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1 | INTRODUCTION

Basic knowledge of sponge collagen-based morphology and morpho-
genesis of biomaterials (Garrone, 1998) is fundamental in research
focusing on sponges as producers of structurally and mechanically
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Abstract

In some Porifera (Demospongiae: Keratosa), prototypes of the connective system are
almost exclusively based on collagenic networks. We studied the topographic distribu-
tion, spatial layout, microtraits, and/or morphogenesis of these collagenic structures in
Ircinia retidermata (Dictyoceratida: Irciniidae). Analyses were carried out on a clonal
strain from sustainable experimental mariculture by using light and scanning electron
microscopy. Histology revealed new insights on the widely diversified and complex hier-
archical assemblage of collagenic structures. Key evolutionary novelties in the organiza-
tion of sponge connective system were found out. The aquiferous canals are shaped as
corrugate-like pipelines conferring plasticity to the water circulation system. Compact
clusters of elongated cells are putatively involved in a nutrient transferring system.
Knob-ended filaments are characterized by a banding pattern and micro-components.
Ectosome and outer endosome districts are the active fibrogenetic areas, where exoge-
nous material constitutes an axial condensation nucleus for the ensuing morphogenesis.
The new data can be useful to understand not only the evolutionary novelties occurring
in the target taxon but also the morpho-functional significance of its adaptive collagenic
anatomical traits. In addition, data may give insights on both marine collagen sustainable
applied researches along with evolutionary and phylogenetic analyses, thus highlighting
sponges as a key renewable source for inspired biomaterials. Therefore, we also pro-
mote bioresources sustainable exploitation with the aim to provide new donors of

marine collagen, thereby supporting conservation of wild populations/species.

KEYWORDS

aquiferous canal/cavities system, cellular clusters, connective system and extracellular matrix
morpho-functional roles, fibrillar/filamentous/fibrous skeletal structures, Porifera histology/
microanatomy

interesting biomaterials, such as diversified and abundant collagenic
structures (Da Hora et al, 2018; Eherlich et al., 2018; Exposito
et al, 1990, 1991, 2002; Heinemann et al., 2007; Langasco et al., 2017;
Lim et al,, 2019; Martins et al., 2019; Nicklas et al., 2009a, 2009b; Pallela
et al, 2012; Pozzolini et al., 2012, 2020; Schroder et al., 2000; Silva
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et al,, 2014; Tziveleka et al., 2017; Wang et al., 2010). Key points for
marine bioinspired technological research are: (i) correct taxonomic iden-
tification of target species to standardize processes, (i) In depth knowl-
edge of functional morphological traits useful for the comprehension of
a potential role as biomaterials characterizing body architecture of target
species, (iii) exploitation of renewable resources provided by target bio-
mass in the context of a sustainable mariculture and conservation
strategies.

In the course of basal Metazoa evolutionary history, Porifera
were the first animals able to produce prototypes of an extracellular
matrix (ECM), which includes loosely arranged cells. Main components
of this ECM are collagenic scaffolds, galectin, and glycoconjugates
(Garrone, 1978, 1999; Miiller, 1998a, 1998b). Collagenic fibrils are
ubiquitous in the mesohyl, and some Porifera branches, that is,
Demospongiae without inorganic skeleton (Keratosa), display a great
diversification of specialized connective structures embedded in the
ground matrix. Since the late 19th century, these soft body architec-
tures intrigued pioneers of sponge studies, namely Gray (1867),
Schulze (1878a, 1879b, 1879a,1879b), von Lendenfeld (1889) and
Minchin (1900). As the time went by, additional data were provided
by numerous researchers (Aouacheria et al., 2006; Bergquist, 1978,
1980; Cowden, 1970; De Cook & Bergquist, 1998, 2002; Erpenbeck
et al., 2012, 2020; Exposito et al., 1991, 2002; Gaino, 2011; Gar-
rone 1985, 1999; Garrone et al., 1973; Gross et al., 1956; Junqua
et al., 1974; Manconi et al, 2013; Miller, 1998a, 1998b; Miiller
et al,, 2004; Schroder et al., 2000; Sim & Lee, 1999, 2002a, 2002b;
Simpson, 1984; Stocchino et al., 2021; Vacelet, 1959, 1971).

