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A B S T R A C T

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 onMagellania 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 miner-
alization, rather by transfer of carbonate ions via transport mechanisms associated with OME cell membranes.

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, 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 et al., 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.,
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2018a,b; 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 fi-
brils (Casella et al., 2018a; Simonet Roda et al., 2019). A thin network
of fibrils exists within each fibre (Casella et al., 2018a,b), while organic
membranes separate adjacent calcite fibres (Williams, 1966, 1968a,b,
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,b). 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 ta-
blets of the gastropod Phorcus turbinatus Macías-Sánchez et al. (2017)
described as well a globular appearance of the mineral units. However,
the authors demonstrated that granularity of the biomineral is not re-
lated to the secretion process, but is rather the consequence of the
transformation from the precursor to the crystallized mineral. Ac-
cording to Macías-Sánchez et al. (2017) transformation to aragonitic
nacre in Phorcus turbinatus takes place via an interface-coupled dis-
solution-reprecipitation mechanism, where, in the presence of water,
the original structure of the amorphous mineral is reshaped by the re-
growth of the newly-formed crystalline phase. This induces the globular
appearance of the crystallized carbonate biomaterial.

Modern rhynchonellide (Notosaria nigricans and Hemithiris psittacea)
and terebratulide (Laquens californicus, Macandrevia cranium, Megerlia
truncata, Terebratalia transversa, Calloria inconspicua; Williams, 1966,
1968a,b, 1997; Williams et al., 2000) brachiopod shell formation was
investigated by Williams and co-workers. From TEM and SEM ob-
servations 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,b,
1997) that epithelial cells are capable of performing many secretory
tasks and, hence, to secrete all layers of a brachiopod shell: the peri-
ostracum, 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 whe-
ther 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 bra-
chiopod 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 con-
ceptual 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 or-
ganisms 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 mechan-
isms 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 con-
sequence of the mode of material transport to the sites of mineral for-
mation, which is either by ion or by vesicular transport or is possibly a
combination of both (e.g. Böhm et al., 2006; Langer et al., 2007; Mejía
et al., 2018).

2. Materials and methods

2.1. 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 21m depth, from
waters with an average water temperature of 11 °C and 30.3‰ salinity.

Great care was taken that the investigated animals secreted shell
material up to the very start of sample preparation. A stock of 150–200
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 6months 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 mea-
surement of an increase in shell size, the latter was checked every three
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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 7mm. Brachiopods that were used for high-
pressure freezing had a longitudinal axis length of about 4–5mm.
According to Baumgarten et al. (2013), theMagellania 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.

3. Methods

3.1. 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 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 pre-
pared by mixing equal volumes of filtered seawater from the culture of
Magellania venosa containing 2% paraformaldehyde and 2% glutar-
aldehyde with a solution of 0.35mol L−1 saccharose and 0.17mol L−1

NaCl in 0.2mol L−1 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 sea-
water. 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 re-
sults. All 20 shell pieces (containing hard and soft tissue) were fixed for
17 h at 4 °C.

Of the 20 specimens, 8, taken from both valves, were decalcified for
14 days in a solution containing 0.25mol L−1 HEPES, 0.05mol
L−1EDTA 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 0.1 M Na-cacodylate buffer (7.7
pH) and postfixed in the same buffer for one hour containing 1% OsO4

and 0.9% K4Fe(CN)6·3H2O. After washing with bi-distilled water the
samples were dehydrated in an ascending series of isopropanol solu-
tions (30, 50, 70 and 90%) and were contrasted with 2% uranyl acetate
(in 100% ethanol for 30min, washed 3 times for 30min each in 100%
isopropanol and two times for 5min 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.

3.2. High-pressure freezing and freeze-substitution

High-pressure freezing enhances significantly the quality of mor-
phological preservation of soft tissue samples for electron microscopical
observation (Giddins, 2003). Magellania venosa not larger than 6mm 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 com-
missure and the central shell portion of both valves. Samples were

transferred to hexadecane and placed in aluminium planchets with an
outer diameter of 3mm and a 200 µm 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 30ms
at a pressure of 2.3× 108 Pa.

Some of the high-pressure frozen samples were, in addition, sub-
sequently 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% OsO4, 0.1% uranyl acetate and 5% H2O in acetone
from −90 °C to 20 °C following the protocol described in Walther and
Ziegler (2002). Finally, the samples were embedded in EPON resin and
cut by using a diamond trimming knife (Diatome) and a Reichert Ul-
tracut ultra microtome.

In a further procedure some of the high-pressure frozen, freeze-
substituted and EPON embedded samples were decalcified for two
weeks with 0.25mol L−1 HEPES, 0.05mol L−1 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 ma-
trices and shell mineral with FE-SEM we used chemically fixed but non-
decalcified as well as high-pressure frozen and freeze-substituted sam-
ples, all of them embedded in EPON resin. Samples were mounted on
3mm thick cylindrical aluminium rods using super glue, were cut
(Reichert Ultracut ultramicrotome) with glass and polished with dia-
mond 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 s 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 s 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.

3.3. 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-pres-
sure 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.

3.4. 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 goni-
ometer stage and a 2 k×2 k pixel camera was used to image the sec-
tions 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.

3.5. 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
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advancing the knife to the surface of the sample to 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 back-
scattered electron signal to obtain so called composite rich images
(Walther, 2008) with 20 µA emission current and 4 kV 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.

3.6. 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 15–20 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, 2017), Casella et al. (2018a,c).

3.7. Morphometry

In this study we aim for a comprehensive understanding of the ul-
trastructure of OME cells that are in close contact with the growing
shell. We investigate the relation between OME cells and actively se-
creted 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 sta-
tistical 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 compart-
ment 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 µm.

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: cyto-
plasm, nucleus, mitochondria, lysosomes-endosomes, vesicles, Golgi appa-
ratus, rough endoplasmic reticulum, smooth endoplasmic reticulum, gly-
cogen, 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 “EL (µm)” and the
test field area “AT (µm2)” were determined and the percentages of the
various classes “Ap (%)” in “AT” were measured.

