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Abstract
Cilia are evolutionarily conserved organelles that extend from the surface of cells and are found in diverse organisms from 
protozoans to multicellular organisms. Motile cilia play various biological functions by their beating motion, including 
mixing fluids and transporting food particles. Non-motile cilia act as sensors that signal cells about their microenvironment. 
In corals, cilia have been described in some of the cell layers but never in the calcifying epithelium, which is responsible 
for skeleton formation. In the present study, we used scanning electron microscopy and immunolabelling to investigate the 
cellular ciliature of the different tissue layers of the coral Stylophora pistillata, with a focus on the calcifying calicoblastic 
ectoderm. We show that the cilium of the calcifying cells is different from the cilium of the other cell layers. It is much 
shorter, and more importantly, its base is structurally distinct from the base observed in cilia of the other tissue layers. Based 
on these structural observations, we conclude that the cilium of the calcifying cells is a primary cilium. From what is known 
in other organisms, primary cilia are sensors that signal cells about their microenvironment. We discuss the implications of 
the presence of a primary cilium in the calcifying epithelium for our understanding of the cellular physiology driving coral 
calcification and its environmental sensitivity.
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Introduction

Cilia, or flagella, are evolutionarily conserved organelles that 
extend from the surface of cells and exist in diverse organ-
isms from protozoans to multicellular organisms (Davis et al. 
2006; Singla and Reiter 2006; Song et al. 2016). The struc-
ture of the cilium is based on the axoneme, a columnar array 
of microtubules that are templated directly by the mother 
centriole of the centrosome, often termed the basal body. 
Cilia can be classified into groups by whether they have a 
9 + 2 or a 9 + 0 arrangement of axonemal microtubules and 
by the presence or absence of motility. Although assigned 
different names to reflect their different beating motions, 
cilia and flagella are structurally similar (the two names are 
sometimes used interchangeably (Singla and Reiter 2006), 
but here, we will use the term cilia). Generally speaking, 
9 + 2 structures are motile and can be present as numerous 
cilia on the cell surface, and 9 + 0 structures are not motile 

and occur as a monocillium on the cell surface, though this 
is not a hard and fast rule (Bloodgood 2009). Establishing 
the link between the axonemal microtubule structure, the 
motility of cilia and the number of cilia per cell is thus quite 
tricky. In addition to the axonemal microtubule structure, 
cilia also show diverse structural features such as shape and 
length (Eley et al. 2005). In vertebrates, cilia are present in 
nearly every cell type and perform diverse biological func-
tions. Motile cilia are involved in mixing fluid or keeping 
the airways clear of mucus and dirt such as in the pulmo-
nary track. Non-motile cilia, also called primary cilia, were 
previously considered as “vestigial organelles” but are now 
viewed as sensors that further signal cells about their micro-
environment (Alaiwi et al. 2009; Pazour and Witma 2003). 
Defects in primary cilia are observed in human diseases 
(called “ciliopathies”) characterized by many disorders such 
as kidney and liver diseases, vision loss, obesity, diabetes 
and cancers (Fabbri et al. 2020; Ware et al. 2011).

