s1dLIOSNUBIA JoyINy sispund DN 8doin3 ¢

s1dLosnuUep JoyIny sispund DN adoin3 ¢

Europe PMC Funders Group
Author Manuscript
J Struct Biol. Author manuscript; available in PMC 2021 November 13.

Published in final edited form as:
J Struct Biol. 2021 October 22; 213(4): 107803. doi:10.1016/j.jsb.2021.107803.

The calcifying interface in a stony coral primary polyp: An
interplay between seawater and an extracellular calcifying space

Gal Mor Khalifa®P*, Shani Levy@P, Tali Mass&b*

Shani Levy: levyshani78@gmail.com

aDepartment of Marine Biology, Leon H. Charney School of Marine Sciences, University of Haifa,
Haifa, Israel

bMorris Kahn Marine Research Station, The Leon H. Charney School of Marine Sciences,
University of Haifa, Haifa, Israel

Abstract

Stony coral exoskeletons build the foundation for the most biologically diverse marine ecosystems
on Earth, coral reefs, which face major threats due to many anthropogenic—related stressors.
Therefore, understanding coral biomineralization mechanisms is crucial for coral reef management
in the coming decades and for using coral skeletons in geochemical studies. This study

combines in-vivo imaging with cryo-electron microscopy and cryo—elemental mapping to

gain novel insights into the biological microenvironment and the ion pathways that facilitate
biomineralization in primary polyps of the stony coral Stylophora pistillata. \We document
increased tissue permeability in the primary polyp and a highly dispersed cell packing in

the tissue directly responsible for producing the coral skeleton. This tissue arrangement may
facilitate the intimate involvement of seawater at the mineralization site, also documented here.
We further observe an extensive filopodial network containing carbon-rich vesicles extruding
from some of the calicoblastic cells. Single-cell RNA-Sequencing data interrogation supports
these morphological observations by showing higher expression of genes involved in filopodia
and vesicle structure and function in the calicoblastic cells. These observations provide a new
conceptual framework for resolving the ion pathway from the external seawater to the tissue-
mineral interface in stony coral biomineralization processes.
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Introduction

Stony corals produce calcium carbonate exoskeletons in the form of aragonite that constitute
the structural basis of coral reefs ecosystems. On geological time scales, these structures

can span thousands of kilometers in shallow tropical and subtropical seas (Darwin, 1845).
Coral reefs are vital ecosystems with ecological, evolutionary, and economic importance, yet
they are facing major threats today due to multiple anthropogenic stressors. These stressors
include global sea—surface warming, ocean acidification, local pollution, overfishing, marine
construction, and diving pressure (Ateweberhan et al., 2013; Bozec and Mumby, 2015;
Hoegh-Guldberg et al., 2007; Hughes and Connell, 1999; Kennedy et al., 2013). Coral reef
risk assessment is a highly complex task because of the multiple stressors involved and the
lack of mechanistic understanding of mineral formation at the tissue, cellular and molecular
levels. The elemental and isotopic compositions of the aragonitic coral skeletons are used

to reconstruct past seawater chemistry and climate. (Adkins et al., 2003; Chalk et al., 2021;
Honisch et al., 2004; Urey et al., 1951; Weber and Woodhead, 1972). Resolving the ion
pathway from seawater, through the coral tissue and to the mineralization site, and the
biomineralization processes involved is, therefore, essential for better understanding the use
of coral skeletons for oceanographic re-constructions, as well as for assessing coral reef fate
under current and future climate conditions (Field et al., 2014).

Most scleractinian or stony corals (Anthozoa) form colonies with the basic unit of a

polyp. The coral life cycle involves a swimming planula that metamorphoses, settles,

and immediately commences rapid calcification to attach firmly to the substrate and form
the primary polyp (Vandermeulen, 1975). Polyps have a cylindrical shape with a central
mouth surrounded by tentacles used for predation (Fig. 1a. Many stony corals also contain
symbiotic dinoflagellates of the family Symbiodiniaceae and feed both by predation and on
photosynthetic products supplied by their endosymbionts (LaJeunesse et al., 2018; Martinez
et al., 2020; Muscatine, 1973). Coral anatomy includes two body layers, ectoderm and
endoderm, separated by a noncellular gelatinous layer called mesoglea. This anatomy
repeats itself both in the oral tissue that faces the external seawater and the aboral tissue
that faces the exoskeleton (Johnston, 1980). The aboral ectoderm contains calicoblastic
cells which are responsible for secreting the mineralized exoskeleton within the space
between the skeleton and the tissue also reffered as the sub—skeletal space that is filled with
an extracellular medium (ECM) (Allemand et al., 2011; Johnston, 1980; Tambutté et al.,
2011b). The skeleton of an individual polyp is composed of radially aligned plates (septa)
projecting upwards from the base (Fig. 1a, b, e. Each septum micro-structure includes the
first-formed center of calcification (CoC) characterized by a nano-granular texture, while the
rest of the septum (its major part in mass) is composed of elongated fibrous micron-sized
single crystals arranged in three-dimensional fans (fascicles) around the CoC (Barnes, 1970;
Cohen, 2003; Constantz, 1986; Cuif and Dauphin, 1998; Sugiura et al., 2021; Von Euw
etal., 2017). The mineral composing the CoC differs from that composing the elongated
fibers by structure, elemental and isotopic compaosition, level of order, and its contained
organic matrix (Cuif et al., 2003; Cuif and Dauphin, 2005; 1998; Meibom et al., 2004;
Rollion-Bard et al., 2003; Von Euw et al., 2017). The calicoblastic cell layer, the ECM, and
the skeletal mineral surface create the microenvironment of coral biomineralization. Detailed
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characterization of this microenvironment is essential for resolving the biomineralization
strategies in stony corals.

