018b). Mild
selective etching of these biocrystals produces nanoscale surface morphologies that do
not reflect a simple inorganic rhombohedral calcite crystallography, but instead give the
appearance of a nanoparticulate mesocrystalline structure consisting of globular units in
the 50-100 nm size range (Cusack et al. 2008, Schmahl et al. 2008, 2012, Simonet Roda
et al. 2019). For nacre tablets of the gastropod Phorcus turbinatus Macias-Sanchez et al.
(2017) described as well a globular appearance of the mineral units. However, the
authors demonstrated that granularity of the biomineral is not related to the secretion
process, but is rather the consequence of the transformation from the precursor to the
crystallized mineral. According to Macias-Sanchez et al. (2017) transformation to
aragonitic nacre in Phorcus turbinatus takes place via an interface-coupled dissolution-
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reprecipitation mechanism, where, in the presence of water, the original structure of the
amorphous mineral is reshaped by the regrowth of the newly-formed crystalline phase.
This induces the globular appearance of the crystallized carbonate biomaterial.

Modern rhynchonellide (Notosaria nigricans, Calloria inconspicua, Hemithiris
psittacea) and terebratulide (Laquens californicus, Macandrevia cranium, Megerlia
truncata, Terebratalia transversa, Terebratella inconspicua; Williams 1966, 1968a,
1968b, 1997, Williams et al. 2000) brachiopod shell formation was investigated by
Williams and co-workers. From TEM and SEM observations the authors deduced a
model for shell secretion and proposed that secretory cells of brachiopods are formed
within a ‘generative zone’ of the mantle epithelium: the mantle groove. The latter
separates the inner and outer lobes of the mantle edge. Williams postulated (e.g.
Williams 1966) that epithelial cells of the mantle lobes move like ‘conveyor belts’. This
idea relies on the notion that the generative zone of the mantle epithelium constantly
produces new cells, hence, existing cells need to make space and to move away. In
agreement with the ‘conveyor belt’ idea, Williams postulated (Williams 1966, 1968a,
1968b, 1997) that epithelial cells are capable of performing many secretory tasks and,
hence, to secrete all layers of a brachiopod shell: the periostracum, the calcite of the
primary layer, the extracellular matrix, the calcite of the fibrous layer and the calcite and
extracellular matrix of the columnar shell layer. However, the impetus that is required
for the physiological changes that brachiopod epithelial cells must undergo when
switching between the many and very different secretory tasks is up to now not
determined.

The fibrous and columnar shell layers of modern rhynchonellide and terebratulide
brachiopods is a hybrid composite where an extracellular biopolymer matrix is
reinforced by calcite. Both material components are secreted by outer mantle epithelium
(OME) cells. The organic component is formed within the cells: biopolymers are
packed into organelles; these fuse with the apical OME cell membrane and release their
content to the shell (e.g. Rothman and Wieland 1996, Bonifacino and Glick 2004). For
the mineral component two routes of transport from the cell to the site of mineralization
might be possible: (1) Transport of material as ions that cross through the cell to the
sites of mineralization, or (2) transport of mineral loaded intracellular vesicles that fuse
with apical cell membranes and deposit their content at sites of active shell secretion.
Despite many decades of cell biological and biochemical research, up to now, there is
no definitive evidence whether brachiopod shell mineralization occurs via mineral filled
vesicles or by membrane-protein-aided ion transport. Nonetheless, there is general
consensus that hard tissue formation occurs under tight cellular control.

Accordingly, the focus of this study is the investigation of brachiopod shell
mineralization, in particular, calcite fibre secretion in modern terebratulide brachiopod
shells. We started our work with the hypothesis that brachiopod calcite is formed by
aggregation of ACC nanoparticles, which are exocytosed by epithelial cells, attach to
the developing fibre and crystallize in-situ. Therefore, we conducted an ultrastructural
study of outer mantle epithelium (OME) cells that are in direct contact with the growing
shell at: (i) the commissure, (ii) central valve sections, and (iii) at and within
endopuncta. We describe and visualize ultrastructural differences of the OME at the
above mentioned shell regions, substantiate these with quantitative morphometric data
of organelle distribution patterns in epithelial cells and propose a conceptual model for
mineral transport from OME cells to the sites of calcification. Our starting working
hypothesis was not substantiated by our results.



In a broader perspective, we aim with this study for shelled organisms for an up to
date understanding of material transport from epithelial cells to the sites of hard tissue
formation. This is not only of major importance from a biomineralization perspective.
As modern and fossil brachiopods are proxies for climate dynamics and environmental
change, it is essential to assess and to evaluate physiological mechanisms that induce
fractionation of shell forming isotopes and elements (e.g. Wefer and Berger 1991, Bates
and Brand 1991, Auclair et al. 2003, Parkinson et al. 2005, Brand et al. 2011). As it has
been shown for corals and coccolithophorides, fractionation might arise as a
consequence of the mode of material transport to the sites of mineral formation, which
is either by ion or by vesicular transport or is possibly a combination of both (e.g. B6hm
et al. 2006, Langer et al. 2007, Mejia et al. 2018).

2.1.2. Materials and methods

Materials

In this study we investigated the terebratulide brachiopod Magellania venosa. The
animals were obtained from Comau Fjord, southern Chile. The brachiopods were taken
from 21 meters depth, from waters with an average water temperature of 11 °C and
30.3%o salinity.

Great care was taken that the investigated animals secreted shell material up to the
very start of sample preparation. A stock of 150 to 200 brachiopods were transported
live from Comau Fjord, Chile, to GEOMAR, Kiel, Germany, where they were kept in
aquaria for three and a half years. In 2018 the brachiopods were transferred to aquaria at
AWI in Bremerhaven, Germany, and are still living there today. The brachiopods that
were selected for this study lived in the aquaria for more than 6 months prior to the start
of sample preparation and had, thus, enough time to adjust to the new living conditions.
Within the aquaria the brachiopods were monitored constantly with infrared cameras for
observing them opening and closing their valves. Dead animals were discarded
immediately. The aquaria were checked for dead animals twice a week.