In invertebrates, cilia also perform diverse biological 
functions. For example in turbellarians or in gastropods, 
ciliary gliding allows a type of locomotion in which the 
animal is propelled by the beating of cilia on a secreted 
layer of mucus (Martin 1978). In filter-feeding organisms 
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such as in brachiopods, cilia catch particles and transfer 
them to the mouth (Riisgard and Larsen 2001; Riisgård 
and Larsen 2010). Cilia have also been observed in stony 
corals and sea anemones (Phylum: Cnidaria, Class: Antho-
zoa, Subclass Hexacorallia). These animals show a simple 
anatomy and histology: their anatomical unit is a polyp 
consisting of a vase-shaped body with a central mouth 
surrounded by a ring of tentacles and a column as the 
main body. The tissues consist of two epithelial layers 
named epidermis and gastrodermis, referring to the adult 
epithelia, or ectoderm and endoderm, referring to their 
embryological origins. Since in the literature, ectoderm 
and endoderm are also classically used for coral adult epi-
thelia, we will use these terms in this paper. The ectoderm 
and the endoderm are connected by an extracellular matrix 
called mesoglea. Uniformly arranged cilia cover the oral 
ectoderm that faces seawater and is surrounded by a mucus 
layer (Brown and Bythell 2005). Cilia beating gives corals 
the ability to vigorously stir the water at the coral surface, 
allowing control of the exchange of nutrients and oxygen 
between the coral and its environment by enhancing mix-
ing in the so-called diffusive boundary layer (Pacherres 
et al. 2020; Shapiro et al. 2014). Cilia of the oral endoderm 
are also directly involved in feeding in several respects. 
Firstly, the presence of a multicellular structure called the 
ciliary cone, on the stinging cells, nematocytes, at the ten-
tacle tips (acrospheres), suggests that a complex of cilia 
and microvilli could be involved in mechanoreception and 
nematocyst discharge (Fautin and Mariscal 1991). Sec-
ondly, mucociliary transport of food particles, trapped by 
the mucous surface, occurs to the mouth of the coral polyp 
and then into the coelenteron (body cavity), where they are 
digested (Brown and Bythell 2005). However, cilia are not 
restricted to the oral ectoderm and the endoderm that lines 
the coelenteron is also covered by cilia (also described 
as flagella (Eppard et al. 1989)). In symbiotic corals that 
contain photosynthetic dinoflagellates in their endoder-
mal cells, in addition to moving fluid and food within the 
coelenteron cavity, these cilia produce currents that may 
enhance acquisition of symbionts by late developmental 
stage larvae (Harii et al. 2009) and in fast growing zones 
in adults (pers.obs).

Whereas cilia have been described in the ectoderm fac-
ing seawater and the endoderms facing the coelenteron, 
to our knowledge, no cilia have been reported in the 
calicoblastic ectoderm that contains the calcifying cells 
responsible for coral skeleton formation. These calcify-
ing cells control the composition of a microenvironment 
named the extracellular calcifying medium (ECM (Tam-
butté et al. 2011)), at the interface between themselves and 
the skeleton surface. This biological control by the cells 
involves (i) the regulation of the ionic composition of the 
ECM including pH, carbonate and calcium concentration 

(Sevilgen et al. 2019; Venn et al. 2011); (ii) the exocyto-
sis of organic matrix molecules (Puverel et al. 2005) and 
amorphous calcium carbonate nanoparticles (Mass et al. 
2017).

Since calcification is a major and essential process at the 
basis of the foundation of coral reef ecosystems, the bio-
logical control of calcification has been the subject of many 
physiological, biochemical and molecular studies (reviewed 
in Drake et al. 2020; Tambutté et al. 2011). However, despite 
the widely recognized ecological importance of coral reef 
ecosystems and their reliance of coral calcification to pro-
vide their structure, knowledge of the cellular aspects of 
coral calcification is still relatively scarce, especially about 
how cells sense the extracellular environment (Ganot et al. 
2020). In humans, it is known that cilia play a key role in 
chondrogenesis and skeleton formation where they act as 
an antenna that senses extracellular signals (Moore and 
Jacobs 2018; Olsen 2005). Cilia and cilia-related proteins 
are involved in osteoblast differentiation and mechanical 
stimulation-induced osteogenesis and ciliary defects result 
in severe skeletal abnormalities, confirming the indispensa-
ble role of cilia in bone development and homeostasis (Yuan 
et al. 2015). Based on the fundamental role that cilia play 
in skeleton formation in vertebrates, we asked whether cilia 
could be present in coral calcifying cells. We used scan-
ning electron microscopy and confocal microscopy immu-
nolabelling with anti-acetylated-tubulin and phalloidin to 
investigate the cellular ciliature of the different tissue layers 
composing the coral Stylophora pistillata, with a special 
focus on the calcifying calicoblastic ectoderm.

Material and methods

Biological material

All experiments were conducted on samples prepared from 
colonies of Stylophora pistillata maintained at the Centre 
Scientifique de Monaco. Samples were prepared by the lat-
eral skeleton preparative assay (Muscatine et al. 1997; Raz-
Bahat et al. 2006; Venn et al. 2011). Briefly, microcolonies 
of S. pistillata were allowed to rest on glass slides so that the 
basal portion of the colony grew out over the slide as a thin 
sheet. Pieces of sheets were sectioned from the colonies with 
a razor blade and fixed with resin (DevconTM) to glass slide. 
Pieces of corals were then left to grow out across glass slide 
in aquariums (these were the samples used for experiments) 
supplied with flowing seawater from the Mediterranean Sea 
(exchange rate 2% h−1) at a salinity of 38, a temperature of 
25 °C, under irradiance of 170 mmol photons  m−2 s−1 on a 
12 h/12 h photoperiod. Algae were periodically removed 
from the glass coverslip by a razorblade.
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Field emission scanning electron microscopy