Morphological and spatial characterizations of the tissue-skeleton interface were obtained
over the last few decades mainly using conventional scanning electron microscopy (SEM),
transmission electron microscopy (TEM) thin sections, and histology (Johnston, 1980;
Muscatine et al., 1997; Tambutté et al., 2007). However, these preparation procedures
involve chemical fixation, demineralization, staining, dehydration, and plastic or paraffin
embedding steps that can cause morphological and chemical alterations of the tissue.
Therefore, rapid freezing and freeze-substitution procedures were used to avoid chemical
fixation, staining, and demineralization artifacts (Marshall and Wright, 1993). Clode and
Marshall were the first to use cryo-fixation followed by low-temperature imaging (i.e.,
without the need of freeze-substitution) on fully hydrated coral fragments (Clode and
Marshall, 2003; 2002a; 2002b) to further achieve preservation of the specimens’ original
volume and elemental composition (Echlin, 1992). The use of cryo-planing, providing a flat
surface of cryo-fixed samples, paved the way for quantification and distribution analysis
of dissolved ions in soft tissues and water-based solutions composing the sample using
cryo—energy-dispersive x-ray spectroscopy (Cryo-EDS) analysis (Marshall and Wright,
1972; Marshall and Xu, 1998; Marshall, 2017; Mor Khalifa et al., 2018). Cryo—EDS was
therefore used to study ion distributions in the coral skeletal-tissue interface (Clode and
Marshall, 2002b). Great strides in cryo fixation techniques were made since the pioneering
low-temperature observations of Clode and Marshall. This includes high-pressure freezing,
in which the necessary heat to be extracted from the specimen is reduced, and thus a

fast (milliseconds) cooling procedure allows sample “vitrification”, a state in which the
water molecules of the sample are kept in a non-crystalline, amorphous solid state, and
therefore, as close as possible to natural conditions with respect to sample morphology and
elemental distribution (Echlin, 1992; Studer et al., 2008). Another novel in situ measurement
of dissolved ion concentration is Ca2* concentrations recently measured in the ECM using
microelectrodes (Sevilgen et al., 2019).

A different cutting—edge technique recently applied for the first time in stony corals

is single-cell RNA sequencing (SCRNA-seq) (Levy et al., 2021), which reveals cellular
specialization in stony corals. The new S. pistillata cell atlas shows the transcriptional
profile of the calicoblastic cells, among other cell types, both in the primary polyp and
adult coral (Levy et al., 2021). Thus, it provides insights into the molecular basis of the
biomineralization processes carried out by these cells. The recent ScRNA-seq analysis of
multiple S. pistillata life stages also showed that 30% of the primary polyp cells are
calicoblasts, while adult colonies are comprised of less than 7% calicoblastic cells (Levy
et al., 2021). In addition, the authors reported an increased expression of biomineralization
related genes in primary polyps compared with adults (SI Appendix Fig. S1 and (Levy

et al., 2021)), supporting the assumption that mineralization activity is more rapid in the
primary polyp stage compared with the adult life stage (Gilis et al., 2014; Johnston, 1980;
Vandermeulen, 1975). This makes primary polyps good study targets to characterize the
mineralization microenvironment and are therefore the subjects of this study.
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Here we used cryo-SEM imaging of high—pressure frozen, freeze—fractured or cryo—planed
primary polyps to obtain a morphological characterization of the skeleton-tissue interface
and to rectify the range of sizes between adjacent calicoblastic cells and between the
skeleton and the calicoblastic tissue. We further analyzed the published S. pistillata primary
polyp cell atlas database (Chang et al., 2019), searching for transcription patterns that
correlate with our cryo-SEM morphological analysis. We further obtain a quantitative

ion distribution analysis of the ECM fluid using cryo—planing followed by cryo-EDS
analysis. Using the described experimental approach, we provide a novel description of

the microenvironment in which coral biomineralization occurs and the biomineralization
pathway of ions from the seawater through the coral tissue and to the mineralization site.

2 Materials and methods

2.1 Stylophora pistillata primary polyps

S. pistillata larvae were collected from colonies at depths of 8-14 m in the reef adjacent

to the Interuniversity Institute of Marine Sciences (1U1), 29°3006.0” N 34°5458.3”E, in
the Gulf of Agaba (Israel) under a special permit from the Israeli Natural Parks Authority.
Collection was performed using larvae traps made of 160 um mesh size plankton nets
following Neder et al. (Neder et al., 2019). Collected larvae were acclimated overnight under
ambient conditions (~25 °C and ~ pH 8.2) in a flow-through outdoor aquarium exposed

to natural lighting with fresh seawater filtered to 60 um. After undergoing metamorphosis,
planulae were allowed to settle as primary polyps using seawater volume limitation for a
few minutes on a glass bottom dish (for light microscopy) or on a high-pressure freezing
aluminum disc, (for cryo—fixation and cryo—SEM imaging). After initial attachment to

the substrate, primary polyps were reimmersed in larger seawater volumes. The settled
primary polyps commenced mineral deposition and were used for all experiments 4-5 days
post-settlement.

2.2 In-vivo fluorescence bead labeling and imaging

In—vivo labeling and imaging was conducted on primary polyps using green fluorescent
beads of a 1 um diameter to test their tissue permeability. Fluorescent bead labeling
solution was prepared by diluting 2 pl aqueous suspension of fluorescent yellow-green
beads (diameter = 1 um) (Merck L4655) in 8 ml freshly filtered (0.2 pm) seawater. Primary
polyps were incubated in the fluorescent bead labeled seawater solution for 2 hr and imaged
on an inverted confocal laser-scanning microscope (Nikon A1R) with both Plan Fluor 10x
DIC L and Plan Fluor 40x Oil HN2 objectives. Images were acquired in three channels:
green (fluorescence beads excitation: 492 nm emission: 525 * 50), red (photosymbiont
chlorophyll, excitation: 492 nm, emission: 700 + 75 nm) and laser transmitted image.
Pinhole size was 61.3 pm. Time—lapse datasets were obtained using Plan Fluor 10x DIC L
objective by acquiring 49 time points in 6 min. Z-stack data sets were acquired using Plan
Fluor 40x Oil HN2 objective to cover the entire thickness of the primary polyp tissue in

the observed area with 2 um steps. All images were acquired with the Nikon Nis-Elements
software (Nikon Instruments, Melville, NY, United States).
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2.3 Cryo-EM techniques

Primary polyps 4-5 days post settlement underwent high-pressure freezing, freeze fracture,
cryo-planing and cryo-SEM/EDS imaging. These techniques were performed following Mor
Khalifa et al. (Khalifa et al., 2016; Mor Khalifa et al., 2018). In short:

2.4 High-pressure freezing (HPF)

Live 4-5d old S. pistillata primary polyps were immersed in a filtered (0.2 pm) natural
seawater solution containing 10 wt% dextran (Fluka) as a cryo-protectant, and immediately
high—pressure frozen (HPM10, Bal-Tec AG, Liechtenstein or EM ICE, Leica Microsystems,
Vienna, Austria) between two aluminum discs. The mounting procedure took up to 30 sec.
Samples for freeze-fracture were frozen between two identical aluminum discs (diameter = 3
mm, thickness = 100 um) and samples for cryo-planing were frozen inside an aluminum disc
of diameter = 3 mm, thickness = 200 um with a flat aluminum cover.