Most Demospongiae are characterized with spiculate siliceous
skeleton associated with collagenic scaffolds. However, taxa belong-
ing to order Dictyoceratida (subclass Keratosa) are characterized by
(a) the absence of endogenous spicules in a network of anastomosing
collagenic skeletal elements, which displays a wide range of complex-
ity, and (b) the strategy to trap/incorporate exogenous material from
the water column to enhance mechanical support of skeletal fibers
and ECM (see Schénberg, 2016; Teragawa, 1986a, 1986b). Moreover,
all genera/species belonging to the family Irciniidae share the
autapomorphy of peculiar knob-ended filaments (see Bergquist, 1980;
De Cook & Bergquist, 2002; Erpenbeck et al., 2012, 2020; Pronzato &
Manconi, 2011; Data S1).

The objective of this study was to investigate the organization
and function of morphological traits by means of histological analyses
of the ECM collagenic architecture of Ircinia retidermata (family
Irciniidae). Additional information on ECM collagenic structures, sup-
portive of the body architecture in this species, was given by coupling

light microscopy (LM) with scanning electron microscopy (SEM).

2 | MATERIALS AND METHODS

21 | Experimental model

Ircinia retidermata Pulitzer-Finali & Pronzato, 1980 (Demospongiae:

Keratosa: Dictyoceratida: Irciniidae) is a Mediterranean endemic species

representing a useful model for investigating the origin and evolution of
the connective system architecture in basal Metazoa (see Systematics

and geographic distribution, Data S1).

22 |
sampling

Experimental design, study area, and

In order to promote conservation and sustainable experimental mari-
culture a sponge farming of the target species was utilized as an
underwater experimental laboratory, also, with the aim to increase
investigations on sponge biology in shallow water (2-3 m depth) and
to give support for applied research on blue bioresources, in agree-
ment with the guidelines of the European Commission (2012). Sponge
culture plants were harbored in a small marina of Tramariglio Cove
(40°35'32.47"N, 8°10'11.50"E; Club Nautico Capo Caccia) within the
Capo Caccia—Isola Piana Marine Protected Area (MPA, Northern Sar-
dinian Sea, Western Mediterranean; Ledda et al, 2014; Manconi
et al, 2019, 2020; Padiglia et al., 2018; Perez-Lopez et al., 2017;
Stocchino et al., 2021).

The identification at species level was carried out utilizing diag-
nostic morphology and histology usually employed in classical taxon-
omy. Different histological stainings were applied for LM
investigations. SEM allowed 3D-collagenic layout at the level of
macro- and micro-structures to be observed.

Representative fragments (n = 10) of three experimental clones
of I. retidermata were collected by means of a scalpel. Live sponges
were photographed in the field (EOS G10, Canon, Japan). Samples
were immediately kept in seawater in refrigerated bags, and trans-
ferred to the Zoology Laboratory, Veterinary Medicine Department,
Sassari University.

2.3 | Diagnostic traits and morphological analyses
From 2 to 4 h after the collection, samples were examined using a
Leica Wild M3C stereo-microscope.

For taxonomic analyses, samples were washed, dried at room
temperature, labeled, registered in reference collections (KER-Sassari
University), and differently processed. The morphological diagnostic
traits considered for identification of Keratosa up to the species level
were as follows: growth form; dermal membrane (surface unarmed
vs. armed by exogenous material); conules and oscules (morphometry,
shape, and topographic distribution); general skeletal architecture; fine
texture of fibrous network; primary, secondary, and tertiary spongin/
collagenic fibers (topographic distribution and morphometry);
collagenic fibrillar network and filaments (distribution, abundance, and
morphometry); ornamentation of fibers; presence and abundance of
exogenous material in the pith of fibers.

Thin slices of skeletons were obtained by dissecting samples by
hand using scalpels under a Leica Wild M3C stereo-microscope; the
slices were then macerated in sea water for a variable time according

to the sample size and skeletal texture. After final rinsing and drying
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in ethanol, skeletal fragments were laid on a slide, under a weight, to
be gently plated as flat thin slices; finally, the sections were cleared in
Bio Clear (Bio-Optica, Milan) and mounted in Eukitt® under a coverslip.
Observations were made using a Light Microscope (Nikon ECLIPSE 80i,
Japan) and photographs were taken with a Nikon Digital-Sight DS-FI
camera (Japan). To highlight the skeletal/connective microstructures,

FIGURE 1

S WiLey- L

skeletal preparations were glued to a stub and sputter-coated with gold
and observed by SEM (Tescan Vega3, Czech Republic).