Samples (n = 10) were processed as described in (Tam-
butté et al.  2011). Briefly, samples were fixed overnight 
at 4  °C with 4% glutaraldehyde in 0.085  M Sorensen 
phosphate buffer at pH 7.8 with 0.5 M sucrose. Decal-
cification was achieved by transferring the samples to a 
mixture of 0.085 M Sorensen phosphate buffer, 0.5 M 
sucrose containing 2% glutaraldehyde and 0.5 M ethylen-
ediaminetetraacetic acid (EDTA) at pH 7.8 and 4 °C. This 
solution was renewed until decalcification was completed. 
Decalcified samples were rinsed in Sorensen buffer, then 
post-fixed for 1 h at ambient temperature with 1% osmium 
tetroxide in Sorensen phosphate buffer. Samples were 
dehydrated by transfer through a graded series of ethanol 
ending with a concentration of 100%. After dehydration, 
they were incubated for 15 min in hexamethyldisilazane 
(HMDS)/ethanol 100% (v/v), then 30 min in HMDS 100% 
that was subsequently evaporated under a fume hood over-
night. Samples were then coated with gold-palladium and 
observed at 3–5 kV with a JEOL JSM-6010LV.

Immunolabelling

Samples (n = 7) were processed as described in (Ganot 
et al. 2020). Briefly, samples were fixed in 50-ml chilled 
artificial-sea-water/paraformaldehyde (PAF) fixa-
tion buffer (425 mM NaCl, 9 mM KCl, 9.3 mM CaCl2, 
25.5  mM MgSO4, 23  mM MgCl2, 2  mM NaHCO3, 
100 mM HEPES pH 7.9, 4.5% PAF) for 2–4 h at 4 °C. 
Samples were decalcified in 50 ml (100 mM HEPES pH 
7.9, 500 mM NaCl, 250 mM EDTA pH 8.0, 0.4% PAF) at 
4 °C for 3 days, washed 3 times with PBST (1× PBS, 0.1% 
Tween_20), then blocked in (1× PBS, 2% BSA, 2% donkey 
serum, 0.1% Triton_X100) for 2 h at 4 °C. Samples were 
further incubated in the blocking solution complemented 
with AlexaFluor_488 phalloidin (A12379, ThermoFisher) 
and the following antibodies: primary antibody solution/
mouse anti-acetylated tubulin (ab24610, Abcam) 1:250 for 
2 days at 4 °C; secondary antibody solution: Goat anti-
Mouse AlexaFluor_555 (A32727, ThermoFisher) 1:500 
for 2 days at 4  °C. Finally, samples were rinsed three 
times for 10 min in PBST containing DAPI and mounted 
on glass coverslips in Slowfade Gold antifading agent 
(ThermoFisher). Controls were routinely performed with 
only the secondary antibody and, with similar settings 
as in experiments with primary antibody, no signal was 
observed. Imaging was performed using a confocal Leica 
SP8 and the LASX lite software. For imaging, each chan-
nel was acquired sequentially.

Results

Stylophora pistillata possesses the typical anatomy of colo-
nial scleractinian corals with polyps linked together by the 
cœnosarc (Fig. 1 a-c). The histology consists of an oral tis-
sue facing seawater and an aboral tissue (Fig. 1c) each being 
composed of an ectoderm separated from the endoderm by 
a connective layer of mesoglea (mostly composed of colla-
gen fibres and water). The aboral ectoderm (or calicoblastic 
ectoderm (Johnston 1980)) is composed of the calcifying 
cells, so-called “calicoblast cells” (Johnston 1980), and the 
desmocytes (Muscatine et al. 1997) which anchor the tissue 
to the skeleton and do not calcify (Fig. 1d). For the present 
work, in order to avoid long decalcification steps of our sam-
ples, we choose to work with samples grown according to 
the lateral skeleton preparative assay (Muscatine et al. 1997; 
Raz-Bahat et al. 2006; Venn et al. 2011) where coral frag-
ments directly grow on glass slides (Fig. 1e, f) and deposit 
crystals that will then form the skeleton.