Brachiopods that we investigated in this study had their valves open. We regard this
as a sign that they were constantly filtering, hence feeding and actively secreting shell
material. Magellania venosa is a fast growing brachiopod. Shell secretion was also
checked with the measurement of an increase in shell size, the latter was checked every
three months. The brachiopods adopted well to their new living conditions as they
spawned twice per year. Prior to transfer into the fixation solution or preparation for
high-pressure freezing it was checked whether the investigated specimens were still
alive by having them open and close their valves. Animals that were chemically fixed
had a longitudinal axis length between 5 and 7 millimetres. Brachiopods that were used
for high-pressure freezing had a longitudinal axis length of about 4-5 millimetres.
According to Baumgarten et al. (2013), the Magellania venosa specimens of the size we
used in our study are still juveniles and, thus, have a higher shell growth rate than
adults. We investigated in this study eight Magellania venosa specimens.

Methods

Chemical fixation and decalcification

For transmission and scanning electron microscopical imaging of the organic phase
within the hard tissue and the ultrastructure of mantle epithelial cells we fixed 20 shell
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pieces that were taken from central shell portions and from the commissure of both
valves. All 20 shell pieces contained shell material and adjacent OME. We followed
fixation procedures described in Karnovsky 1965 and Seidl and Ziegler 2012. In order
to assure best fixation results of the soft tissue we checked the effect of two fixation
solutions. The difference between the two fixation solutions was given by the used
concentrations of paraformaldehyde and glutaraldehyde. Fixation solution A was
prepared by mixing equal volumes of filtered seawater from the culture of Magellania
venosa containing 2% paraformaldehyde and 2% glutaraldehyde with a solution of 0.35
mol L™ saccharose and 0.17 mol L™ NaCl in 0.2 mol L™ Na-cacodylate buffer (pH 7.7).
Fixation solution B was prepared in the same way, however, with higher concentrations
of paraformaldehyde (3.2%) and glutaraldehyde (4%) in the filtered seawater. The
quality of soft tissue preservation was checked in TEM at 8000 times magnification. We
did not find any difference in structure preservation, irrespective which solution was
used. Ocassionally we found the OME ruptured or/and slightly detached from the shell.
We attribute these features to mechanical impact at shell dissection. These samples were
investigated (cut and imaged with FE-SEM and TEM) as well, but were not taken into
account for the interpretation of our results. All 20 shell pieces (containing hard and soft
tissue) were fixed for 17 hours at 4 °C.

Of the 20 specimens, 8, taken from both valves, were decalcified for 14 days in a
solution containing 0.25 mol L™ HEPES, 0.05 mol L*EDTA and 1% glutaraldehyde
(Fabritius et al. 2005, Seidl and Ziegler 2012). The simultaneous decalcification and
fixation ensures that the organic matrix emerges slowly, is exposed to the solution and
is immediately fixed by aldehyde. Subsequent to decalcification the samples were
washed three times with 0.1M Na-cacodylate buffer (7.7 pH) and postfixed in the same
buffer for one hour containing 1% 0sO,4 and 0.9% K;Fe(CN)s-3H,0. After washing
with bi-distilled water the samples were dehydrated in an ascending series of
isopropanol solutions (30, 50, 70 and 90%) and were contrasted with 2% uranyl acetate
(in 100 % ethanol for 30 minutes, washed 3 times for 30 minutes each in 100%
isopropanol and two times for 5 minutes in propylenoxid).

Finally all 20 shell pieces were embedded in EPON resin and were cut with an
ultramicrotome for imaging in TEM and FE-SEM as thin sections or as block-faces,
respectively.

High-pressure freezing and freeze-substitution

High-pressure freezing enhances significantly the quality of morphological
preservation of soft tissue samples for electron microscopical observation (Giddings
2003). Magellania venosa not larger than 6 mm in length were dissected in the seawater
of the culture. Pieces of shell with the mantle epithelium attached to the shell were cut
from the commissure and the central shell portion of both valves. Samples were
transferred to hexadecane and placed in aluminium planchets with an outer diameter of
3 mm and a 200um deep cavity, and covered with the flat side of another planchet.
Samples were then high-pressure frozen with a Wohlwend HPF Compact 01 high-
pressure freezer within 30 ms at a pressure of 2.3 x 10° Pa.

Some of the high-pressure frozen samples were, in addition, subsequently freeze-
substituted. The substitution medium enhances further ultrastructural features of
biological soft tissues (Walther and Ziegler 2002). The planchet sandwiches were
opened and freeze-substituted overnight in 0.2% OsQ,4, 0.1% uranyl acetate and 5%



H.O in acetone from -90°C to 20°C following the protocol described in Walter and
Ziegler, 2002. Finally, the samples were embedded in EPON resin and cut by using a
diamond trimming knife (Diatome,) and a Reichert Ultracut ultra microtome.

In a further procedure some of the high-pressure frozen, freeze-substituted and
EPON embedded samples were decalcified for two weeks with 0.25 mol L™ HEPES,
0.05 mol L?EDTA. The samples were then re-embedded in EPON. This procedure
facilitated better thin sectioning for TEM imaging.

In order to visualize simultaneously epithelial cells, organic matrices and shell
mineral with FE-SEM we used chemically fixed but non-decalcified as well as high-
pressure frozen and freeze-substituted samples, all of them embedded in EPON resin.
Samples were mounted on 3 mm thick cylindrical aluminium rods using super glue,
were cut (Reichert Ultracut ultramicrotome) with glass and polished with diamond
knifes (Diatome). Samples were then coated with 4 nm of carbon and imaged with a
Hitachi S5200 FE-SEM. After imaging the carbon layer was removed, sample surfaces
were re-polished, etched and fixed simultaneously for 40 seconds with a solution
containing 0.1 M HEPES (pH = 9.0) and 2.5 % glutaraldehyde. Samples were then
treated with 100 % isopropanol 3 times for 10 seconds each and critical point dried in a
BAL-TEC CPD 030 devise. After coating with 4 nm carbon the dried samples were
imaged again with a Hitachi S5200FE-SEM.