For histological staining, several fragments were fixed at room tem-
perature for 48 h in Bouin's solution, dehydrated in an ascending etha-
nol series, cleared in xylene, and embedded in paraffin. Sections were
cut at section thickness of 5 pm and routinely stained with Masson

Ircinia retidermata, growth form and general architecture from an experimental clone in a sponge mariculture plant (2 m depth,

northern Sardinian Sea). (a-c, €) macrographs in vivo. (a) Massive brownish to violet sponge with surface bearing variably dense, whitish conules
and single, slightly elevated oscules. (b) Body architecture (inner view, cross section) with a dense extracellular matrix yellowish-orange ranging
greenish color towards surface, presumably owing to the presence of cyanobacteria. Whitish aquiferous canals (arrows) and orange-brownish
ascending skeletal fibers network (arrowheads) also evident. (c, €) Brown interconular surface with fine trellis-like meshwork of inhalant areas
among conular prominent tips. Whitish conular tips corresponding to blunt apices of fibers surrounded by star-shaped rays and a network of
interconular inhalant areas. (d, f) Micrographs by light microscopy of the main fibrous and filaments network of a macerated and cleaned skeleton
(see Section 2). Primary fibers rich of incorporated exogenous material (arrows), connected by an irregular network of secondary fibers free of
exogenous material (arrowheads). Abundant dissociated filaments (white arrows) well evident
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trichrome and Azan-Mallory trichrome to evaluate the presence and dis-
tribution of collagenic structures, and with Alcian blue stain (pH 2.5) to
verify the presence of acidic glycans molecules. Slides were examined
using a Nikon ECLIPSE 80i (Japan) light microscope and photographs
were taken with a Nikon Digital-Sight DS-FI camera (Japan).

The description of the anatomical structures follows the nomen-
clature of Bergquist (1980) and Boury-Esnault & Ritzler (1997).

3 | RESULTS

Ircinia retidermata has a massive and irregular round growth form,
varying in size, and forming lobes, each bearing an osculum (Figures 1
and 13). The body surface color varied from beige (in shaded portions)
to brownish with whitish conule tips on its rays (Figure 1). Moving
inward, a color gradient from light brown/beige to variable shades of
orange was evident (Figures 1b and 2a). Some sponges were greenish
toward the body surface, presumably because of the presence of still
unidentified endobiotic cyanobacteria (Figure 1b). In some ECM
ectosomal and endosomal areas, dense assemblages of cyanobacteria
were observed (Figure 6e), which will be investigated in a companion
paper. Consistency was slightly compressible, elastic, tough, and rela-

tively difficult to tear or cut by scalpel.

3.1 | Collagenic layout of aquiferous canals/
cavities architecture

In vivo, at the ectosomal level the sponge surface showed the inhalant area
system in the form of a fine trellis-like network located in the interconular
spaces and supported by honeycombed meshes (Figure 1b,c.e). Exhalant
openings (oscules, 4-7 mm in diameter) were irregularly scattered in vari-
able number with a smooth laminar, variably elevated collar (Figure 1a).

Oscular canals and other large ectosomal and endosomal canals were

evident as whitish corrugate-like pipelines at their inner surface (Figures 1b
and 2a,b). The uplifted inner wall of these canals gave rise to regular promi-
nent annular collagenic structures (Figures 2 and 3). Small canals and cavi-

ties were lined by smooth collagenic laminae (Figures 2 and 3).

3.2 | Fibrillar and amorphous layout in the
collagenic ECM

The 3D-network of dispersed collagenic fibrils was embedded
throughout the ECM of ectosomal and endosomal regions. This net-
work was revealed by Azan-Mallory trichrome as a blue trabecular
chondrochyma-like (Figures 3b-d, 5b-d, and 10c). Margins of walls
thickening were evident in aquiferous canals and cavities by Azan-
Mallory and Masson (Figures 3, and 4a-d). However, at the ectosomal
level a fine light blue amorphous homogeneous collagenic material

was stained with Masson trichrome (Figure 4a,b).