Using scanning electron microscopy, we observed two 
different types of cilia structure in the tissue layers. Firstly, 
in the oral ectoderm as well as in the endoderms (Figs. 2 and 
3; Fig. S2), a single long (in the 10 to 20 µm range) cilium 
was observed on a large majority of cells. Ciliary cones were 
observed on tentacle tips (acrospheres) of the oral ectoderm 
(Fig. S1). The density of cilia varies from low to high on 
the oral ectoderm and endoderms (Figs. 2 and 3). At the 
base of the cilium, both in oral ectoderm and endoderms, 
a “flower like” pattern was observed (Figs. 2d–f and 3d). 
Similar pattern was already described in other anthozoan 
species (Fautin and Mariscal 1991). This cilium structure 
was strikingly different to the structure of the second type of 
cilia observed on the calicoblast cells (Fig. 4; Fig. S3). These 
cells possessed a single, very short (1 to 2 µm) monocillium 
emerging strait from the apical cell membrane (Fig. 4c–f; 
Fig. S3d, S3e) and in some cases the presence of an invagi-
nation of the membrane called a “ciliary pocket” (Chang 
et al. 2015) at the base of the cilium (Fig. 4f). As a rule, we 
never observed more than one cilium per cell. Monocilia 
were absent on certain cells in the calicoblastic epithelium, 
and they were consistently absent on the desmocyte subtype 
(Fig. 5). In addition to these observations performed on tis-
sues overlying mature skeleton, we also observed a zone 
where calicoblast cells form new calcium carbonate crystals 
in the early steps of calcification (Fig. S3). In this zone, a 
monocillium was present on each calcifying cell (Fig. S3d, 
e). Despite differences in cell shape and density, we found 
no differences in cilium structure regardless of the zone of 
calcifying cells that we observed (i.e., over newly forming 
skeleton or different areas of mature skeleton).

Since the main structural component of axonemes are poly-
mers of modified tubulin, mostly acetylated tubulin, we used 
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Fig. 1  Anatomy and histology of Stylophora pistillata. a Living col-
ony observed showing polyps with their expanded tentacles and their 
mouth (circle around one polyp, Leica Macrofluo observation). b 
Decalcified fixed colony showing polyps linked together by the coe-
nosarc (square shows the coenosarc, scanning electron microscopy 
image). c Zoom of the coenosarc in b showing the oral and aboral 
tissues with ectoderms and endoderms. d Zoom of the calicoblastic 
ectoderm (observation of side facing the skeleton) showing desmo-
cytes and calicoblast calcifying cells. e Observation of a living coral 
fragment growing on slide according to the lateral preparative assay, 

observation of the side facing seawater (image of sample under bright 
light observed under a binocular). f Observation of a decalcified 
coral fragment growing on slide according to the lateral preparative 
assay, observation of the side facing the glass slide (scanning elec-
tron microscopy image). SW  =  seawater side. sk  =  skeleton side. 
ECM = extracellular calcifying medium side. OEct = oral ectoderm. 
Oend = oral endoderm. AbOend = aboral endoderm. AbOect = abo-
ral ectoderm = Calicoblastic ectoderm. Des = desmocytes, Cc = cal-
cifying calicoblast cells. Scale bars: a  =  1  mm, b  =  500  µm, 
c = 50 µm, d = 50 µm, e = 3 mm, f = 3 mm

Fig. 2  Oral ectoderm of Stylophora pistillata observed with the scan-
ning electron microscope. a Overview of the oral ectoderm with pol-
yps and coenosarc (square shows the coenosarc). b, c Zoom of the 
coenosarc in a showing a dense array of long cilia. d Other region 
of oral ectoderm with dense cilia showing “flower-like pattern” at 

the base. e In some regions, the cilia are less dense. f Magnification 
of square in e showing «flower like» pattern at the base of the cilia. 
Scale bars: a = 500 µm, b = 10 µm, c = 5 µm, d = 1 µm, e = 2 µm, 
f = 1 µm
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immunofluorescence with anti-acetylated-tubulin to image, 
using confocal microscopy, cilia of the different Stylophora 
pistillata cell layers. Co-staining with phalloidin allowed visu-
alization of the F-actin network delineating the epithelial apical 
cell borders (Fig. 6 and tridimensional reconstruction videos, 
Suppl. Videos 1 and 2). At the base of the cilium in endoderm, 

we observed the same “flower-like pattern” as we observed 
with SEM (Fig. 6a; Suppl. Video 1). This protuberant base 
was composed of actin rays radiating around the cilium. In the 
cases we observed, we counted nine rays of actin. Consistent 
with our SEM observations, this cilia structure was different 
from the structure of the cilia observed for the calicoblast cells. 