Sample preparation for microstructure characterisation

Electron Backscatter Diffraction (EBSD) measurements were done on even
surfaces of high-pressure frozen and freeze-substituted samples, embedded in EPON
resin. The used sample preparation for high-pressure freezing, freeze-substitution and
embedding in EPON is described in the sections above. For the required even surfaces,
samples were cut and polished with a diamond microtome knife and were subsequently
coated with 4-6 nm of carbon.

Transmission electron microscopy

Ultrathin 60 nm thick sections were cut from chemically fixed and high-pressure
frozen and freeze-substituted and decalcified samples using a diamond knife and an
ultramicrotome. The sections were placed on carbon stabilized Formvar-coated copper
hole grids and stained with 0.3% lead citrated.

A Zeiss 912 TEM equipped with an Omega energy filter, a goniometer stage and a
2k x 2k pixel camera was used to image the sections at 8000 times magnification and
120 kV acceleration voltage using only elastically scattered electrons. To screen a large
area of the outer mantle epithelium at high resolution, up to 60 panorama images were
recorded at rectangular grids, each of these containing between 250 and 300 high-
quality individual images. These were then aligned using the TRS software and formed
the composite panorama images. Up to 20 composite images were used for structural
and numerical analysis.

Field emission scanning electron microscopy

Non-decalcified animals were chemically fixed as a whole (Fabritius and Ziegler
2003, Fabritius et al., 2005) . Small pieces of the shell were embedded in EPON resin
and knife polished with successively advancing the knife to the surface of the sample to
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70, 40, 20, 10 and 5 nm, repeating each polishing step 15 times. Samples were mounted
on aluminium holders using self-adhesive carbon pads and conductive glue and were
coated with 4 nm of carbon using a BAF 300 BAL-TEC coating mashine. Samples were
analysed with a Hitachi S5200 field emission scanning electron microscope (FE-SEM)
using the converted backscattered electron signal to obtain so called composite rich
images (Walther, 2008) with 20 pA emission current and 4kV acceleration voltage in
analysis mode of the microscope. Secondary electrons from the sample were suppressed
by 100% so that only the backscatter electron signal was used for imaging.

Electron backscatter diffraction

EBSD measurements were carried out on a Hitachi SU5000 field emission SEM,
equipped with an Oxford EBSD detector. The SEM was operated at 15 to 20 kV and
measurements were indexed with the CHANNEL 5 HKL software. In this study crystal
orientation information is presented with band contrast measurement, colour-coded
crystal orientation images and corresponding pole figures. EBSD band contrast
represents the pattern quality of the EBSD-Kikuchi diffraction pattern, where a strong
EBSD signal yields a bright image point when a crystal is scanned. An absent signal
results from organic material or the presence of amorphous mineral. Co-orientation
statistics are derived from pole figures obtained from EBSD scans. A measure of crystal
co-orientation is given by the MUD value, a value defined as the multiple of uniform
(random) distribution. Thus, high MUD values indicate a high crystal co-orientation,
whereas low MUD values reflect a low to random co-orientation, respectively. For
further information see Griesshaber et al. 2013, Griesshaber et al. 2017, Casella et al.
2018a, 2018c.

Morphometry

In this study we aim for a comprehensive understanding of the ultrastructure of
OME cells that are in close contact with the growing shell. We investigate the relation
between OME cells and actively secreted calcite fibres. Accordingly, our intention was
to image large portions of the OME with very high quality TEM and SEM images and
perform a statistical evaluation of organelle distribution patterns for a large portion of
the OME. To achieve the latter we recorded 60 TEM panorama images. Each panorama
image covered both, shell calcite and OME cells and consisted of 250 and 300
individual very high-quality TEM images. The individual TEM images were aligned to
each other and formed the TEM panorama images. Of these 60 panorama images we
selected 18 for numerical analysis. Of the 18 panorama images we selected 48 areas of
interest, with each area of interest covering many OME cells depicted in very high
resolution. The statistical evaluation was performed for two animals. We did not
perform the statistical evaluation in 3D, as the intention was to cover large portions of
the OME. A 3D statistical evaluation is carried out currently in a further study. OME
volumes are selected on the basis of our imaging and statistical results obtained from
the 2D statistical evaluation.

Throughout this study we compare for the central shell region two types of outer
mantle epithelia:



OME that is connected by hemidesmosomes within the apical OME cell membrane
to the extracellular organic membrane lining at the proximal convex surface of the
fibres. We use the abbreviation cr-a: central shell region with OME - attached.

OME where both the extracellular organic membrane at the convex proximal side
of the fibres as well as the apical hemidesmosomes are absent. In this case the apical
cell-membrane delineates the compartment into which the cell secretes all components
of the shell-forming mineral. We use the abbreviation cr-s: central shell region with
OME - secreting. For further description see Simonet Roda et al. (2019). These two
epithelia alternate at about the cross-sectional size scale for a calcite fibre, i.e. at about
7-9 micrometres.

We also examined the thin epithelium at the puncta (pt) and regard it as an
epithelium that is not involved in mineral secretion. We consider the epithelium at and
within the puncta as a reference the secreting epithelia.

Furthermore, we compare the multi-cell layered OME underneath the calcite fibres
at the inner commissure (abbreviation: com) with the single-cell layered OME below
central shell regiona (abbreviation: cr-all).

Volume fractions of various organelles were determined by counting randomly
positioned points on predefined structures (classes) within test fields using the open
source software JMicroVision Image analysis system (Roduit, 2008). Twelve different
classes were defined as: cytoplasm, nucleus, mitochondria, lysosomes-endosomes,
vesicles, Golgi apparatus, rough endoplasmic reticulum, smooth endoplasmic
reticulum, glycogen, multivesicular bodies, others, and extracellular space. The number
of random points was set either to 250 or 500 depending on the size of the test field.
Test areas were defined using the implemented “area editor” so that regions outside of
the epithelium were at a minimum. Evolution plots created by the software were used to
evaluate if calculated volume fractions of organelles are representative.

For each test field the length of the epithelium “E, (um)” and the test field area “At
(umz)” were determined and the percentages of the various classes “A, (%) in “As”
were measured.

The absolute area “Ao(i1)” of each class 1 was calculated by
Ao(i) =AT*(Ay(i)/100) (um?)