The absolute area “AO(i)” of each class i was calculated by

= ∗A A A μ(i) ( (i)/100) ( m )O T p
2

The areas of the extracellular space and of the nucleus were ex-
cluded by calculating the area of the cytoplasm “AC” within the test
field by

∑= − −
=

A A i A A μ( ( )) (nucleus) (extracellular space)( m )C
classesi

O O O
( 1)

1
2

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

= = ∗V A A A(i) (i) ( (i) / ) 100 (%)O O C

From the area fraction “A(i)” of classes i, we calculated the absolute
volume VA(i) of classes i per 10 µm2 epithelium area by

= ∗V μ μ A E μ μ(i) ( m / m ) (i)/ 10 ( m / m)A
3 2

O L
2

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 ImageJ/Fiji (Research Services Branch, National In-
stitute of Mental Health, Bethesda, MD, USA) was used to superimpose
an array of coherent semicircular lines to the images. The profile length
“Lp” 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. Lp was calculated by:

=L N d μ( m)p

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.

Lp was normalized to 1 µm epithelium length by
L= Lp/EL with “EL” the epithelial length within the test field.
The areas of the membranes “AM” per µm2 area of epithelium was

calculated by
AM= L×1.273 (µm2) (Merz, 1967).
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3.8. 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 10 µm2 of epithelium VA,
and the membrane areas normalized to one square micrometer epi-
thelium AM 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
VO(i) and area per 10 µm epithelial length of classes AO(i). To account
for multiple comparisons, Sidiaḱs multiple comparisons tests were used
to assign significant differences between the mean values for the mi-
neral 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.

4. Results

4.1. The shell

The schematic presentation shown in Fig. 1 depicts the different
layers of the shell of modernMagellania venosa as well as the topological
relation of the mantle epithelium to the growing shell. The scheme is
true to scale for an approximately 10mm large Magellania venosa. Fig.
A1 indicates on cross-sections through the two valves those shell por-
tions that were investigated in this study: the commissure and the
central shell region (Fig. A1B).

The valves of Magellania venosa (Fig. A1 A) consist of an outer or-
ganic layer, the periostracum, and two mineralized layers, the primary
and the fibrous shell layers. The periostracum in Magellania venosa
(Figs. 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 (Wählisch 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. 2A) and is interrupted by
large pores (Fig. 2A). At its proximal side the periostracum of Ma-
gellania venosa is lined by a porous basal layer (red rectangles in
Fig. 2A), hence, there is access from an outer medium to the puncta.

The primary shell layer (Fig. 1), is secreted at the outer commissure
(Simonet Roda et al., 2019) and consists of micrometre sized, irregu-
larly shaped, interdigitating calcite units (Goetz et al., 2011). In a
10mm long Magellania venosa shell, secretion of fibres (Fig. 1) starts
about 100 µm 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. A2A, Simonet Roda
et al., 2019, Ye et al., 2018a,b). 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 dec-
alcified samples show occasionally branching of organic membranes at
lateral fibre corners (Fig. 2B, C, A2C to A2G). 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 Ma-
gellania venosa the extracellular organic membrane is porous; porosity
becomes well visible when the membrane is sectioned tangentially

(Fig. 2D and Nindiyasari et al., 2015, Griesshaber et al., 2017).

4.2. The mantle epithelium

The mantle epithelium in Magellania venosa (Fig. 1) consists of an
outer (OME, Figs. 3–11) and an inner (IME, Figs. A3, A4) 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. 1, 4–7,
A3–A6) and the epithelium at central shell portions (here, only below
the fibres, Figs. 1, 8–10, A7). 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. 1A), and the
OME at the inner commissure where the OME and IME are separated
by a haemolymph space (Fig. 1A).

At the commissure the OME is multi-layered, while below central
shell portions it is single-layered (Fig. 1A). In an about 10 cm long
Magellania venosa shell, the transition from multi-layered to single-
layered OME is about 350–400 µm away from the tip of the shell
(Fig. 1A). At the commissure and below the first row of fibres the
thickness of the OME can exceed 30 µm (Fig. 1B). It is thicker than the
mantle epithelium underneath the primary layer at the very tip of the
commissure (Fig. 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. 1A). This in-
dicates that mineral deposition in this part of the commissure has si-
milar 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. 1A), the thickness d of the fibrous layer increases,
however, towards the central shell regions the corresponding thickness
increment (Δd/Δx) 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°.

4.3. The mantle epithelium at the commissure

Figs. 3 to 7 and A3 to A6 show ultrastructural features of the OME at
the commissure. The periostracum and the primary shell layer are se-
creted at the outer commissure (Figs. 3, 4A, B). OME cells consist here
of long cell extensions and are devoid of cell bodies containing a nu-
cleus (Figs. 1B, 3, 4A). We distinguish between distal and proximal cell
extensions (Fig. 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 300–400 nm in diameter (sb in Fig. 4A).
Proximal extensions (Fig. 4A) are in the vicinity of the forming peri-
ostracum (Fig. 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 Figs. 4A, 3) that contain much cell
debris.

The periostracum is secreted at the proximal side of the mantle
epithelium by proximal cell extensions (Figs. 3, 4A, B). It develops
within a shallow pouch of the epithelium (outlined with a yellow da-
shed line in Fig. 4B) and is covered by a layer of irregularly distributed
material, most likely consisting of mucous polysaccharides (blue star in
Fig. 4B). Within the pouch at the beginning of the periostracum irre-
gular and partly dense secretions can be observed (yellow star Fig. 4B).
Dense or osmiophilic material lies extracellularly between the tips of
two extensions and the basal layer (red arrows in Fig. 4B) of the peri-
ostracum.

Cell extensions below the primary layer have their origin in cell
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bodies that contain a nucleus and are situated in the multi-cellular
portion of the mantle epithelium (blue and yellow stars in Fig. 1B, right-
hand upper part of Fig. 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.
4C, 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.
A3, 4C). Close to the appearance of fibres the mantle epithelium forms a
grove (Fig. 3). At the base of the latter setae are formed (Figs. 1, A3).
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. 3 and 4A and B).

The inner mantle epithelium (IME) begins proximal of the mantle
groove (Figs. 1, A3, A4). It consists of a single layer of cells that carry
numerous microvilli like extensions and cilia at their apical side (Fig.
A4). IME cells contain many large dense bodies and organelles of the
lyso-endosomal pathway of varying sizes as well as endoplasmic re-
ticulum and many mitochondria (Figs. A3, A4).