Fig. 3  Oral endoderm of 
Stylophora pistillata observed 
with the scanning electron 
microscope. a Overview of the 
oral endoderm. b Magnification 
of square in a, showing a dense 
array of long cilia. c Other 
regions of endoderm where cilia 
are more or less dense. d Mag-
nification of square in c where 
a «flower like» pattern can be 
observed at the base of the 
cilium. Scale bars a = 10 µm, 
b = 10 µm, c = 5 µm, d = 5 µm, 
e = 20 µm, f = 5 µm

Fig. 4  Aboral calicoblastic ectoderm observed with the scanning 
electron microscope. a Overview of the aboral ectoderm. b–f Mag-
nifications of aboral ectoderm (square in a), showing that almost all 
calicoblast cells possess a short cilium (arrow). Note that there is one 

cilium in each calcifying cell. No «flower-like» pattern is observed at 
the base of the cilium, but instead, there is a ciliary pocket (arrow in 
f). Scale bars a = 500 µm, b = 10 µm, c = 5 µm, d = 1 µm, e = 1 µm, 
f = 1 µm
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Fig. 5  Aboral calicoblastic 
ectoderm observed with the 
scanning electron microscope. 
a Overview of the aboral 
ectoderm. b–d Magnification 
of a, showing that desmocytes 
(arrow), which anchor the 
epithelium to the skeleton but 
do not calcify, do not possess a 
cilium. Scale bars a = 50 µm, 
b = 10 µm, c = 5 µm, d = 5 µm

Fig. 6  Structure of the two different types of cilia. a Aboral endo-
derm and b aboral ectoderm are confocal image stacks of the cells 
after immunolabelling with anti-acetylated tubulin (glow), phalloidin 
(cyan) and DAPI (blue). Note the radiating actin labelling emanating 
at the base of cilia with a “flower-like” pattern in a that is completely 
absent in calicoblast cells b. c schematic structure of the cilia present 

in the 3 tissue layers involved in fluid movements (the boundary layer 
for the oral ectoderm, and the two endoderms lining the coelenteron) 
and the “primary cilia” type (which are on the calcifying cells in con-
tact with the ECM). Axoneme, F-actin and plasma membrane are rep-
resented in red, black and grey, respectively. Scale bars a, b = 5 µm
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The monocillium observed on the calicoblast cells was shorter 
and lacked the “flower-like” pattern at the base (Fig. 6b; Suppl. 
Video 2). Instead, it emerges straight from the apical cell mem-
brane like an “antenna”.

Thus, in Stylophora pistillata, as with scanning electron 
microscopy, two types of acetylated tubulin containing cilia 
were observed: the long cilia of the endoderms and oral 
ectoderm and the newly identified short cilia observed on 
the calicoblast cells. A schematic representation of the two 
types of cilia is presented in Fig. 6c.

Discussion

In the present study, we show that cilia exist in all cell layers 
of the reef-building model coral Stylophora pistillata. The 
cilia observed in three of the four coral epithelial layers, the 
oral ectoderm, and the endoderms correspond to the cilia 
previously described in hexacorallians (Fautin and Mariscal 
1991; Shapiro et al. 2014). As described in the introduction, 
these cilia have been shown to be motile and play a role in 
moving fluid and transporting food. In the present study, 
we reveal for the first time that cilia are also present in the 
calicoblast calcifying cells.

The cilium of the calicoblast cells in the aboral ectoderm 
is a monocillium that shows differences with the motile 
cilia of the other epithelial cell layers: it is much shorter 
and immunolabelling shows that this monocillium emerges 
straight from the apical cell membrane from within a cili-
ary pocket as opposed to the “flower-like” pattern at the 
base for cilia observed in the other tissue layers. Based on 
these observations and by comparison with the data in the 
literature for vertebrates (for scanning electron microscopy 
observations, see for example Fig. 1a in Chang et al. (2015), 
Fig. 2 in Benmerah et al. (2015), Fig. 3 a in Liem Jr et al. 
(2012) and for immunolabelling with anti-acetylated tubulin 
see for example Fig. 4 a in Clement et al. (2009)), our results 
lead us to conclude that the cilium of the calicoblast cells is 
a primary cilium.