The areas of the extracellular space and of the nucleus were excluded by calculating
the area of the cytoplasm “Ac” within the test field by

Ac = (Zifasses iz1 Ao(i)) - Ao (nucleus) — Ao (extracellular space) (Umz)

The volume fraction of each class “Vo(i)” of the cytoplasm without the nucleus
equals the area fraction “A(i1)” and was calculated by

Vol(i) = A(i) = (Ao(i) /Ac)*100 (%)

From the area fraction “A(i)” of classes i, we calculated the absolute volume Va(i)
of classes i per 10 pm? epithelium area by

Va (i) (um*um?) = Ao(i)/ EL*10 (um? pm)
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For measuring the area of cell membranes as well as for the outer membrane of the
mitochondria we followed the method of Merz (1967). As the region of the OME near
the shell rim (commissure) contains numerous long extensions it was not possible to
distinguish the apical cell membrane from the basal one. Therefore, we distinguished a
distal from a proximal cell membrane, with the latter most probably containing both
apical and lateral membrane compartments. The Merz grid plugin for Imagel/Fiji
(Research Services Branch, National Institute of Mental Health, Bethesda, MD, USA)
was used to superimpose an array of coherent semicircular lines to the images. The
profile length ”L,” of the cell membrane and the outer membrane of the mitochondria
was determined by counting the intersections of the Merz grid lines with the membranes
inside the test fields. L, was calculated by:

Lo =Nd (um)

with “N” as the number of intersections between the grid lines and the membranes and
“d” the diameter of the semicircles in each test field.

L, was normalized to 1pum epithelium length by
L=Ly/EL
with “E_” the epithelial length within the test field.
The areas of the membranes “Ay” per um? area of epithelium was calculated by
Am =L x 1.273 (um?) (Merz, 1967).

Statistical analysis

GraphPad Prism software, version 6.00, for Mac (GraphPad Software, La Jolla
California USA, www.graphpad.com) was used for statistical analysis and graphical
representation. Mean values and standard deviations were calculated for the volume
fractions Vo(i), the absolute volume of each class normalized to 10pum? of epithelium
Va, and the membrane areas normalized to one square micrometer epithelium Ay, for the
distal and proximal cell membrane, and the outer membrane of the mitochondria. One
way ANOVA was used to test the significance of differences in the mean values for the
volume fraction V(i) and area per 10 um epithelial length of classes Ao(i). To account
for multiple comparisons, Sidiak’s multiple comparisons tests were used to assign
significant differences between the mean values for the mineral secreting central region
(cr-s), the non-secreting attached areas (where the OME is attached to the organic
membrane at the convex proximal side of the fibre) of the central shell region (cr-a) and
the puncta (pt). T-tests were used to test for significant differences between the mean
values of the pooled central regions.

2.1.3. Results

The shell

The schematic presentation shown in Fig. 2.1.1 depicts the different layers of the
shell of modern Magellania venosa as well as the topological relation of the mantle
epithelium to the growing shell. The scheme is true to scale for an approximately 10
mm large Magellania venosa. Fig. S2.1.1 indicates on cross-sections through the two



valves those shell portions that were investigated in this study: the commissure and the
central shell region (Fig. S2.1.1B).

The valves of Magellania venosa (Fig. S2.1.1A) consist of an outer organic layer,
the periostracum, and two mineralized layers, the primary and the fibrous shell layers.
The periostracum in Magellania venosa (Figs. 2.1.1, 2.1.2A) is a reticular structure that
contains thin branching septae and large hollow spheres, the latter being similar to those
observed in the periostracum of the bivalve Mytilus edulis (Wahlisch et al. 2014). Along
the proximal side of the periostracum, small spherical structures with a dense
(osmiophilic) core fuse with one another. At its distal side the reticular structure of the
periostracum is connected to a flat and thin sheet that carries numerous small rods (Fig.
2.1.2A) and is interrupted by large pores (Fig. 2.1.2A). At its proximal side the
periostracum of Magellania venosa is lined by a porous basal layer (red rectangles in
Fig. 2.1.2A), hence, there is access from an outer medium to the puncta.
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Figure 2.1.1. Scheme showing the different layers of the shell of Magellania venosa and the
topologic relation between the mantle epithelium and the shell. The scheme is true to scale for a
10 mm large specimen. A) The shell of Magellania venosa consists of three layers, the
periostracum, the mineralized primary layer and the mineralized fibrous (secondary) layer. The
mantle epithelium is subdivided into two regions: the outer (OME) and inner mantle epithelium

37



38

(IME). B) Region of the commissure enlarged from A (red rectangle in A). Based on
ultrastructural characteristics we can distinguish different portions of the OME: (i) the OME at
the outer commissure below the primary layer, (ii) the OME at the outer commissure below the
first row of fibres, (iii) the OME at the inner commissure below the fibres and (iv) the OME
below central shell portions. Within the commissure the OME is multi-layered, while at the
central shell region the OME consists of a single layer of cells. For an about 10 mm large M.
venosa the transition from multi-layered to single-layered OME is about 350 to 400 [Im away
from the tip of the commissure. The OME at the outermost portion of the commissure at the
primary layer consists of cell extensions (blue star) only, while, still within the outer
commissure but below the fibres, the OME consists of cell extensions and cells with a nucleus
(yellow star).
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Figure 2.1.2. TEM micrographs showing ultrastructural features of the periostracum (A), and
the fibrous shell layer (B to d) of Magellania venosa. A) Periostracum of a chemically fixed
and decalcified sample. Thin branching septae (bs) form a reticular structure interrupted by
large hollow spheres (hs). In the proximal area, small osmiophilic spherical structures (ss) fuse
with one another and with a basal layer of the periostracum. The basal layer contains small
pores (red rectangles). Apically the periostracum has a thin flat sheet that carries numerous
small rods at its distal side (black arrows) and is interrupted by large pores (yellow rectangles).
B, C) Often two organic membranes overlap at fibre corners (for further information see Fig.
S2.1.2). D) Tangential cut through an organic membrane between two fibres showing the
porosity of these membranes.