The OME at the commissure underneath the first few fibres (Figs.
1B, 3, 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 (Figs. 5A and 6A). Within the
commissure, but below the fibres (Fig. 6C), the mantle epithelium is
zoned. We distinguish a distal zone, an inner zone, a proximal zone and
a dense body zone (Figs. 4C, 5A, 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. 7A).

The distal zone (dz, in Figs. 5A, 6A, 7A) consists of the outermost
layer of cellular extensions. Cellular profiles are flat, are up to about
1000 nm thick and line the convex proximal side of the fibres (Figs. 5A,
B, 6A–C, 7A). We often observe very thin cells at these cellular exten-
sions (e.g. Figs. 5B, 6B, C, 7A). In most cases, more than one cellular

Fig. 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 10mm 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 re-
gions: the outer (OME) and inner mantle epithelium
(IME). B) Region of the commissure enlarged from A
(red rectangle in A). Based on ultrastructural char-
acteristics 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 10mm large M. venosa
the transition from multi-layered to single-layered
OME is about 350–400 μm 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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Fig. 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. A2). D) Tangential cut through an organic membrane between two fibres
showing the porosity of these membranes.

Fig. 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 Fig. 5 are shown in Fig. 6A and C, respectively. Black arrows point to the presence of a mucus layer.
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profile occurs directly below a single calcite fibre (e.g. Fig. 5B). Orga-
nelles in the distal zone are rare (Figs. 5A, 6A, 7A). OME cells are
connected to organic membranes of the fibres via apical hemidesmo-
somes (Fig. 7B). These are abundant, are very small and can be seen
best in obliquely cut sections as dense plaques (black arrows in Fig. 7B).
In regions where an organic matrix is absent cell extensions are always
covered with a thin surface coat (black arrows in Fig. 7C). Adherence
junctions resembling adhesion belts connect apical cell extensions with
each other (Fig. 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. A5 and in more detail see
Simonet Roda et al., 2019).

Within the inner zone (Figs. 4C, 5A, 6A, 7A), cell extensions and the
shape of most of the cell profiles are round in cross section (Figs. 5B,
6C) and their thickness increases from the the distal zone towards the
proximal side of the inner zone (Figs. 5A, 6A, 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. 5A, 6A,

7A). Widened intercellular spaces filled with electron dense material
are common and occasionally contain extracellular vesicles (yellow
circles in Fig. 7E).

Within the proximal zone (Figs. 5A, 6A, 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 mitochon-
dria, long cisternae of rough endoplasmic reticulum, Golgi apparatus
and organelles of the endo-lysosomal pathway including multivesicular
bodies (Figs. 4C, 5, 6, 7). Smooth endoplasmic reticulum and glycogen
are rare. The cells are connected to each other by gap junctions (Figs. 7,
10).

The most proximal, dense body zone occurs only in the outer com-
missure and is formed of cells containing many large and spherical
dense bodies (dense body zone, dbz in Figs. 4C, 5A, 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

Fig. 4. FE-SEM micrographs of embedded and po-
lished samples depicting the outer mantle epithe-
lium (OME) at the outer commissure. The contrast
is reversed. A) Detail, marked with an orange rec-
tangle in Fig. 5, consists of cell extensions, distal at
the primary layer and proximal near the perios-
tracum. Between these is a region formed of de-
graded 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 mate-
rial 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 ultra-
structural differences we distinguish different re-
gions 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.
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continuous with the inner mantle epithelium.

4.4. The mantle epithelium at central shell regions

In a 10mm long Magellania venosa shell, about 350–400 μm away
from the tip of the commissure, the OME changes from a multi-layered
to a very thin single-layered epithelium (Fig. 1A). Cell thicknesses vary,
even within a single cell (Fig. 8 A to E, A7). In thick cell portions, the
OME is about 1–3 µm thick and organelles such as the nucleus, mi-
tochondria, rough endoplasmic reticulum and glycogen are abundant.
Neighbouring cells form extended interdigitations between each other

(Fig. 9), resulting in an increase of the basal plasma membrane surface
area. Many gap junctions between cells can be observed (Fig. 7F,
Fig. 10A, B, C).

However, cells at central shell regions can also be extremely thin, as
thin as 20 nm (Fig. 8D, E, F). In these cases they are devoid of cell
organelles (Fig. 8C, D, E, A7) and are mainly below shell portions where
the organic membrane of the calcite fibres is not yet developed (Fig. 8C,
D), thus at sites of active shell secretion. In addition, these thin cells at
these sites are covered by a surface coat (Fig. 8E).

Thick cells or cell portions are connected to the organic membrane
that lines the proximal convex surface of fibres via hemidesmosomes

Fig. 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 dis-
tinguished: 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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Fig. 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
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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present within the apical cell membrane. At the intracellular side the
hemidesmosomes bind to tonofilaments (Figs. 8C, D, F, A7), the latter
consisting of a bundle of thin filaments (marked with a ‘t’ in Fig. 10D).
The tonofilaments bind at the basal side of the cells again to hemi-
desmosomes. 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 mem-
branes (Fig. 10D, E).

At sites where the organic membrane at the proximal, convex

Fig. 7. TEM micrographs of chemically fixed samples taken from the inner commissure ofMagellania 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 rec-
tangle).
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Fig. 8. Aligned arrays of TEM micrographs taken on chemically fixed and decalcified samples obtained from central shell portions. Fibres are sectioned trans-
versally. 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
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).
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surface of a fibre is absent, OME cells do not contain any hemidesmo-
somes nor tonofilaments (Figs. 8A, B, C, A7). At these sites calcite se-
cretion 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. 8A). Analysing an epithelial length of
189 µm we find that 14 regions with a total length of 98 µm are at-
tached to the shell via hemidesmosomes and 10 regions, with a total
length of 91 µm, 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).