Using this finding as starting point, our aim is to discuss 
the implications of the presence of a primary cilium in the 
calicoblast ectodermal cells for our understanding of coral 
calcification. Based on what is known in vertebrates, we 
raise a number of questions in corals that we believe could 
open exciting new avenues of research for cell biologists and 
physiologists working on both cell biology and calcification.

The presence of a primary cilium raises a number of 
questions for coral biology and particularly calcification that 
start with the topic of ciliogenesis (i.e. the timing of primary 
cilium formation). In mammalian cells, the primary cilium 
structure is based on the axoneme (microtubule doublets) 
templated by the mother centriole of the centrosome that 
then forms the basal body (Nigg and Stearns 2011). Hence, 

the primary cilium does not exist when the centrosome is 
engaged in assisting mitosis. The mammalian centrosome 
duplicates during the S-phase of the cell cycle, and then 
organizes the tubulin-based mitotic spindle (G2-M). As such, 
it exits from its basal body function. Thus, the primary cil-
ium exists only in post-mitotic cells, in differentiated prolif-
erating cells during G1, or quiescence phases (G0). In other 
phyla such as insects (e.g. fruit flies), procentriole formation 
(daughter centriole initiation) starts already at telophase, and 
centrosomes are duplicated almost throughout the entire cell 
cycle. In these organisms, the primary cilium exists only in a 
small number of cell types, and in specific cell lineages, the 
two centrioles are able to promote formation of an axoneme 
(Lattao et al. 2017; Riparbelli et al. 2020). In anthozoans, the 
biology of centrioles and centrosomes along the cell cycle is 
not well documented; this is especially true for the calico-
blast cells. Calicoblast cells number increases with colony 
growth and cell division figures can be observed at low rate 
(pers. obs), but little is known about their cell cycle, even 
less about their centrosomes. Clearly, some cells possess a 
primary cilium and others do not. We cannot rule out that 
the absence of cilia on some cells may represent technical 
artefacts due to the difficulty of preserving the complete cel-
lular integrity of this rather inaccessible tissue layer, visible 
only after decalcification. However, the presence or absence 
of a monocillium may also reveal differences in cell cycle 
progression, senescence, differentiation stage, specific cell 
lineage and/or in function in regard to calcification, such 
as secretion of organic matrix proteins and control of the 
physico-chemical composition of the extracellular calcify-
ing medium (ECM, which is the medium at the interface 
between the aboral calicoblastic ectoderm and the skeleton), 
among others. Indeed, it is noteworthy that the desmocytes 
(cells that anchor the epithelium to skeleton but do not cal-
cify (Muscatine et al. 1997) do not possess a primary cilium. 
Future studies could thus investigate whether the presence 
of a monocillium can be used as a marker of differentiated 
cells within this calcifying ectoderm. Information could be 
derived from experiments performed during developmental 
stages, such as by comparing pre-calcifying larvae with set-
tled calcifying larvae.

Next, we can ask about the role of this primary cilium in 
coral calcifying ectodermal cells. Indeed, whereas the pri-
mary cilia were first considered as a “vestigial organelles”, 
they are now regarded as having a pivotal role in transduc-
ing external cues (Song et al. 2018; Yuan et al. 2015). It 
has been shown that it is the bending of the primary cilium 
with fluid flow in the microenvironment that triggers the 
mechanical signal for mechanoreception. For example in 
kidney cells, the primary cilia respond to the mechanical 
signal produced by the flowing liquid (urine) to initiate 
rapid uptake of calcium, whereas cells lacking primary cilia 
show no response to flow (Singla and Reiter 2006). Several 
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studies have provided strong evidence that primary cilia play 
a mechanosensory function not only in epithelial cells but 
also in bone cells (Nguyen and Jacobs 2013). However, in 
the case of bone, it is unclear whether there is enough space 
in the microenvironment between the cells and the bone for 
the primary cilium to bend with fluid flow (Temiyasathit 
and Jacobs 2010). This question is also very pertinent for 
corals. Indeed, estimates of the thickness of the ECM vary 
from approximately a few nanometers to more than 1 μm 
in width with possible diurnal variations (Tambutté et al. 
2011). “Pockets” or “cavities” where the aboral ectoderm is 
lifted away from the skeletal surface have also been observed 
(Barnes 1970; Venn et al. 2011). Moreover, several studies 
have looked at the role of calcifying cell trans-membrane 
transporters in controlling the ECM physico-chemical com-
position (Bhattacharya et al. 2016; Zoccola et al. 2015, 2004, 
1999), and one has considered how the calcifying cells sense 
the acid-base challenge of the external medium (Barott et al. 
2020). To our knowledge, none has looked at other processes 
that can sense the physical or chemical properties of the 
ECM or skeleton. So, how the cell and its cilium senses the 
characteristics of the ECM/skeleton will really worth being 
considered in the future.