The primary shell layer (Fig. 2.1.1), is secreted at the outer commissure (Simonet
Roda et al. 2019) and consists of micrometre sized, irregularly shaped, interdigitating
calcite units (Goetz et al. 2011). In a 10 mm long Magellania venosa shell, secretion of
fibres (Fig. 2.1.1) starts about 100 pum away from the outer commissure. The fibrous
shell layer has a plywood structure as it comprises differently oriented stacks of
parallel-assembled calcite fibres (this study and Goetz et al. 2009, Griesshaber et al.



2009, Schmahl et al. 2012). A brachiopod fibre has in cross section four sides: one
convex proximal side and three concave sides, the latter located distally or laterally
(Fig. S2.1.2A, Simonet Roda et al. 2019, Ye et al. 2018a, 2018b). Each fibre is lined by
an organic membrane, however, only at its convex, proximal surface (Simonet Roda et
al. 2019). TEM micrographs of high-pressure frozen and decalcified samples show
occasionally branching of organic membranes at lateral fibre corners (Figs. 2.1.2B,
2.1.2C, S2.1.2C to S2.1.2G). This takes place when a new membrane attaches to a pre-
existing membrane, resulting in double-plied membrane sections in many but not all
cases. Since the membrane has only one open margin per double-plied membrane
corner, an artefactual origin of the branching, e.g. by rupturing the membrane apart
during sample preparation, can be excluded. In Magellania venosa the extracellular
organic membrane is porous; porosity becomes well visible when the membrane is
sectioned tangentially (Fig. 2.1.2D and Nindiyasari et al., 2015, Griesshaber et al.
2017).

The mantle epithelium

The mantle epithelium in Magellania venosa (Fig. 2.1.1) consists of an outer
(OME, Figs. 2.1.3t0 2.1.11) and an inner (IME, Figs. S2.1.3, S2.1.4) section. Based on
ultrastructural differences we are able to distinguish between the outer mantle
epithelium that is present at the commissure (mainly below the primary layer and the
first few rows of fibres, Figs. 2.1.1, 2.1.4 to 2.1.7, S2.1.3 to S2.1.6) and the epithelium
at central shell portions (here, only below the fibres, Figs. 2.1.1, 2.1.8 to 2.1.10,
S2.1.7). Moreover, within the commissure, we differentiate between the OME at the
outer commissure, an OME section where we cannot distinguish between OME cells
and IME cells on the basis of their ultrastructural characteristics (Fig. 2.1.1A), and the
OME at the inner commissure where the OME and IME are separated by a
haemolymph space (Fig. 2.1.1A).

At the commissure the OME is multi-layered, while below central shell portions it
is single-layered (Fig. 2.1.1A). In an about 10 cm long Magellania venosa shell, the
transition from multi-layered to single-layered OME is about 350 to 400 pum away from
the tip of the shell (Fig. 2.1.1A). At the commissure and below the first row of fibres the
thickness of the OME can exceed 30 um (Fig. 2.1.1B). It is thicker than the mantle
epithelium underneath the primary layer at the very tip of the commissure (Figs. 2.1.1A-
B). At the inner commissure, within the multi-layered OME portion, the thickness of the
fibrous layer is about the same as that of the primary layer (white arrows in Fig.
2.1.1A). This indicates that mineral deposition in this part of the commissure has similar
rates for both the primary and the fibrous layers, respectively. When secretion of the
fibres starts the thickness of the primary layer cannot be changed any more. With
increasing distance x from the commissure (Fig. 2.1.1A), the thickness d of the fibrous
layer increases, however, towards the central shell regions the corresponding thickness
increment (Ad/Ax) decreases. This indicates that the rate in mineral deposition
(biomineral formation per time increment) decreases from the commissure to central
shell regions. In Magellania venosa the angle between the fibres and the OME is about
10 degrees.

The mantle epithelium at the commissure

Figures 2.1.3 to 2.1.7 and figures S2.1.3 to S2.1.6 show ultrastructural features of
the OME at the commissure. The periostracum and the primary shell layer are secreted
at the outer commissure (Figs. 2.1.3, 2.1.4A-B). OME cells consist here of long cell
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extensions and are devoid of cell bodies containing a nucleus (Figs. 2.1.1B, 2.1.3,
2.1.4A). We distinguish between distal and proximal cell extensions (Fig. 2.1.4A).
Distal extensions are close to the calcite of the primary layer, and are devoid of cell
organelles such as endoplasmatic reticulum, Golgi apparatus or mitochondria, but
contain numerous very dense spherical bodies with 300 to 400 nm in diameter (sb in
Fig. 2.1.4A). Proximal extensions (Fig. 2.1.4A) are in the vicinity of the forming
periostracum (Fig. 2.1.4B). Although the content of organelles of proximal extensions is
similar to that of the distal ones, dense spherical bodies in the proximal extensions are
more irregular in shape and density. Distal and proximal extensions are separated from
each other by a layer of degraded cell extensions (dce in Fig. 2.1.4A, Fig. 2.1.3) that
contain much cell debris.

The periostracum is secreted at the proximal side of the mantle epithelium by
proximal cell extensions (Figs. 2.1.3, 2.1.4A-B). It develops within a shallow pouch of
the epithelium (outlined with a yellow dashed line in Fig. 2.1.4B) and is covered by a
layer of irregularly distributed material, most likely consisting of mucous
polysaccharides (blue star in Fig. 2.1.4B). Within the pouch at the beginning of the
periostracum irregular and partly dense secretions can be observed (yellow star Fig.
2.1.4B). Dense or osmiophilic material lies extracellularly between the tips of two
extensions and the basal layer (red arrows in Fig. 2.1.4B) of the periostracum.

[ outer commissure >

shown in Fig 4A

cellular extensions only

devoid of cells containing a nucleus cellular

extensions o
and cells with a nucleus

Figure 2.1.3. FE-SEM panorama image (aligned sequence of micrographs) of an embedded
and polished sample depicting the outer mantle epithelium (OME) at the outer commissure
below the primary shell portion and the first rows of fibres. The contrast is reversed. The
red arrow pointing to the left indicates OME portions that consist of cellular extensions only
present at the outermost part of the commissure. Towards inner commissure regions (red arrow
pointing to the right) the OME contains cellular extensions as well as cells having a nucleus (N).
At inner commissure regions there is a high abundance of dense bodies (db) at the proximal side
of the OME. Subimages of Figure 5 are shown in Figures 6A and 6C, respectively. Black
arrows point to the presence of a mucus layer.