4.5. The mantle epithelium in endopuncta

The shell of Magellania venosa contains endopuncta (Figs. 11, A8);
these cross the shell from the mantle epithelium to almost the perios-
tracum and, hence, traverse both mineralized shell layers. Between the
periostracum and an endopunctum the shell forms a sieve plate con-
taining numerous channels radiating from the lumen of the punctum to
the periostracum (Fig. 11A). TEM micrographs of decalcified and che-
mically 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 nu-
merous microvilli-like cellular extensions of distal punctum cells
(Fig. 11B, C). The distal region of the punctum (Fig. 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. To-
wards the median region of endopuncta (Fig. 11D), there is a change to
a thin, about 1.5 µm thick, single layer of elongated cells; here neigh-
bouring cells overlap with one another (Figs. 11E and A8). 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 pat-
terns of OME cells as a reference for comparison with the mineralizing
cells encountered at the commissure and the central shell regions.

4.6. Patterns of organelle distribution in OME cells

Results obtained from morphometric analyses are presented in
Tables 1 and 2 and Figs. 12 and A9. Tables 1 and 2 provide means and
standard deviations for the volume fractions and the volume per 10 µm2

epithelium, respectively, for mitochondria, organelles of the endo-ly-
sosomes pathway including multivesicular bodies, intracellular ve-
sicles, Golgi apparatus, rough and smooth endoplasmic reticula and
glycogen (Fig. A6). 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 ve-
sicles”. Golgi cisternae and those vesicles that are near the cisternae
comprise the class “Golgi apparatus”.

The comparison of the volume fractions of membrane bound orga-
nelles in different regions of the outer mantle epithelium (Fig. 12) re-
veals that the values for the investigated organelles between the two
central shell regions (OME attached and OME not attached to the or-
ganic membrane of the fibre) are similar, except for the rough

Fig. 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 mem-
brane along the proximal, convex surface of the fibre
is not yet secreted. There is no one-by-one re-
lationship between a fibre and a cell, generally at
least two cells contribute to the secretion of the
same fibre.
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endoplasmic reticulum. The difference for the latter is statistically sig-
nificant and is 1.9 times higher in the OME region that is attached to the
organic membrane of the fibre. In the lateral walls of puncta, values for
the class endo-lysosomes are significantly higher in comparison to va-
lues found for the two central shell regions (OME attached and not
attached to the organic membrane of the fibre). Volume fractions of
mitochondria, endo-lysosomes and intracellular vesicles are sig-
nificantly higher in the commissure than in the central region, by fac-
tors of 2.0 (mitochondria), 2.4 (endo-lysosomes) and 4.7 (intracellular
vesicles), respectively.

Since the rate of epithelial mineral transport should be considered
across a unit of epithelium area we have normalized the absolute vo-
lume of organelles and glycogen to an epithelium area of 10 µm2 (Fig.
A9). In the case of central shell regions the value for rough endoplas-
matic reticulum for OME membranes that are attached to the organic
membrane of the fibres is significantly higher than where OME mem-
branes are not attached to fibres, as well as for the epithelium of the
lateral walls of the puncta. For all organelles shown in Fig. A9 the
difference between the commissure and central region is significant;
values are always higher in the commissure (Fig. A9). As the distribu-
tion of glycogen is concerned, it is abundant in many epithelial cells,
except those present at the commissure (Tables 1 and 2). In the central

shell section, for OME portions that are not attached to the organic
membrane of the fibres, the volume fraction for glycogen is higher than
in cells that line the lateral walls of the puncta (Table 1).

The comparison of the mean value of the distal cell membrane area
per square µm of epithelium (Fig. 12) between the central shell region
(1.3 ± 2 µm2) (mean ± SD), and the commissure, (1.5 ± 0.5 µm2),
yields no significant difference within standard deviations. However,
the proximal cell membrane area (36.5 ± 5.5 µm2) in the commissure
is significantly higher than the membrane area (2.6 ± 1.3 µm2) in the
central shell region. The membrane area of mitochondria per square µm
of epithelium of 5.7 ± 1.9 µm2 in the commissure is significantly
higher than the membrane area of 0.5 ± 0.2 µm2 in the central shell
region.

5. Discussion

5.1. Cell proliferation and differentiation

Williams (1968a,b) suggested that in Brachiopoda the generative
zone of the mantle epithelium is located at the commissure, at the
bottom of the mantle groove. As new cells are permanently produced
within the generative zone, Williams postulated the “conveyor belt”

Fig. 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.
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Fig. 11. FE-SEM (A) and TEM (B to E) micrographs
of the periostracum, the primary shell layer and an
endopunctum in the shell of Magellania venosa. A)
FE-SEM image of a high-pressure frozen, freeze-
substituted but not decalcified shell portion taken on
a polished surface showing the primary layer below
the periostracum and organic tissue at the upper-
most part of a punctum. Above the punctum the
shell contains numerous channels radiating from the
lumen of the punctum into the periostracum.
Apically puncta are completely filled with OME
cells. B), C) TEM micrographs of chemically fixed
and decalcified samples depicting the uppermost
portion of the primary layer above a punctum and
the transition to the periostracum. There are chan-
nels through the calcite of the primary layer. These
are extracellular organic tubes (ot) and are attached
to an extracellular hyaline layer (hl) just above mi-
crovilli-like cellular extensions (mvs). Within
punctum cells, most abundant are lipid droplets (ld),
lysosomes (ly) and mitochondria (m). D), E) TEM
micrographs of chemically fixed and decalcified
sample depicting the median portion of a punctum
traversing a stack of fibres. The surface of the
punctum is lined by a very thin layer of single, but
overlapping cells (E, see also Fig. A8). Most abun-
dant are: lysosomes (ly), mitochondria (m), gly-
cogen (gl), rough endoplasmatic reticulum (rer).