2.5 Cryo-planing

High-pressure frozen samples were transferred to a cryo-microtome (UC6, Leica
Microsystems, Vienna, Austria) and planed at —150 °C in a nitrogen atmosphere to
achieve a flat cross-section surface using a diamond blade (Cryotrim 20, DIATOME, Biel,
Switzerland). Samples were then vacuumed to 5 x 10~/ mbar, =120 °C (BAF 60, Leica
Microsystems, Vienna, Austria) and transferred for cryo-SEM imaging using a vacuum
cryo-transfer device (VCT 100, Leica Microsystems, Vienna, Austria). Finally, the samples
were loaded into a scanning electron microscope (Ultra 55 S.E.M., Zeiss, Oberkochen,
Germany), where they were imaged at — 120 °C.

2.6 Freeze-fracture

High-pressure frozen samples were vacuumed to 5 x 10~/ mbar at — 120 °C and a fracture
was conducted at the interface between the two HPF discs containing the sample (BAF
60, Leica Microsystems, Vienna, Austria). One disc containing the exposed cryo-fixed,
freeze-fractured primary polyp was transferred for cryo-SEM imaging using a vacuum
cryo-transfer device (VCT 100, Leica Microsystems, Vienna, Austria) and loaded into the
SEM where it was imaged at — 120 °C.

2.7 Cryo-scanning electron microscopy/energy dispersive spectroscopy (cryo-SEM/EDS)
analysis

High-pressure frozen cryo-planed or freeze-fractured S. pistillata specimens were loaded
into the SEM at —120 °C. Cryo-planed samples were then heated to —105 °C for 3-10 min
(etching) to remove adsorbed surface nano-ice crystallites deposited on the sample surface
during sample transfer. Freeze fractured samples did not undergo an etching procedure.
Samples were then imaged to find loci of interest using an in-lens (in the column) secondary
electron (SE) detector and an in-the-column energy selective backscattered electron (EsB)
detector using the following microscope conditions: working distance = 2 mm, acceleration
voltage = 1.5 kV and aperture = 10 um. After loci of interest were found and imaged in

high resolution using both detectors, cryo—planed samples were transferred using a vacuum
cryo-transfer device (VCT 100, Leica Micro-systems, Vienna, Austria) to a freeze-fracture

J Struct Biol. Author manuscript; available in PMC 2021 November 13.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Khalifa et al.

Page 6

device (BAF 060; Bal-Tec) for carbon coating (8 nm) before EDS analysis. Samples were
transferred back to the electron microscope, and cryo-SEM/EDS analysis was performed
using the following microscope conditions: working distance = 7 mm, acceleration voltage
=9 kV, aperture = 30 um, Cryo-EDS analysis was performed using a Bruker Quantax
microanalysis system with an XFlash®6 60 mm detector. Take off angle-35°. Elemental
distribution maps and EDS spectra were obtained and analyzed using the Esprite software.
Cryo-EDS spectra were collected with 100,000 counts and a comparable measured area (25
+ 2 um?) and magnification (x10,000). Background was subtracted and elemental atomic
percentages were quantified. Elemental analysis included elemental ratios (ratios between
atomic percent of different ions) expressed as the mean ratio + standard deviation of at
least five different measurements. Elemental distribution maps acquisition time was 3 min.
Brightness and contrast levels of maps were adjusted using Adobe Photoshop, with identical
dynamic range and level adjustments applied to all elemental distribution maps of the same
imaged region.

2.8 Image analysis

We used Adobe Photoshop for brightness and contrast level adjustments of cryo-SEM/EDS
and in-vivo fluorescence micrographs and manual stitching of high-resolution cryo-SEM
micro—graphs to obtain large field-of-view high resolution collage images. We conducted
false coloring of SE mode cryo-SEM micrographs to highlight identified loci of interest.
Microsoft Excel was used for graphical representation of EDS spectra.

2.9 Single cell RNA-seq data analyses

Gene expression analysis and heatmaps were created from the recently published
interactive Shiny application (Chang et al., 2019) “https://sebe-lab.shinyapps.io/
Stylophora_cell_atlas/* based on the S. pistillata single cell RNA-Seq (Levy et al., 2021).
Gene expression levels as fold-change were normalized by computing a regularized
geometric mean within each metacell and dividing this value by the median across
metacells.

3 Results

3.1 Morphological characterization of tissue-skeleton interface in primary polyps

Primary polyps were studied 4-5 days after settlement. At this life stage, the primary

polyp is adhered to the substrate, tentacles have formed and can be extended by the animal
(Fig. 1a, and skeletogenesis is at its early stages in the sessile organism. The basal part

of the primary polyp skeleton termed the basal plate, is not yet formed (Fig. 1a. Primary
polyps were high-pressure frozen, and the mineral and its adjacent tissue were exposed for
imaging, using either freeze-fracture or cryo—planing. The studied areas were roughly in the
center between the bottom of the aluminum disk and the septa top to avoid any possible
morphological modification of the tissue, which may occur near the bottom part of the
polyp due to attachment to a synthetic substrate (Fig. 1b, ¢, and d. Septa are often not

fully developed in the studied primary polyp age and appear non-continuous by conventional
light microscopy (Fig. 1e, ). A cryo-SEM energy-selective backscattered electron (EsB)
mode image of a high-pressure frozen, freeze-fractured primary polyp reveals two septa with
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non-continuous mineral surfaces spread along their long axis (Fig. 1g. Mineral surfaces are
detectable with higher contrast (white) than adjacent tissue (grey) using the EsB detector

in which the signal is sensitive to atomic number. Studying the freeze-fractured surface

of primary polyps, we observed characteristic cells of the oral tissue such as cnidocytes,
mucus-forming cells (mucocytes), and host cells containing symbiotic algae (SI Appendix,
Fig. S2. We further observe the mineral and the two body layers of the aboral tissue adjacent
to it (Fig. 2a. The mineral is indicated by its microcrystalline structure (Fig. 2b, whereas
both the aboral endoderm and the aboral ectoderm (i.e., the calicoblastic cell layer) are
indicated by their cellular composition in which nuclei and cellular membranes are clearly
detected (Fig. 2c. The noncellular mesoglea separating them is identified by its rough
surface texture (Fig. 2d, characteristic of a vitrified solution (Mor Khalifa et al., 2018). It

is noteworthy that this classical tissue arrangement does not characterize all observed areas.
In some of our observed loci cnidocytes were found in close proximity with the mineral (Sl
Appendix, Fig. S3.