Cell extensions below the primary layer have their origin in cell bodies that contain
a nucleus and are situated in the multi-cellular portion of the mantle epithelium (blue
and yellow stars in figure 2.1.1B, right-hand upper part of Fig. 2.1.4C). This part of the
multicellular region (the part of the OME at the outer commissure where cell extensions
contain a nucleus) is close to the site where the secretion of fibres starts (Figs. 2.1.4C,
Fig. 2.1.1). Due to the absence of a mantle cavity or an extracellular matrix a clear
borderline between the OME and IME is not observable (Figs. S2.1.3, 2.1.4C). Close to
the appearance of fibres the mantle epithelium forms a grove (Fig. 2.1.3). At the base of
the latter setae are formed (Figs. 2.1.1, S2.1.3). From the tip of the commissure to the
base of the mantle groove a 400 nm thick mucus layer covers the periostracum (black
arrows in Figs. 2.1.3 and 2.1.4A and blur star in Fig. 2.1.4B).

=distal=

Figure 2.1.4. FE-SEM micrographs of embedded and polished samples depicting the outer
mantle epithelium (OME) at the outer commissure. The contrast is reversed. A) Detail, marked
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with an orange rectangle in Figure 5, consists of cell extensions, distal at the primary layer and
proximal near the periostracum. Between these is a region formed of degraded cell extensions
(dce). Small dense bodies (sb) are present at proximal and distal extension sites. B) Zoom into
the region that is marked with a red rectangle in A, depicting the site of periostracum formation
within a shallow pouch (outlined with a dashed yellow line in B). Dense extracellular material
occurs between the periostracum and the OME. Red arrows in (B) point to the basal layer of the
periostracum. Blue star in B: mucus material close to the forming periostracum; yellow star in
B: irregular and partly dense secretions close to the forming periostracum. C) Multi-cellular
mantle epithelium below fibres at the outer commissure. Due to ultrastructural differences we
distinguish different regions within the epithelium: the apical zone (az) consists of thin cell
extensions only; the inner zone (iz) consists of larger extensions; the proximal zone (pz)
contains cells with a nucleus (N) and the distal proximal zone (dbz) contains many large dense
bodies (db) in addition to cell bodies with a nucleus.

The inner mantle epithelium (IME) begins proximal of the mantle groove (Figs.
2.1.1, S2.1.3, S2.1.4). It consists of a single layer of cells that carry numerous microvilli
like extensions and cilia at their apical side (Fig. S2.1.4). IME cells contain many large
dense bodies and organelles of the lyso-endosomal pathway of varying sizes as well as
endoplasmic reticulum and many mitochondria (Figs. S2.1.3, S2.1.4).

The OME at the commissure underneath the first few fibres (Figs. 2.1.1B, 2.1.3,
2.1.4C) is characterized by many cell extensions and by elongated cells containing a
nucleus. This is in contrast to the OME at the very outer commissure, which consists of
cell extensions only; OME cells here secrete solely the primary layer of the shell. The
cell extensions below the fibres run obliquely towards the tip of the commissure and
attach with their distal ends to the fibres (Fig. 2.1.5A and 2.1.6A). Within the
commissure, but below the fibres (Fig. 2.1.6C), the mantle epithelium is zoned. We
distinguish a distal zone, an inner zone, a proximal zone and a dense body zone (Figs.
2.14C, 2.1.5A, 2.1.6A). Within the commissure, but where OME and IME are
separated by hemolymph space, we also find a zonation; however, here the dense body
zone and the mucus layer are lacking (Fig. 2.1.7A).

The distal zone (dz, in Figs. 2.1.5A, 2.1.6A, 2.1.7A) consists of the outermost layer
of cellular extensions. Cellular profiles are flat, are up to about 12000 nm thick and line
the convex proximal side of the fibres (Figs. 2.1.5A-B, 2.1.6A-C, 2.1.7A). We often
observe very thin cells at these cellular extensions (e.g. Figs. 2.1.5B, 2.1.6B-C, 2.1.7A).
In most cases, more than one cellular profile occurs directly below a single calcite fibre
(e.g. Fig. 2.1. 5B). Organelles in the distal zone are rare (Figs. 2.1.5A, 2.1.6A, 2.1.7A).
OME cells are connected to organic membranes of the fibres via apical
hemidesmosomes (Fig. 2.1.7B). These are abundant, are very small and can be seen best
in obliquely cut sections as dense plaques (black arrows in Fig. 2.1.7B). In regions
where an organic matrix is absent cell extensions are always covered with a thin surface
coat (black arrows in Fig. 2.1.7C). Adherence junctions resembling adhesion belts
connect apical cell extensions with each other (Fig. 2.1.7D). In high-pressure frozen and
freeze-substituted shell and polished samples we see that OME cells are in very close
contact with the calcite of the fibres (Fig. S2.1.5 and in more detail see Simonet Roda et
al. 2019).

Within the inner zone (Figs. 2.1.4C, 2.1.5A, 2.1.6A, 2.1.7A), cell extensions and
the shape of most of the cell profiles are round in cross section (Figs. 2.1.5B, 2.1.6C)
and their thickness increases from the the distal zone towards the proximal side of the
inner zone (Figs. 2.1.5A, 2.1.6A, 2.1.7A). In the proximal part of the inner zone



lysosomes are the most common organelles, rough endoplasmic reticulum and vesicles
are present but not as common, while mitochondria, multivesicular bodies and Golgi
stacks are very rare. In most cases cell extensions are devoid of nuclei (Figs. 2.1.5A,
2.1.6A, 2.1.7A). Widened intercellular spaces filled with electron dense material are
common and occasionally contain extracellular vesicles (yellow circles in Fig. 2.1.7E).