Table 1
Mean values m and their standard deviations σ for the volume fraction of organelles (in %) in the different regions of the outer mantle epithelium. n is the number of
test-fields used for the calculations. “central region all” contains the values of the test-fields of “central region secreting” and “central region attached”; er: en-
doplasmic reticulum.

organelle volume fraction (VO) central region secreting central region attached puncta central region all commissure

m σ m σ m σ m σ m σ

mitochondria 4.0 6.5 4.4 3.9 2.1 2.8 4.2 5.3 8.3 5.3
endo-lysosomes 2.3 2.7 4.5 5.3 12.0 4.0 3.4 4.3 8.2 4.5
vesicles 0.8 0.9 0.4 0.6 1.4 0.9 0.6 0.8 2.8 2.3
Golgi apparatus 0.0 0.0 1.1 2.1 0.0 0.0 0.5 1.6 1 1.4
rough er 3.7 1.6 2 1.8 3.1 1.5 2.9 1.9 2.7 1.2
smooth er 0.7 1.1 0.5 0.8 0.3 0.6 0.6 1 0.4 0.5
glycogen 1.2 1 0.8 0.9 0.3 0.6 1.0 1 0.0 0.0
N 13 12 10 25 13
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model. This model is based on the notion that, due to permanent cell
formation, cells need to move away from the mantle groove and de-
velop anteriorly the OME and posteriorly the IME. As a consequence,
OME cells have to undergo a sequence of proliferation events: the se-
cretion of the mucous layer, that of the periostracum and of the mi-
neralized shell layers. However, neither the idea of a proliferation zone
located at the base of the mantle groove nor the conveyor belt model is
based on firm observations or experiments.

For gastropods and bivalves Kniprath (1975, 1978), using 3H-thy-
midine labelling, has shown that mitotic cell divisions occur at any site

within the OME. The authors did not find an indication of growth
centres within the OME. Accordingly, Kniprath concluded that epithe-
lial cells of these molluscs do not change their function and stay in place
for secretion of just one structural entity of the shell throughout their
lives. In contrast, using a BrdU immunohistochemical method, Fang
et al. (2008) observed for the bivalve Pinctada fucata that cell divisions
were concentrated at a central region of the OME. This indicates, that,
depending on the investigated metabolic system, there might be dif-
ferences in cell proliferation patterns.

For Magellania venosa we have not observed any stages of mitosis.

Table 2
Mean values m and their standard deviations σ for the volume of organelles (in µm3) per 10 µm2 epithelial area (VA) in the different regions of the outer mantle
epithelium. Values are given with standard deviation. n is the number of test-fields used for the calculations. “central region all” contains the values of the test-fields
of “central region secreting” and “central region attached”; er: endoplasmic reticulum.

organelle volume per 10 µm2 epithelial area (VA) central region secreting central region attached puncta central region all commissure

m σ m σ m σ m σ m σ

mitochondria 0.5 1 0.6 0.7 0.2 0.2 0.6 0.8 8.9 4.9
endo-lysosomes 0.3 0.3 0.8 1.2 1.0 0.6 0.6 0.9 9.4 5.8
vesicles 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 3.4 3.0
Golgi apparatus 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.1 0.5 1
rough er 0.6 0.4 0.2 0.2 0.2 0.1 0.4 0.4 3 1.1
smooth er 0.1 0.1 0.1 0.1 0.0 0.0 0.1 0.1 0.4 0.6
glycogen 0.2 0.3 0.1 0.1 0.0 0.1 0.1 0.2 0.0 0.0
N 13 12 10 25 13

Fig. 12. Volume fraction of membrane-bound organelles. (A) mitochondria, endo-lysosomes, intracellular vesicles, Golgi apparatus, and rough and smooth ER in
different regions of the outer mantle epithelium: central shell region that can secrete mineral (cr s), central shell region not involved in secretion (cr a), punctum (pt),
secreting and not secreting central shell portions (cr all), commissure (com). (B) Membrane area per 10 µm2 of the apical and proximal cell membrane and membrane
area of the outer membrane of mitochondria for the central shell portion (secreting and not secreting: cr all) and the commissure (com). Results are plotted with the
mean (indicated with horizontal red lines in the graphs) and the standard deviation (indicated with vertical lines in the graphs). Stars indicate significant differences
of mean values for a given organelle between different outer mantle epithelium regions: *: P≤ 0.05; **: P≤ 0.01; ***: P≤ 0.001; ****: P≤ 0.0001.
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This points to the fact that mitosis events might be rare in modern
terebratulide brachiopods. It is also in agreement with the observed
growth rate of 15−18mm per year for juvenile Magellania venosa
(Baumgarten et al., 2013) which corresponds, when assuming a mean
cell length of 10 µm, to about 40–50 cell divisions per day along the
median plane of the animal. However, as the mitotic process can be
quite fast, observations of these in TEM sections should be rare, and
accordingly, sites of cell proliferation in M. venosa might so far be un-
detected. With regard to the conveyor belt mechanism postulated by
Williams, it should be noted that in primary shell layer regions of M.
venosa cell extensions become degraded between the distal ones that
secrete the mineral and the proximal ones that secrete the perios-
tracum. This might indicate cell re-differentiation during shell growth
and the changing of cell function depending on the type of material
they secrete.

According to Williams, regions of the OME at the inner commissure
become later part of the mantle epithelium at central shell portions.
This implies, that the OME either re-organizes itself from a multi- to a
single-layered epithelium or OME cells migrate relative to the calcite
fibres towards the shell edge where they differentiate from central-re-
gion type cells to commissure type cells. However, the statistically
significant higher abundance of organelles of the endo-lysosomal
pathway in the commissure in comparison to the abundance of orga-
nelles in OME cells at the central shell region and the presence of dense
material between cells within the inner commissure strongly argue for a
re-organization of OME cells and not for cell migration. Our results
indicate that in Magellania venosa cell re-organisation takes place be-
tween the commissure and the central shell region, where the OME
decreases in thickness and successively reduces the number of the long
cellular extensions, eventually forming a single cell-layered epithelium
devoid of cell extensions.

In both shell regions, the outer commissure and the central shell
portion, OME cells connect by hemidesmosomes apically to the organic
membranes of the fibres and basally to a thin basal lamina of the OME.
At the commissure, apical and basal hemidesmosomes are very small,
while they are considerably larger at the central shell portion, parti-
cularly the basal hemidesmosomes. This difference can be explained by
the presence of large tonofilaments in the mantle epithelium at the
central shell portion connecting apical to basal hemidesmosomes.
Apparently the tonofilaments together with the hemidesmosomes help
to stabilize the position and the shape of epithelial cells that are in
direct contact to the fibres. At the commissure tonofilaments cannot
occur due to the large number of cellular extensions between the shell
and the basal lamina of the OME. Most likely more than one of these
large cellular extensions originate from a single cell. Due to its multi-
layered structure and the large size of the epithelium, additional sta-
bilization of the OME at the commissure appears to be unimportant.