The freeze-fractured surface of a septum (Fig. 3 reveals the microstructure of the first
formed mineralization zone, the CoC (Fig. 3c, f-pseudo-orange), characterized by a nano-
granulated surface texture composed of tightly packed nano-spheres uniformly sized, 20

+ 3.1 nm (Fig. 3h. The remainder of the septum is composed of elongated fibrous
microcrystals arranged in fascicles around the CoC (Fig. 3c, f-pseudo-yellow). The interface
between the CoC and the microcrystals layer is better observed in a newly formed septum
where the CoC is already completed but the fibrous microcrystals are just starting to form
(Fig. 3 d, e, f). The fibrous microcrystals have flat surfaces and are sized up to 1 pm in
width and a few microns in length (Fig. 3f, g). The two mineral layers appear to be tightly
interwoven.

The calicoblastic cell layer shows various thicknesses, ranging between a monolayer and

a layer with a thickness of 4-5 stacked calicoblastic cells. Cell morphology in this layer
varies as well (Fig. 4. Some cells of the calicoblastic layer exhibit an elliptical shape (Fig.
4a. Other cells found near the mineral surface typically have an elongated morphology

with increasing surface area on the side in contact with the mineral (Fig. 4b. Near mineral
corners or sharp edges, calicoblastic cells typically have a cup shape (Fig. 4c. Additionally,
many of the observed calicoblastic cells have cellular extensions that span up to several cell
diameters and have a typical thickness of hundreds of nm. According to their size and shape,
these cellular extensions appear to be a filopodia network and typically occupy the space
between the calicoblastic cell layer and the mineral (Fig. 4a, d. These filopodia are enriched
with vesicles engulfed by the cell membrane (Fig. 4a, d. High magnification cryo-SEM
analysis of a cryo—planed primary polyp reveals the filopodia cross-section and shows that
the vast majority of the vesicles are found between two filopodia membranes and thus are
intracellular rather than occupying the extracellular space (Fig. 4d. Cryo-EsB images of the
same area show that the vesicles do not have an increased electron density, and therefore,
presumably, do not contain a solid mineral or dense cation storage (Fig. 4e.

Cryo-SEM/EDS analysis of calicoblastic cells found in close proximity with the septum
(Fig. 5 shows that some, but not all, intracellular vesicles are enriched in carbon content
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compared with the cell cytoplasm and surrounding tissue. These vesicles can be found both
within the calicoblastic cell body (Fig. 5b, ¢, d and within filopodia (Fig. 5e, f, g).

These morphologicl and elemental analysis observations were consistent across all imaged
septa of six freeze-fractured or cryo-planed primary polyps.

3.2 Paracellular spacing in the calicoblastic layer

Moving up the scale from cellular morphology to tissue arrangement of the calicoblastic cell
layer, we obtained a large high-resolution overview image of the microenvironment around
one septum fracture surface (Fig. 6a, also imaged in Fig. 5 (Fig. 5a-white arrow and Fig. 5e,
f, and g). This overview image reveals a highly dispersed packing of calicoblastic cells (Fig.
6a-pseudo burgundy) adjacent to the septum with micrometer-sized spaces between adjacent
cell bodies (for example, Fig. 6a-black dashed line = 8.4 um). The ECM fluid occupying the
space between the septum and its neighboring cells is interconnected with these paracellular
spaces (Fig. 6a-pseudo blue). Calicoblastic cells become more tightly packed moving away
from the septum and into the tissue, where we observed paracellular spaces of tens of nm
(Fig. 6a-white arrowhead top right corner). The ECM and paracellular spaces also contain

a massive filopodia network (Fig. 6a-pseudo pink) extruding tens of microns away from the
calicoblastic cells bodies (Fig. 6a-pseudo burgundy) from which they are derived, towards
the septum and containing a large number of vesicles (asterisk) with an average size of 400
+100 nm (N = 100).

Moreover, calicoblastic cells of the primary polyps (Fig. 6b-purple) show high expression
(compared with other cell types) of genes involved in filopodia network formation and
function such as actin, actin-bundling proteins (e.g., fascin), actin-binding proteins (e.g.,
formins), and Arp2/3 proteins (Fig. 6b. In addition, we found relatively high expression

of genes related to vesicular transport, exocytosis, and soluble N-ethylmale-imide-sensitive
factor-attachment protein receptors (SNARE) complex, proteins that mediate vesicle fusion
such as clathrin, synaptotagmins, and Ras-related proteins (RAPS). This correlates with

the large number of vesicles contained within the filopodia network as observed in the
cryo-SEM analysis (Fig. 6a-pseudo pink, and Fig. 4d high magnification).

3.3 Tissue permeability

We further studied the overall tissue permeability, i.e., from the external seawater inwards
to the primary polyp body by in—vivo labeling with 1 pm diameter fluorescent beads
followed by in—vivo imaging. After 2 hr of incubation with seawater solution containing
the green-fluorescent beads, the beads were observed to be incorporated inside the primary
polyp tissue, as detected in z-stack imaging of the entire primary polyp (Fig. 6¢.

3.4 ECM thickness and elemental composition

In—vivo laser-scanning, time-lapse imaging shows a contraction and expansion movement of
the aboral tissue near all forming septa of the primary polyp that changes the thickness of
the ECM layer facing the septum every few min (Movie S1). The measured ECM thickness
at one locus, for example, near the septum, changes from 27 pm to 43 um within 3 min

and back to 18 um within the next 3 min (Fig. 7a-d. A high-resolution cryo-SEM collage
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shows variable ECM layer thicknesses along a septum surface (Fig. 7e ranging from several
nm (turquoise arrow-head) up to tens of micrometers (black dashed line-38 um). Areas
with a thick ECM layer bounded by loci of ECM narrowing (asterisks) on either side are
referred to as ’ECM pockets’ because, together with the septum surface, these areas create
semi-delimited ECM spaces.