Within the proximal zone (Figs. 2.1.5A, 2.1.6A, 2.1.7A) we find cell bodies that
contain a nucleus. Cells here are elongated in horizontal direction and have round
profiles in cross section. In addition to nuclei, cells within the proximal zone are very
rich in organelles, in particular mitochondria, long cisternae of rough endoplasmic
reticulum, Golgi apparatus and organelles of the endo-lysosomal pathway including
multivesicular bodies (Figs. 2.1.4C, 2.1.5-7). Smooth endoplasmic reticulum and
glycogen are rare. The cells are connected to each other by gap junctions (Fig. 2.1.7,
Fig. 2.1.10).

The most proximal, dense body zone occurs only in the outer commissure and is
formed of cells containing many large and spherical dense bodies (dense body zone, dbz
in Figs. 2.1.4C, 2.1.5A, 2.1.6A). In the dense body zone the apical side of the cells faces
seawater. Spherical dense bodies occur only between the end of the pouch where the
periostracum is secreted and the base of the mantle groove just above the mucus layer.
Near the base of the mantle groove the epithelium separates into the outer and the inner
mantle epithelium. The dense body layer is continuous with the inner mantle
epithelium.
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Figure 2.1.5. TEM micrographs of a chemically fixed and demineralized sample depicting a
perpendicular cut through fibres, cells and cellular extensions at the outer commissure. A) Four
regions can be distinguished: The distal zone (dz), the region that is in contact with the fibres
consists of small extensions; organelles are absent. Within the inner zone (iz) of the epithelium
cellular extensions increase in size and contain organelles such as Golgi apparatus (Ga),
mitochondria (m) and rough endoplasmic reticulum (rer). The proximal zone (pz) contains
many cell bodies; organelles are abundant, especially nuclei and mitochondria. The most
proximal zone (dbz) is characterized by the presence of dense bodies (db). Ly: lysosome; mb:
multivesicular body. B) A cell extension is attached to a few fibres, e.g. for the cell outlined in
red in to 5 fibres. The shape of the cell extension that is in direct contact to the growing fibre
adapts to the profile of the fibre, while further below cell extension profiles are round (outlined
in yellow in B).
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Figure 2.1.6. TEM micrograph of chemically fixed and demineralized samples depicting fibres,
cellular extensions and cells at the outer commissure. A) Calcite fibres are cut in longitudinal
direction. Within the epithelium we distinguish four different regions: the distal zone (dz), the
region that is in contact with the fibres consists mainly of small extensions; organelles are rare.
Within the inner zone (iz) of the epithelium cellular extensions increase in size and contain
organelles such as Golgi apparatus (Ga), mitochondria (m) and rough endoplasmic reticulum
(rer). The proximal zone (pz) contains many cell bodies; organelles are abundant, especially
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nuclei and mitochondria. In the most proximal zone (dbz) dense bodies (db) are abundant. B),
C), D), E) TEM micrographs of chemically fixed OME samples taken from the outer
commissure but below the first few fibres. B), D) Longitudinal, C), E) transversal cut. Next to
the calcite of the fibres (B, C) we see cellular extensions only, while the epithelium portion
further proximally (D, E) is abundant in organelles. Ga: Golgi apparatus; ly: lysosome; m:
mitochondria; mb: multivesicular body; N: nucleus; rer: rough endoplasmic reticulum.
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Figure 2.1.7. TEM micrographs of chemically fixed samples taken from the inner commissure
of Magellania venosa. A) The OME is sectioned at an angle to the longitudinal axes of cell
extensions. We can distinguish a distal zone (dz), an inner zone (iz) and a proximal zone (pz).
Apical cell extensions are elongated and follow the curvature of the fibre. The distal zone
consists of numerous small cellular extensions, is devoid of cells with a nucleus and other large
organelles. Organelles like mitochondria (m), lysosomes (ly) and Golgy apparatus (Ga) appear
in the inner zone; organelle content increases towards the proximal zone at the base of the



epithelium; here we find cells with a nucleus (N). B) Oblique cut through a most distal cell
extension where apical hemidesmosomes appear as dark plaques (black arrows in B). C)
Enlargement showing extracellular vesicles (iv, dashed yellow line) present in the most distal
portion of the OME. Regions not attached to the organic membrane have a faint surface coat at
their apical side (black arrows in C). D) Enlargement depicting an apical adherence junction
resembling an adhesion belt (yellow dashed rectangle). E) Areas with electron dense
extracellular material (yellow star) are abundant in distal portions of the OME. These regions
contain extracellular vesicles (ev). F) Gap junctions between cells are indicated with black and
yellow dashed rectangles. G) Basal hemidesmosomes (yellow dashed rectangle).

The mantle epithelium at central shell regions

In a 10 mm long Magellania venosa shell, about 350 to 400 [Jm away from the tip
of the commissure, the OME changes from a multi-layered to a very thin single-layered
epithelium (Fig. 2.1.1A). Cell thicknesses vary, even within a single cell (Figs. 2.1.8 A
to E, S2.1.7). In thick cell portions, the OME is about 1-3 um thick and organelles such
as the nucleus, mitochondria, rough endoplasmic reticulum and glycogen are abundant.
Neighbouring cells form extended interdigitations between each other (Fig. 2.1.9),
resulting in an increase of the basal plasma membrane surface area. Many gap junctions
between cells can be observed (Fig. 2.1.7F, Fig. 2.1.10A-C).

However, cells at central shell regions can also be extremely thin, as thin as 20 nm
(Figs. 2.1.8D-F). In these cases they are devoid of cell organelles (Figs. 2.1.8C-E,
S2.1.7) and are mainly below shell portions where the organic membrane of the calcite
fibres is not yet developed (Figs. 2.1.8C-D), thus at sites of active shell secretion. In
addition, these thin cells at these sites are covered by a surface coat (Fig. 2.1.8E).

Thick cells or cell portions are connected to the organic membrane that lines the
proximal convex surface of fibres via hemidesmosomes present within the apical cell
membrane. At the intracellular side the hemidesmosomes bind to tonofilaments (Figs.
2.1.8C-D, F, S2.1.7), the latter consisting of a bundle of thin filaments (marked with a
‘> in Fig. 2.1.10D). The tonofilaments bind at the basal side of the cells again to
hemidesmosomes. In comparison with the commissure, hemidesmosomes below central
shell portions are much thicker. In addition, in high-pressure frozen and freeze-
substitution samples we observe that at and near hemidesmosomes OME cells have
often two basal plasma membranes (Figs. 2.1.10D-E).