Cryo-preparation of OME cells revealed some additional aspects of
OME ultrastructure. High-pressure frozen and freeze-substituted sam-
ples of the OME reveal that the tonofilaments are composed of thin
fibrils (Fig. 10E). As the tonofilaments are connected to hemidesmo-
somes, these fibrils represent intermediate filaments that are known to
sustain tensile forces particularly well (Kreplak and Fudge, 2007) An-
other unexpected feature is the presence of two plasma membranes at
the basal side of OME cells located close to hemidesmosomes
(Fig. 10D–F). This is a new finding for modern brachiopods, to our
knowledge, such double cell membranes have up to now been reported
only once in the hematophagous insect Rhodnius prolixu (Lane and
Harrison, 1979).

5.2. Calcite fibre secretion

Simonet Roda et al. (2019) showed that in periodic alternation on
the order of 7–9 µm about 50% of the OME is attached to the organic
membranes that cover the proximal, convex surface of the calcite fibres.
This part of epithelium is in very close contact to the shell, leaving little

(i.e. very few nanometers) or no room for an extrapallial space. At these
sites, mineral deposition does not take place. It takes place when the
cells have detached from the organic membrane that lines the basal
surface of the fibres. At these regions, we find that more than one cell is
located below the forming fibre Figs. 5 and 9. This observation con-
tradicts claims of Williams (1966, 1968b), who reported that a fibre is
formed by one cell only (described for Notosaria nigricans and Hemithiris
psittacea). Secretion of a fibre by more than one cell requires tight co-
operation and coordination of neighbouring OME cells as these secrete
the mineral and the organic membrane (Simonet Roda et al., 2019). The
strong interdigitations of neighbouring cells (Fig. 9) and the very large
number of gap junctions between adjacent epithelial cells (Fig. 10A–C)
substantiates the need for cell communication and/or exchange of small
metabolites.

The tight attachment of apical OME cell membranes to forming fi-
bres raises the question of the dimension of the extrapallial space, the
space between the mineral secreting region of the cells and the forming
fibre. An answer to this question is important as the width of the ex-
trapallial space affects the mechanism that adds mineral to the growing
shell. It is known for molluscs that the extrapallial space between the
OME and the shell is only a few tens of nanometers (e.g. about 90 nm in
the bivalve Neotrigonia, Checa et al., 2014, Nodipecten nodosus, Audino
et al., 2015). Since mineral may dissolve during sample preparation, we
investigated polished samples of resin embedded shells that have been
high-pressure frozen and freeze-substituted (this study and Simonet
Roda et al., 2019), where both, the mineral and the adjacent outer
mantle epithelium are well preserved. These experiments show that
that at the growing fibres at sites of mineral deposition the outer mantle
epithelium is in direct contact with the calcite fibre, without any ex-
trapallial space in between.

5.3. Mineral transport

Research over the last decades indicated that in shelled organisms
hard tissue formation might occur via an amorphous precursor (e.g.
Beniash et al., 1997; Beniash et al., 1999; Weiss et al., 2002; Addadi
et al., 2003; Weiner et al., 2003; Politi et al., 2004, 2008; Nassif et al.,
2005; Nudelman et al., 2008; Jacob et al., 2011; Cartwright et al., 2012;
DeVol et al., 2015; Macías-Sánchez et al., 2017; Rousseau, 2018).

In order to test if calcite deposition in Magellania venosa fibres takes
place via amorphous calcium carbonate (ACC) we performed etching
experiments on high-pressure frozen, freeze-substituted and microtome
polished surfaces, with shell mineral and the OME being preserved in a
native state (Fig. A5). It is known that ACC has a ten times higher so-
lubility than crystalline calcium carbonate and dissolves readily at pH
values higher than 7.0 (Brečević and Nielsen, 1989). In previous stu-
dies, we have used this characteristic to distinguish between calcite and
amorphous Ca-carbonate mineral phases (Seidl and Ziegler, 2012; Seidl
et al., 2012). Etching of Magellania venosa shell samples at a pH of 9
with the mineral of the shell and the OME being in closest contact to
each other showed no mineral dissolution between the forming fibre
and the OME (Fig. A5). We find only between fibres a thin layer of
mineral that dissolved (compare Fig. A5A with A5bB). We did not find
any evidence for the presence of an amorphous precursor at the
growing front of fibres. This suggests that the mineral is deposited here
directly as calcite rather than via a precursor amorphous phase (ACC).
With the applied type of sample preparation crystallization of ACC at
preparation can be excluded, since, after shock-freezing the sample
remains free of liquid-state water as well as during freeze-substitution,
embedding and polishing. This is experimentally verified by our etching
experiments, when comparing the micrograph recorded before etching
(Fig. A5A) with that after etching at a pH of 9 (Fig. A5B).

Corresponding to our conclusions that we inferred from etching
experiments, high-resolution, low-kV EBSD analysis also did not show
any ACC between the fibres and the cells of the outer mantle epithelium
(Fig. A10). The EBSD signal is a diffraction signal that originates from
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backscattering at lattice planes of crystallized material. Hence, when
the electron beam hits lattice planes we obtain a Kikuchi pattern (EBSD
signal), while in the case of an amorphous mineral or biopolymers there
will be no diffraction at lattice planes and, hence, an EBSD signal will
not be formed. We conducted high-resolution EBSD measurements with
a step size of about 100 nm (Figs. A10B, A10C) on high-pressure frozen
and freeze-substituted Magellania venosa fibres that are in direct contact
to OME cells (Fig. A10A). We did not find any signs for the presence of
an amorphous precursor in any fibres at 100 nm resolution. In contrast,
as the EBSD measurement, notably the band contrast, in Fig. A10
shows, the mineral at the growing face of fibres directly next to OME
cells is crystallized calcite.