We further studied the elemental composition of the ECM using quantitative cryo-SEM/EDS
analysis of a high-pressure frozen cryo-planed primary polyp (Fig. 8. The mineral is easily
differentiated from the ECM and from the soft tissue by its strong Ca signal and slightly
increased Na signal (Fig. 8c, f. The major element in both the ECM and the cytoplasm is
oxygen (Fig. 8b, d. Increased levels of Na and CI are observed in the ECM compared with
the cytoplasm of calicoblastic cells in which Na and ClI are not detected (Fig. 8b, e and f. We
obtained an Cl: Na ratio in the ECM of 1.08 £ 0.05 (Average ratio between atomic percent
of the two ions in five different measurements).

4 Discussion

4.1 Morphological characterization of tissue-skeleton interface in primary polyps

Our cryo-SEM observations confirm the mineral microstructure, the aboral tissue layers,
and calicoblastic cell morphologies previously documented in stony corals (Cohen, 2003;
Johnston, 1980; Marshall and Wright, 1993; Tambutté et al., 2007; Tambutté et al., 2011b)
using other imaging techniques. The nonclassical tissue layer arrangement we observed in
some locations is also similar to the reduction in tissue layers to two ectodermal layers
near a skeletal spine reported in previous studies (Marshall and Wright, 1993; Tambutté
et al., 2007). We further show that calicoblastic cells produce elaborate cellular extensions
that protrude towards the tissue mineral interface. The large dimensions of these cellular
extensions with respect to the calicoblastic cell size (few cell diameter in length and
hundreds of nm thickness) and their elaborated shapes suggests that these cell extensions
are a filopodial network (Jacinto and Wolpert, 2001; Martin-Blanco and Knust, 2001). We
show that the filopodia network contains a multitudinous population of carbon-enriched
vesicles. Variable intracellular and extracellular vesicles were previously documented in
the calicoblastic ectoderm of several scleractinian corals, some of which are referred to

as intracellular fluorescent vesicles assumed to contain an organic material (Marshall and
Wright, 1993), secretory vesicles (Le Tissier, 1990; Vandermeulen, 1975), or spherical
extracellular material (Johnston, 1980). Our observations support the reports of intracellular
vesicles by Clode and Marshall (2002), who also observed the calicoblastic layer in a
fully hydrated cryo-fixed coral specimen. Unfortunately, we cannot deduce the vesicle
content with the techniques used in this study. Carbon enrichment in these vesicles may
be attributed to skeletal organic biomolecules which construct the forming skeleton or to
organic molecules used for different physiological processes.

Such extensive vesicle containing filopodia networks as described here were not reported
in previous studies of the calicoblast layer of adult scleractinian corals (Ganot et al.,
2020; Marshall and Wright, 1993; Tambutté et al., 2007). This may imply that this
structure is more characteristic of the primary polyp life stage compared with the adult
life stage. The large dimensions of the filopodia network and its multitudinous contained
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vesicles documented here in primary polyps are found in agreement with the enrichment of
membrane and actin-based cell projections and transport vesicle membrane Gene Ontology
(GO) terms associated with primary polyp calicoblastic cells (Levy et al., 2021). It also
correlates with our observation of high expression of genes related to filopodia, membrane
projection exocytosis, and vesicular transport, in the calicoblastic cells of primary polyps.

The combination of these morphological and molecular results supports an essential

role of the observed filopodia network in calicoblastic cell activity, which may be

related to the rapid mineralization activity characteristic of the primary polyp life stage.
Indeed, an enrichment of the same filopodia-related genes analyzed here was detected in
rapid mineralization zones of adult S. pitillata colony (branch tip) compared with low
mineralization zones (base) of the same colony (Drake et al., 2021), supporting a relation
between extensive filopodia procession and rapid mineralization activity.

4.2 Paracellular spacing in the calicoblastic layer

Paracellular spaces were reported (Marshall and Wright, 1993), and their size was estimated
in earlier studies on the stony coral calicoblastic layer (Clode and Marshall, 2002a; Le
Tissier, 1990; Tambutté et al., 2007; Tambutté et al., 2011a). However, the paracellular
spaces reported in this study are significantly larger (reaching several micrometers) than
these previous estimations of tens of nm. This highly dispersed cellular arrangement of the
calicoblastic layer is intriguing and contradicts the conceptual framework on cell packing in
epithelial tissue. One reason why this cellular arrangement is missing from earlier reports is
that such loosely attached parts of the tissue found in close proximity with the coral septa
may be washed away and eliminated from the sample during post-fixation demineralization
and solution exchange procedures involved in sample preparation in some of these earlier
studies. We suggest that our observations using high—pressure frozen, fully hydrated samples
represent paracellular spacing in the calicoblastic layer as close as possible to natural
conditions. Another potential reason for the absence of this tissue arrangement in earlier
reports might be related to the fact that it is more characteristic of the primary polyps than of
the adult life stage, which was mainly used in previous studies.

We also report that cellular packing can vary between dispersed and tight arrangements

at different locations within the same coral specimen. It is yet unclear whether the

observed differential arrangement is actively controlled. One function of a dispersed cellular
arrangement may be to change tissue permeability spatially and temporally. Corals were
shown to control their overall body permeability and to modify it in response to external
stressors such as osmotic pressure and temperature change (Venn et al., 2020). It is,
therefore, reasonable to assume that they can also locally modify their tissue permeability
across different parts of the forming skeleton according to their needs.