At sites where the organic membrane at the proximal, convex surface of a fibre is
absent, OME cells do not contain any hemidesmosomes nor tonofilaments (Figs.
2.1.8A-C, S2.1.7). At these sites calcite secretion is active and material is transported
from OME cells to adjacent, newly forming fibres. There is a constant alternation
between OME portions that are attached to the organic membrane of fibres and those
OME regions where apical cell membranes are detached from fibres (e.g. red dotted line
in Fig. 2.1.8A). Analysing an epithelial length of 189 um we find that 14 regions with a
total length of 98 um are attached to the shell via hemidesmosomes and 10 regions, with
a total length of 91 um, are not. Thus, at a given time, about 50% of the OME is not
secreting mineral; while the other ~50% of the OME is involved in fibre mineralization
(this study and Simonet Roda et al. 2019).

The mantle epithelium in endopuncta
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The shell of Magellania venosa contains endopuncta (Figs. 2.1.11, S2.1.8); these
cross the shell from the mantle epithelium to almost the periostracum and, hence,
traverse both mineralized shell layers. Between the periostracum and an endopunctum
the shell forms a sieve plate containing numerous channels radiating from the lumen of
the punctum to the periostracum (Figs. 2.1.11A). TEM micrographs of decalcified and
chemically fixed samples show that these channels are filled with organic material. The
channels are continuous with a hyaline layer present at the distal portion of the
punctum, between the sieve plate and numerous microvilli-like cellular extensions of
distal punctum cells (Figs. 2.1.11B-C). The distal region of the punctum (Figs. 2.1.11A-
B), the punctum portion that is in the primary layer, is filled with cells rich in lipid
droplets, mitochondria, lysosomes and multivesicular bodies. This indicates high
metabolic activity in these regions of the punctum. Towards the median region of
endopuncta (Fig. 2.1.11D), there is a change to a thin, about 1,5 pum thick, single layer
of elongated cells; here neighbouring cells overlap with one another (Figs. 2.1.11E and
S2.1.8). Cells within this part of endopuncta contain glycogen, lysosomes, rough
endoplasmic reticulum, nuclei and mitochondria; vesicles are rare. At proximal
endopuncta regions, the epithelium connects to OME cells (not shown). As the diameter
of endopuncta does not decrease with time, cells that line their walls are not secreting
mineral. Accordingly, we take morphological characteristics and organelle distribution
patterns of OME cells as a reference for comparison with the mineralizing cells
encountered at the commissure and the central shell regions.
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Figure 2.1.8. Aligned arrays of TEM micrographs taken on chemically fixed and decalcified
samples obtained from central shell portions. Fibres are sectioned transversally. Indicated with
a red dotted line are those fibre portions that are not in the state of active secretion. Fibre
secretion is finished with the formation of an organic lining along the proximal, convex surface
of a fibre. Hence, at sites where the apical cell membrane is attached to the organic membrane
lining a fibre portion (red dotted line) OME cells are not producing mineral. The connection
between the apical cell membrane and the organic membrane that lines the proximal, convex
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surface of a fibre occurs via apical hemidesmosomes (yellow arrows in C, D, F). Tonofilaments
(C, D, F) within the cells connect apical hemidesmosomes to basal hemidesmosomes (red
arrows in C, D, E, F), with the latter being attached to the basal lamina of the OME. Apical
hemidesmosomes are small, while basal ones are large (e.g. F). At sites where fibre secretion is
active there are neither tonofilaments nor apical hemidesmosomes within cells (A, B, C, D). We
observe a thin coat on the surface of cells (black arrows in E). Actively secreting OME cells
below fibres from the central shell region are very thin and highly elongated (white arrows in C,
E, F).

I o ————0 . Organic membrane

Figure 2.1.9. Topological relation of OME cells to fibres in central shell portions of Magellania
venosa. A, B, C) TEM panorama micrographs of chemically fixed and decalcified samples
depicting the ultrastructure of OME cells below transversally sectioned fibres. At sites of
ongoing fibre formation the organic membrane along the proximal, convex surface of the fibre
is not yet secreted. There is no one-by-one relationship between a fibre and a cell, generally at
least two cells contribute to the secretion of the same fibre.



Figure 2.1.10. TEM micrographs recorded from high-pressure frozen OME samples taken from
the central shell region. The tissue is freeze-substituted (A, B and D-F) or freeze fractured (C).
A, B) Many gap junctions can be observed (black arrows and yellow rectangles in A and B).
Large hemidesmosomes (red arrows in A, B, D, E) attach the basal membrane of the epithelium
to the basal lamina and to tonofilaments (marked with a yellow t in D and E). C) Cryo-SEM
image showing 5 gap junctions between two adjoining cells (yellow arrows in C). D) OME cells
with two basal membranes (black arrows); rer, rough endoplasmatic reticulum; m,
mitochondria.

Patterns of organelle distribution in OME cells

Results obtained from morphometric analyses are presented in Table 2.1.1 and
2.1.2 and Figures 2.1.12 and S2.1.9. Tables 2.1.1 and 2.1.2 provide means and standard
deviations for the volume fractions and the volume per 10 pm? epithelium, respectively,
for mitochondria, organelles of the endo-lysosomes pathway including multivesicular
bodies, intracellular vesicles, Golgi apparatus, rough and smooth endoplasmic reticula
and glycogen (Fig. S2.1.6). Values are given for: (i) the central shell region where the
OME is attached to the organic membrane of the fibres, (ii) areas of the central region
where the OME is not attached to the organic membrane of fibres and, as an additional
control, (iii) the lateral walls of the median regions of the puncta, that do not secrete
mineral, (iv) the two central regions pooled together, and (v) the multi-layered inner
region of the OME near the commissure. The different stages of the endosomes and
lysosomes including multi-vesicular bodies were pooled in the class “endo-lysosomes”.
Dark and light vesicles that are not very close to a Golgi apparatus were assigned to the
class “intracellular vesicles”. Golgi cisternae and those vesicles that are near the
cisternae comprise the class “Golgi apparatus”.
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