Ultrastructural results of the OME given in this study and the ex-
periments reported by Simonet Roda et al. (2019) allow conclusions
about the mechanism of mineral transport from OME cells to the
forming fibres. As mentioned in the introduction, transport and de-
position of calcium carbonate may occur either via vesicles and exo-
cytosis to the site of mineral deposition (e.g. Aizenberg et al., 1996,
Politi et al., 2008, Weiner and Addadi, 2011, Gal et al., 2014) or via ion
transport across cell membranes (e.g. Greenaway et al., 1995; Roer,
1980; Wheatly, 1999; Wheatly et al., 2001; Ziegler et al., 2002, 2004)
and through the cytoplasm; either with calcium binding proteins or
intracellular compartments like the endoplasmic reticulum (e.g.;
Ziegler, 2002; Hagedorn and Ziegler, 2002; Hagedorn et al., 2003;
Ahearn, 2004; Ziegler et al., 2005). The compart-mentalization is es-
sential as it ensures that high toxic concentrations of ionized calcium in
the cytosole are avoided. It was the nanogranular appearance of etch
patterns of brachiopod biocalcite in the 50–100 nm size range (Cusack
et al., 2008; Schmahl et al., 2008; Simonet Roda et al., 2019), which
originally appeared to support the paradigm of biocalcite growth by
successive attachment of 50–100 nm nanoparticles. As the fibres of
modern Magellania venosa are single crystals, the particles – if they exist
– need to be ACC which crystallizes homoepitaxially on a substrate

crystal. Accordingly, we originally expected to find ACC-filled vesicles
of 50–100 nm diameter, which form in the epithelial cells, are exocy-
tosed to attach to the mineral. However, in our high-resolution TEM
images there is no positive or direct indication for such a mechanism.
Moreover, in the extremely thin epithelial cells of the central shell re-
gion (as thin as 20 nm) we did not find organelles or vesicles that would
transport solid mineral from cells to the sites of mineralization.

Nevertheless, we observed in OME cells at the commissure small
vesicles between the outermost flat cell extensions and the fibrous shell
layer. These could be interpreted as exosomes containing mineral and/
or organic material that possibly contribute to the formation of the
calcite fibres. Contradicting this interpretation is that we do not observe
any multivesicular bodies containing exosomes within the OME cells,
which are necessary for the secretion of exosomes into extracellular
space. Hence, the above mentioned extracellular vesicles are most likely
the result of degradation of the long cell extensions, and these are
abundant at the commissure. Furthermore, we regard it very unlikely
that mechanisms for mineral transport are different between the com-
missure and the central shell region.

The thin cellular extensions underneath sites of mineral secretion,
their direct contact to the forming fibres and the absence of ACC at the
growing face of the fibres argue strongly for a vesicle independent
mechanism of mineral transport for both, the commissure and the
central shell region. Hence, in accord to our findings we propose for
modern Magellania venosa a transcellular transport of calcium and hy-
drogen carbonate ions across the OME and the direct formation of
calcite at the growing fibre. For the central shell region, this hypothesis
is well supported by the extremely thin epithelial cells at sites of mi-
neral secretion. The thinning of these cells diminishes the need of
maintaining high calcium gradients within the cytosol and reduces
toxic effects on calcium dependent signalling, cytoskeleton stability,
and the function of mitochondria. The results of our morphometric
analysis support as well transport of ions to sites of shell secretion. OME

Fig. 13. Major steps of a conceptual model for calcite secretion in the modern brachiopod Magellania venosa. (1) Ionized calcium diffuses into the cell through
channels along the inwardly directed electrochemical gradient, (2) Ca2+ is transported out of the cell, across the apical plasma membrane to the forming fibre, by a
Ca2+-transport ATPase or/and a Na+/Ca2+-exchange mechanism. Carbonate is formed by cell metabolism; but it also enters the cell as HCO3

− through a (3)
HCO3

−/Cl− exchange or a HCO3
−/Na+ co-transport mechanism. (4) HCO3 is transported across the apical cell membrane by a HCO3

−/Na+ co-transport mechanism
or/and a HCO3

−/Cl− exchanger (the latter not shown in the model). (5) At the site of mineralization Ca2+ reacts with HCO3
− to form CaCO3 and releasing H+. (X)

To our knowledge there are no proton transporters capable to bring protons from the outside to the inside of the cell against its electrochemical gradient. (6) Carbonic
anhydrase catalyses the formation of H2O and CO2 from the proton and HCO3

−; H2O enters the cell through aquaporin channels and CO2 diffuses back through the
cell membrane into the cytoplasm. In the cytosole the carbonic anhydrase catalyses the reaction back to hydrogencarbonate and a proton. The HCO3

− is recycled and
(8) the proton is transported into the hemolymph by a V-type H+-ATPase. (8) The inwardly directed sodium gradient is maintained by the 3Na+/2K+ transport-
ATPase within the basolateral membrane.
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cells at the commissure have an about twice as high volume fraction of
mitochondria than those within the central shell region, what points to
a higher energy consumption of the cells at the commissure. When we
compare values of absolute mitochondria volume we find a 15 times
higher value for the commissure than for the central region, and for the
mitochondrial outer membrane area an 11 times higher value, respec-
tively. This difference is significant. However, it should be kept in mind
that additional functions, such as secretion of the periostracum, that of
the mucous layer, degradation of cellular extensions and the possibly
higher energy costs for higher proliferation rates, evoke as well an in-
creased volume fraction of mitochondria.

Hence, how is then mineral transported to the site of calcification in
the modern brachiopod Magellania venosa? On the basis of our findings
and results reported in literature (Roer, 1980; Roer and Dillaman, 1984;
Giraud-Guille, 1984; Cameron and Wood, 1985; Ziegler, 1997;
Wheatly, 1999; Wheatly et al., 2001; Hagedorn and Ziegler, 2002;
Hagedorn et al., 2003; Ziegler et al., 2004) we developed a conceptual
model (Fig. 13) for ionized calcium, carbonate and proton transport for
the modern brachiopod Magellania venosa. Observations gained in this
study that favour a plasma membrane aided ion transport mechanism
for shell formation inMagellania venosa are: (i) the presence of very thin
cell regions at sites of mineral secretion. These thin cells do not require
a compartmentation of calcium in the cytoplasm of the cell; (ii) the
absence of an amorphous carbonate phase in fibres that are in direct
contact with OME cells, hence, fibres that are in active secretion; (iii)
the absent or very narrow extrapallial space between the apical mem-
brane of OME cells and the growing fibres, which leaves no space for
mineral transport by vesicles; (iv) the lack of evidence for the presence
of vesicles transporting ACC.