4.3 Tissue permeability

Indications for seawater paracellular pathways were reported in stony coral tissue using
in-vivo labeling (Ganot et al., 2020; Ohno et al., 2017; Tambutté et al., 2011a; Venn et al.,
2020). Tissue permeability tests performed on adult S. pistillata microcolonies showed that
molecules and particles of sizes between 13 A-20 nm diffuse from the external seawater into
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the coral tissue via the paracellular pathway. Therefore, this size was considered the size of
the intercellular junctions connecting one cell to another, i.e., the coral ‘septate junctions’
(Ganot et al., 2015; Tambutté et al., 2011a; Tambutté et al., 2007). In this study, however,
we observe significantly higher permeability in the oral epithelial tissue of primary polyps
of the same coral species, with particles of 1 um size passing through their oral epithelial
tissue, a size that cannot be attributed to a septate junction (Ganot et al., 2015). Nevertheless,
for septate junction size to impose whole tissue permeability, an assumption must be made
that all adjacent cells are attached to one another via septate junctions. The dispersed

cell packing of the calicoblastic layer with paracellular spaces of a few micrometer sizes,
documented here, challenges this basic assumption. We infer that while some calicoblastic
cells are attached to all neighboring cells via septate junctions, others are bathed within

the ECM, separated by a few microns from some of their adjacent cells in the primary
polyp. These observations suggest that septate junction dimensions do not solely define
tissue permeability. We note that our fluorescence imaging analysis is used here to study the
permeability of the oral epithelium, and we cannot infer the specific body layer (or layers) to
which the 1 um fluorescent beads were incorporated using this technique alone.

4.4 ECM thickness and elemental composition

The ECM is the site where aragonite microcrystals comprising the coral skeleton crystalize
and grow (Ohno et al., 2017; Tambutté et al., 2011b). It is primarily documented as a

thin noncellular fluid or gelatinous layer with a thickness of nanometers to 1 um, filling

the space between the mineral and the calicoblastic tissue (Clode and Marshall, 2002a;
Cohen, 2003; Tambutté et al., 2007; Tambutté et al., 2011b). Recent studies show growing
evidence of areas where calicoblastic tissue is locally lifted away from the mineral, creating
semi-delimited ECM spaces referred to as 'ECM pockets’ (Ohno et al., 2017), as previously
hypothesized (Barnes, 1970; Cohen, 2003). The cryo-fixation technique used here preserves
the ECM fluid’s original volume and allows us to measure the exact ECM thickness at
different locations along the primary polyp septum. The ECM thickness observed in some
ECM pockets was significantly larger (by an order of magnitude) than previous ECM
thickness estimations (Johnston, 1980; Le Tissier, 1990; Tambutté et al., 2007; Tambutté et
al., 2011b). We further show that ECM thickness is highly variable along a single septum.
Our in-vivo observations reveal contraction movements that modify the ECM layer thickness
simultaneously along the forming septa of the entire primary polyp, similar to contraction
and expansion movement documented in A. digitifera primary polyps (Ohno et al., 2017).

The observation that ECM pockets can reach tens of microns in thickness also helps

to explain another recent observation of primary cilia in some calicoblastic cells of S.
pistillata micro-colonies (Tambutté et al., 2020). Primary cilia are morphologically different
from filopodia by their shorter length and straight stalk-like morphology, and they are
restricted to one primary cilium per cell. Primary cilia act as mechanosensors that translate
extracellular stimulations from the external micro-environment to intracellular signals in
different organisms (Alaiwi et al., 2009), and in the case of corals, they are thought to
transfer signals from the ECM to the calicoblastic cells (Tambutté et al., 2020). One question
raised by those authors is whether the cilia have enough space in the ECM to stretch and
bend, considering their length of 1-2 um. Our observations of the range of ECM thicknesses
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show that they certainly do. Therefore, it is possible that primary cilia play a role in sensing
and controlling ECM fluid flow inside ECM pockets.

The cryo-EDS analysis of the ECM implies that it contains incorporated external seawater.
This is due to the fact that the major element in the ECM cryo-EDS spectrum is oxygen,
implying the ECM is mainly a water-based solution (Marshall and Xu, 1998; Mor Khalifa
etal., 2018). In addition, the CI- to Na™ ratios in the ECM are similar to those ratios in
seawater, i.e., 1.13 (Pilson, 2012), and different from the cellular CI- to Na* ratio, which

is 0.8 or lower (O. S. Andersen, 2013). This is unlikely to result from a controlled active
cellular transport of ClI- and Na* ions to the ECM. Unfortunately, we could not detect
other major seawater ions such as Mg2*, SO, 2, Ca?*, and K* in the ECM as their natural
concentrations in seawater are below the detection limit of the specific cryo-EDS protocol
used in this study (Mor Khalifa et al., 2018). The cryo-EDS spectrum of the calicoblastic
cytoplasm does not show detectable Na and CI peaks. This is expected since cellular
concentrations of Na (12 mM), and CI (10 mM) (O. S. Andersen, 2013) are below the
detection limits of this protocol which are 25-50 mM and 50-73 mM, respectively (Mor
Khalifa et al., 2018). Some differences between the preparation and acquisition conditions
used in this protocol and other cryo-EDS protocols reported in the literature (Clode and
Marshall, 2002b; Marshall, 2017) may result in different detection limits reported. These
observations provide a further indication for the incorporation of the external seawater into
the ECM suggested in previous studies using different experimental techniques (Clode and
Marshall, 2004; 2003; Clode and Marshall, 2002a; Gagnon et al., 2012; Honisch et al., 2012;
Ohno et al., 2017).

5 Conclusions

We used a combined structural, chemical, live imaging, and molecular approach to elucidate
intriguing tissue arrangements in primary polyps of the stony coral S. pistillata. These
include high tissue permeability, an extensive filapodia network, large paracellular spaces

in the calicoblastic layer, large ECM pockets with incorporated seawater content, and
intensive tissue contraction and expansion activity. When integrated, these observations
may imply rapid delivery of external seawater to the mineralization site, possibly as

part of the mineralization strategy. We used the primary polyp life stage to study
biomineralization pathways because it is characterized by rapid mineralization activity, and
therefore mineralization mechanisms may appear more pronounced in this life stage. Indeed,
the dimensions and manifestation intensity of the tissue arrangments described here are
strikingly more prominent in the primary polyp than its adult counterpart.

Possible similar manifestation of these tissue arrangements may occur in loci of rapid
mineralization within adult colonies, similarly to the enriched expression of filopodia-related
genes observed both here on primary polyps and in rapid mineralization zones of the adult
colony of the same species (Drake et al., 2021).