It is noteworthy that in bones, the primary cilium plays a 
role in signalling through the TGFB/BMP pathway (Clem-
ent et al. 2013). Indeed, receptors of bone morphogenetic 
proteins (BMP) localize to the primary cilium (Lindbaek 
et al. 2015). In corals, the presence of a BMP2/4 orthologue 
was reported in the eight species (Zoccola et al. 2009). 
Immunolabelling in Stylophora pistillata with an antibody 
against BMP shows a cytoplasmic and cell membrane label-
ling, indicating that these calcifying cells secrete BMP2/4 
towards the skeleton. We can thus ask whether there is a link 
between BMP signalling pathway and the primary cilium in 
the coral calcifying cells, and if yes, whether this signalling 
pathway regulates calcification through the primary cilium 
or more broadly the physiology of the calcifying cells.

Finally, it would be interesting to relate ciliogenesis to 
the performance of calcification on different substrates or 
in different environments. Indeed, in vertebrate cultured 
cells, physical parameters such as spatial confinement and 
substrate rigidity, through their effect on actin cytoskeleton 
architecture, regulate ciliogenesis at cell cycle exit (Pitaval 
et al. 2010). When individual cells are sufficiently spatially 
confined on adhesive substrates, they can mimic an apico-
basal polarity of epithelial cells and most of them assemble a 
primary cilium. Conversely, when individual cells are widely 
spread, there is no growth of the primary cilium (Pitaval 
et al. 2010). Moreover, a majority of cells grown on soft 
substrates (polyacrylamide gel grafted on glass coverslips) 
are ciliated cells, whereas only a few cells are ciliated when 
grown on a hard substrate (polystyrene-coated glass cov-
erslips). Taking into account this observation, we can ask 

whether it is possible in corals, through testing different 
substrates that would manipulate ciliogenesis of the calci-
fying ectodermal cells, to see whether substrate character-
istics affect cell polarity and the performance of calcifica-
tion. Technically, this would be feasible by using the lateral 
preparative assay used in the current study where coral 
fragments expand with calcifying cells growing directly on 
glass slides. Such experiments can also be combined with 
experiments aimed at determining the impact of environ-
mental stress on calcification such as ocean acidification 
(Gattuso and Hansson 2011) or ocean temperature increase 
(Bernardet et al. 2019) since for example in mammalian 
and zebrafish cells, it has been shown that primary cilia 
are sensitive to temperature stress (Prodromou et al. 2012). 
This would have implications for initiatives that are already 
being taken to preserve and restore coral reefs (Monty et al. 
2006). Indeed, among the proposed ecological solutions of 
reef restoration, an important approach is the growth of cor-
als in nurseries, before outplanting them on reefs in order to 
repopulate degraded areas. Observing the effect of substrates 
on ciliogenesis in corals and understanding its role in coral 
calcification could provide a laboratory-based approach 
to screening suitable substrates for coral recruitment and 
growth that could assist coral reef restoration strategies.

Conclusion

In the present study, we showed that a monocillium with 
structural characteristics of a primary cilium is present in 
coral calcifying cells. Although a better understanding of 
the role of this cilium in coral calcification will probably 
await technical developments, our observations open new 
perspectives for research. For coral biology, future research 
on cilia may provide information about calcification, both at 
the fundamental level of the mechanistics of invertebrate cal-
cification of this process and at the applied level of calcifica-
tion performance on different substrates or under different 
environmental conditions. More generally, future research 
will also need to consider whether an animal as anatomically 
and histologically simple as a coral can serve as a model in 
the field of cilia biology. This new and simple model could 
be particularly useful in the study of the many ciliopathies 
related to cilia dysfunction.
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