The major steps of our model are (Fig. 13): (1) Ionized calcium
enters the cell passively through calcium channels along the steep in-
wardly directed electrochemical gradient; (2) From the cytoplasm cal-
cium is transported across the apical cell membrane by a Ca2+-trans-
port ATPase and an Na+/Ca2+-exchange mechanism. Carbonate ions
are formed by cell metabolism or/and (3) enter the cell through a
HCO3

−/Cl− exchange or a HCO3
−/Na+ co-transport mechanism. (4)

Hydrogen carbonate is transported by a HCO3
−/Na+ co-transporter or/

and a HCO3
−/Cl− exchanger across the apical cell membrane. (5) At

the site of mineralization Ca2+ reacts with HCO3
− to CaCO3 releasing

one H+. To our knowledge there is no transporter which is able to
transport protons against its electrochemical gradient from the outside
of the cell into the cytoplasm as indicated by the (X) in Fig. 13. How-
ever, mineralization can only proceed if the proton is removed into the
cytosol to maintain an alkaline pH at the site of mineralization (to re-
duce the solubility of CaCO3). Numerous studies on a range of different
CaCO3 mineralizing organisms have shown the presence of carbonic
anhydrases in the mineralized tissue and/or expression of the protein in
the mineralizing epithelial cells (e.g. Cameron and Wood, 1985;
Miyamoto et al., 1996; Yu et al., 2006; Tambutté et al., 2007; Marie
et al., 2008; Moya et al., 2008; Ziegler, 2008) including brachiopods
(Isowa et al., 2015). Carbonic anhydrases catalyse the formation of H2O
and CO2 from H+ and HCO3

− as well as the reverse reaction. H2O can
pass back into the cell by aquaporin channels. The passage of the non-
polar CO2 through the membrane is possible by passive diffusion (e.g.
Missner et al., 2008), but there are also indications for the existence of
CO2 channels (Endeward et al., 2017). Inside the cell the CO2 is
transformed with water into H+ and HCO3

−. The carbonic anhydrase
process is indicated as (6) in Fig. 13. (7) The proton is transported from
the cytoplasm to the haemolymph by a V-type H+-ATPase. (8) The
inwardly directed sodium gradient is maintained by the 3Na+/2K+

transport-ATPase located in the basolateral cell membrane.
Passage of ionized calcium through specific channels in the cell

membrane or/and into intracellular stores plays a major role in cell
signalling events and triggers many cell physiological processes (e.g.
Grover and Khan, 1992; Simkiss, 1996; Carafoli, 2004; Berridge, 2005;
Clapham, 2007). Transcellular calcium ion transport is intrinsic to

many epithelial cells. Non-mineralising epithelial cells of vertebrate
kidney (Kumar, 1995; Moor and Bonny, 2016), the gill and antennal
gland epithelium of Crustacea (Flik et al., 1994; Lucu, 1994; Neufeld
and Cameron, 1993; Wheatly et al., 2007). Also for mineralizing epi-
thelial cells, e.g. those that secrete the mineral in crustacean cuticle
(Roer and Dillaman, 1984; Greenaway et al., 1995; Wheatly, 1999;
Wheatly et al., 2001; Ziegler et al., 2004), in corals (e.g. Allemand et al.,
2004; Böhm et al., 2006; Marshall et al., 2007; Tambutté et al., 2011;
Pretet et al., 2013; Fallini et al., 2015; Inoue et al., 2015; Gothmann
et al., 2016; Mejía et al., 2018), coccolitophorides (e.g. Gusonne et al.,
2006; Langer et al., 2007; McClelland et al., 2017; Hermoso et al., 2017;
Yin et al., 2017; Toyofuku et al., 2017; Liu et al., 2018) and for-
aminifera (e.g. Bentov et al., 2009; De Nooijer et al., 2014; Toyofuku
et al., 2017). To our opinion, it is well conceivable that transport of
ionized Ca across cell membranes might take place as well at shell
mineralization in shell secreting organisms.

6. Conclusions

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. In order to understand mineral transport and
shell secretion, we investigated the ultrastructure of OME cells and their
spatial relation to the growing shell. We deduce the following conclu-
sions from our results:

1. The ultrastructure of the OME at the commissure differs sig-
nificantly from that at central shell regions. The OME at the com-
missure consists of several cell layers, while at central shell regions
it is single-layered.

2. At the commissure, cells form long, lateral extensions towards the
shell. These are thin, flat, and in direct contact with the calcite fi-
bres, while proximally they are roundish in cross section.

3. At central shell regions OME cells are considerably thinner in
comparison to cells at the commissure. Especially at forming calcite
fibres cells are only a few tens of nm thick.

4. Mineral deposition takes only place at sites where the apical mem-
brane of OME cells is in direct contact to the calcite of the fibre.
Mineral secretion is terminated with the formation of an organic
(likely proteinaceous) membrane which lines the proximal surface
of fibres. At these sites, apical hemidesmosomes connect apical cell
membranes to the organic lining of the fibres. Tonofilaments con-
nect apical to basal hemidesmosomes. This stabilizes the contact of
epithelium and fibres and keeps the mantle in place.

5. Individual fibres are secreted by several cells at the same time. This
requires communication and tight cooperation of neighbouring
OME cells for the coordinated secretion of organic membrane and
mineral, explaining the high abundance of gap junctions between
cells.

6. There is not any observation in the cell ultrastructure in our study
that can be taken as evidence for a vesicular transport based mi-
neralization process. On the contrary, the absent or very narrow (in
the range of nanometers) space between the epithelium and the
growing fibres, together with the absence of significant differences
in the volume fraction of vesicles between secreting and non-se-
creting regions of the OME, as well as the extreme reduction in cell
thickness at sites of mineral secretion suggests, that in modern
Magellania venosa (and likely in all Rhynchonellida and
Terebratulida forming the fibrous microstructure) mineral transport
to the sites of mineralization occurs via ion transport mechanisms
through the cell membrane and not by transport of mineral by or-
ganelles such as vesicles.
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