Previous morphological and mineralogical studies of the mineral formed in primary polyps
of similar age as studied here suggested a “less controlled” mineralization process involving
the direct entering of seawater between the tissue and the substrate with the newly deposited
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skeleton (Gilis et al., 2014). Our observations were conducted on the middle part of the
septa, i.e., far from possible interference of the substrate, and implicate a controlled tissue
arrangement that is actively modified along the primary polyp body.

A possible role for incorporating external seawater into the ECM is to use dissolved

ions and especially Ca2* ions directly from seawater for biomineralization. One model
discussed in the literature is ion-by-ion crystallization from a saturated solution of the
aragonite microcrystals composing the coral skeleton, where the ECM fluid functions as the
mother solution for mineralization (Erez et al., 2011). Stable isotope incorporation studies
support the ion-by-ion strategy and suggest that the major part of Ca2* ions used for coral
biomineralization is delivered as dissolved Ca2* ions in seawater which is incorporated into
the ECM, rather than active Ca?* pumping (Gagnon et al., 2012). This strategy requires
cycling large volumes of modified seawater, i.e., the mother solution for mineralization,

in the organism’s body. A missing link in this model is the ratio between the volume of

the ECM and the surface area of the septum mineral, i.e., the ECM thickness considering

a simplified box shape of the ECM. The ion-by-ion mineralization model predicts an

ECM thickness of tens of um, | (Gagnon et al., 2021, 2012) and therefore observations

of the current study support the feasibility of this mode. However, our observations of

high spatiotemporal variations of the ECM thickness impose more complexity on the
calculations of seawater turn—over rates than using a simplified box model with a constant
ECM thickness. Spatial variability of the ECM thickness along the septum may also suggest
active tuning of the ECM size and shape according to mineralization needs, such as the
creation of semi-delimited ECM pockets. This is also found in agreement with previous
observations that coral mineralization is non-continuous across the skeleton but is somewhat
patchy on a spatial scale of tens of microns (Gagnon et al., 2012; Houlbreque et al., 2009).
The changing of tissue permeability may be a way to increase seawater and ion supply to the
mineralization site during periods of rapid mineralization activity. Additionally, increasing
calicoblastic cell surface area in contact with seawater, facilitated by the large paracellular
spaces, may thus increase the absorption of ions from the seawater into the cells. However,
any relation between locally increased tissue permeability and the mineralization activity has
yet to be demonstrated.

While some evidence supports an ion-by-ion crystallization from a saturated solution
strategy exploited in stony corals skeletogenesis, other observations support an alternative
crystallization strategy involving intracellular Ca2* ion accumulation (Clode and Marshall,
2004) and crystallization via an amorphous calcium carbonate (ACC) precursor phase
(Akiva et al., 2018; Mass et al., 2017). In this study, we did not observe any dense Ca2*
storage compartments in the calicoblastic cell layer, the ECM, or in the other coral tissue
layers, despite Ca2* concentrations in an ACC phase, typically in the molar range (Kahil
et al., 2020), that are well within the detection limit of the cryo-EDS technique. However,
this negative observation does not rule out the existence of such phases in other parts of
the primary polyp body, in sizes smaller than our resolution limits (few nm) or in times
points or life stages other than that of the primary polyps studied here. Mineralization

via an ACC precursor may also be more pronounced in the CoCs that compose the

coral skeleton’s minor part (by mass). The mineral composing the CoC is enriched in

Mg (Meibom et al., 2004), which was shown to stabilize transient ACC precursor phases

J Struct Biol. Author manuscript; available in PMC 2021 November 13.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Khalifa et al.

Page 14

used in biomineralization processes (Raz et al., 2003). The CoC is further characterized
with a nano-granulated surface texture typical of biominerals formed via an ACC precursor
(Gal et al., 2014). In contrast, the elongated microcrystals composing the major part of

the skeleton mass are characterized by micron-sized flat facets as observed here in the
newly formed septum and in previous studies (Sugiura et al., 2021), and may be more
characteristic of minerals formed from a saturated solution. The literature has also proposed
a bi-model combining both mineralization strategies via an ACC precursor and ion-by-ion
mineralization from a saturated solution (Sun et al., 2020).

Regardless of the function that tissue permeability modification plays in stony corals,

the fact that primary polyps have higher tissue permeability than adult coral colonies

may make them more vulnerable to local contamination such as microplastics, sewage
pollution, and sediment suspension. Their rapid internalization of external seawater into
their mineralization site may also make these newly recruited corals more vulnerable than
adult corals to ocean acidification. These observations should, therefore, be considered in
risk assessment and coral reef management.
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Fig. 1. A primary polyp and its forming mineralized septa.
(a) Nlustration of a few days old primary polyp. Endosymbionts are orange, and mineral is

grey. (b) Upper panel: An illustration of the same polyp as in (a) in a side view, with internal
plane revealed by cryo-planing or freeze—fracture marked with a black line. Bottom panel:
Magnification of this plane crossing two septa. (c) Illustration of high-pressure frozen, cryo—
planed primary polyp (top view) vitrified in natural seawater (blue) inside a high-pressure
freezing disc (gold). (d) Magnification of the area marked with black rectangle in (c). (e)
Light microscopy image of a primary polyp. (f) Higher magnification wide-field microscope
image of two forming septa. (g) Cryo-SEM (EsB mode) micrograph of freeze fractured
primary polyp showing the non-continuous fracture surface of two forming septa. Septa
mineral surface appears white, and coral tissue surface appears grey. T-tentacles, S-septum
mineral, t-tissue. Scale bars: e, f, — 100 um, g — 20 um.
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Fig. 2. A cryo-SEM micrograph of aboral body layers observed in a high—pressure frozen,
freeze-fractured primary polyp.

(a) An overview image showing aboral body layers depicted by white separating lines
including the mineral, M, (Yellow rectangle is magnified in (b)), the calicoblastic cell layer,
Calic, (Red rectangle is magnified in (c)), the noncellular mesoglea, Meso, (Light blue
rectangle is magnified in (d)) and the endoderm (Endo). N-Nucleus. All scale bars are 1 pm.
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Fig. 3. Cryo-SEM micrographs of mature and forming septa in a primary polyp.
(a) A mature septum imaged in EsB mode. Mineral appears brighter than its surrounding

tissue. (b) Magnification of the area pointed with white arrow in (a). (c) The same areas as in
(b) imaged in SE mode with CoC and elongated microcrystals highlighted by false coloring.
(d) A newly formed septum imaged in ESB mode. (e) Magnification of the area pointed with
white arrow in (d). (f) SE mode image of the area marked with white rectangle in (e) with
CoC and elongated microcrystals highlighted by false coloring. (g) Higher magnification

of micron sized crystals’ fracture surface pointed with white arrow in (c). (h) Higher
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magnification of CoC nano-spheres texture pointed with black arrow in (c). Orange-CoC.
Yellow-elongated microcrystals. Scale bars are (a)-and (d)-10 um, (b), (c), (e) and (g)-1 um,
(f)-200 nm, (h)-100 nm.
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Fig. 4. Calicoblastic cell morphologies observed in freeze-fractured (a-b) and cryo-planed (c-e)
primary polyps using cryo-SEM.

(a) Calicoblastic cell layer (imaged locus is the same as in Fig. 2c with the septum mineral
and two representative calicoblastic cells highlighted by false coloring. A filopodia network
found between the calicoblastic cell bodies and the septum is denoted between two dashed
black lines. Four representative vesicles contained within the filopodia network are denoted
with black arrows. (b) Three elongated calicoblastic cells found in close proximity with

the mineral. (c) A cup shaped calicoblastic cell attached to the mineral surface. (d) High
magnification of filopodia found in close proximity with the mineral (SE mode). (e) The
same field of view as in (d) imaged in EsB mode. False coloring is used to highlight: cell
nucleolus (pseudo-purple), cell body (pseudo-red), septum mineral (pseudo-white). Scale
bars are 1 um. N-nucleus, F-filopodia, M-mineral.
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Fig. 5. Cryo-SEM/EDS analysis of calicoblastic cells in a cryo-planed primary polyp.
(a) An overview collage image composed of several high magnification cryo-SEM (EsB

mode) micrographs stitched together, showing the cryo-planed surface along several septa
(dotted lines represent septa long axes) in a primary polyp. The mineral surfaces of the
planed septa appear white, and the coral soft tissues appear grey. (b-d) High magnification
of locus pointed with a yellow arrow in (a) (same area as in Fig. 4c showing a cup-shaped
calicoblast attached to the mineral imaged in SE, EsB and EDS map, respectively. (e-g)
High magnification of locus pointed with a white arrow in (a) showing filopodia in close
proximity with the mineral imaged in SE, EsB, and EDS maps, respectively. Carbon-rich
vesicles are pointed with white arrows in (b)-(g). EDS maps show carbon (red) and calcium
(turquoise) distributions. M-mineral, N-nucleus. Scale bars: (a)-10 um, (b-g)-1 pm.
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Fig. 6. The paracellular space in primary polyps.
(a) An overview image stitched from several high magnification cryo-SEM micrographs

of the calicoblastic tissue around a septum in a cryo-planed primary polyp (same area

as pointed with a white arrow in Fig. 5a. Tightly packed calicoblastic cells with a
paracellular spacing of 30 nm are pointed with a white arrowhead (top right corner).
Dispersed cell packing with a paracellular space of 8.4 um is denoted with a black dashed
line. Calicoblastic cell bodies are highlighted with pseudo—burgundy, filopodia in pseudo—
pink, ECM in pseudo-blue, and the mineral in pseudo—grey. Three representative vesicles
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contained within the filopodia network are marked with black asterisks. Scale bar is 2 um.
(b) Gene expression heatmap for selected genes involved in filopodia structure and function,
membrane projections, exocytosis, and vesicular transport across all cell types of S. pistillata
primary polyp (all selected genes are highly expressed in the calicoblasts cells -purple). (c)
In-vivo confocal laser scanning fluorescence image of the coral tissue around a septum (s)

in a primary polyp labeled with green-fluorescent beads of 1 um diameter. Green-fluorescent
beads, red-symbionts auto-fluorescence, grey scale-transmitted laser scanning image. The
center large panel is one horizontal (xy) plane taken 16 um above the glass, roughly in

the middle of the z-stack data set covering the entire sample thickness (30 um). The right
and bottom panels are two side views of the z-stack data set (i.e. xz, and yz) showing
fluorescent beads incorporated inside the coral tissue. One representative green-fluorescent
bead is depicted with a white arrow in all three panels.

J Struct Biol. Author manuscript; available in PMC 2021 November 13.



siduosnuel Joyiny siepund DA 8doin3 ¢

sydosnue Joyiny siepund DA @doin3 g

Khalifa et al.

Fig. 7. ECM thickness variation along primary polyp septa.
a) Transmitted laser scanning in-vivo microscopy image of a primary polyp with forming

septa denoted with magenta arrowheads recorded at t = 0. (b)-(d) Higher magnification of
the area marked with a magenta square in (a) recorded att = 0, t =3 min, and t = 6 min
respectively (see also movie S1). The thickness of the ECM on the bottom side of one
septum is marked with a magenta line and equals 27 pm, 43 um, and 18 um, respectively. (e)
A collage overview image stitched from high-resolution cryo-SEM micrographs of a septum
in a freeze-fractured primary polyp. Mineral surface-pseudo white, ECM-pseudo blue, coral
tissue (including cell bodies and filopodia)-pseudo-burgundy. ECM layer thickness in an
‘ECM pocket’ is depicted by a dotted black line and equals 38 um. ECM layer narrowing

is pointed with asterisks. Coral tissue closely attached to the mineral surface is pointed with
turquoise arrowhead (upper right corner). Scale bars: (a-d): 100 pm, (e): 10 um.
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Fig. 8. Cryo-SEM/EDS analysis of the ECM
(a) SE mode micrograph of the tissue—mineral interface. (b) Cryo-EDS spectra of the

ECM (measured area is marked with a white rectangle in (a)) and of the cytoplasm in a
calicoblastic cell. Identified elements are labeled in the graph. (c)-(f) Cryo-EDS elemental
distribution maps of the same area as in image (a): of the elements: Calcium (Cyan), oxygen
(Green), chlorine (Blue), and sodium (Magenta). (g) Cryo-EsB micrograph of the same area
as in (a)-(f). All scale bars are 1 pm. M = Mineral, N = Nucleolus, Zoox = algal symbiont, L
= Lipid body. CSP = counts per second.
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