3.3 | Cellular clusters and collagenic layout

We observed large elongate clusters of cells distinct from the rest of the
mostly scattered cells, which were observed arranged lengthwise
through the endosomal and ectosomal ECM of I. retidermata (Figure 5).
Cells were fusiform, rich in granular inclusions, and more highly
pigmented than the adjacent cells, and were tightly aligned along densely
bundled collagenic fibrils. Each cells cluster was variable in diameter (35-

120 pm) and reached up to 10-18 cells per diameter (Figure 5).

3.4 | Collagenic filaments

The 3D-network of collagenic filaments was embedded throughout

the ECM of ectosomal and endosomal regions. Filaments were

FIGURE 2

Ircinia retidermata, collagenic structures in aquiferous canals and cavities. Macrographs in vivo. (a) Corrugated-like laminae (arrows)

of pipelines at inner surface of ectosomal canals. Exogenous material (star) within a cavity lined by smooth laminae (arrowhead). (b) Intricate
network of stout laminae (arrows) supporting a large oscular canal and lateral subdermal canals
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abundant and spatially arranged in the ECM from single scattered to
clustered in small (n = 2-15) to large bundles up to ~60 (Figures 6
and 11). Filament thickness values ranged ~2-6 pm (n = 25 measured)
with prevailing thick filaments (Figure 6c-h). Filaments had sub-oval
to rounded knob-like tip (~5-18 pm in diameter). With respect to the
body biomass, this filamentous network was spatially dominant
(>50%). The topographic distribution and the architecture of
collagenic filaments extended from endosome to ectosome districts.

Filaments tend to aggregate into variably thick bundles that were

FIGURE 3

ascending and oriented from the endosome toward ectosome district
(Figures 6b and 13). However, a more complex spatial arrangement
was present in the ectosome (see below, Figures 6a and 12).

In SEM, each filament consisted of ~15-30 collagenic fibrils
(~200-250 nm in diameter; Figure 7d,e). In addition, SEM analysis also
revealed the presence of fibrils belonging to the filament substructure
with slightly enlarged button-like end at the tips. These button-like
structures were observed emerging from the terminal knobs and along

the surface of the filament (Figure 7c,d). A regular transverse banding

> .
2 PN ‘4% 7
i 805

Ircinia retidermata, collagenic structures in aquiferous canals and cavities (see Figures 1b and 2). Light microscopy micrographs of
histological sections. (a-b) Collagenic laminae (endosome) lining the inner wall of canals with regular, annular structures prominent in the lumen
(arrows). (c-d) Details of the regions framed in a and b, showing collagenic tie rods lines (arrows) crossing the lumen of canals. Cells along lines
sometime evident. (b, d) Chondrochyma-like blue trabecular network well developed (arrowheads). (e-g) Canals/cavities (endosome) surrounded
by chondrochyma-like blue trabecular network (arrows) among cells and filament bundles. Masson trichrome (a, c, e-g); Azan Mallory (b, d)
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FIGURE 4

Ircinia retidermata, fibrillar collagenic network with amorphous texture and cells dispersed in extracellular matrix (ECM). Light

microscopy micrographs of histological sections. (a, b) Ectosomal light blue fibrillar network (arrowheads) dispersed in the ECM among cavities/
canals together with various cell types. (b) The outermost body surface is lined by the collagenic fibrillar network and exopinacocytes (arrows).
(c-e) Exogenous incorporated material (arrows) embedded in the ECM together with ectosomal cells. (f) Cuticle of dermal membrane forming an
irregularly fringed layer at outer ectosome with exopinacocytes (arrows). Masson trichrome

pattern with a D-period of ~160 nm was also clearly evident in fila-
ments by SEM (Figure 7c-e).

In LM, the filaments frequently appeared with slightly undulated
course, and their terminal knobs were uniformly stained blue with
Azan-Mallory trichrome and colorless with Alcian blue. When stained
with Masson trichrome, linear portions of filaments were mainly blue
to heterogeneously color with prevalent blue alternating with red
tracts in the same filament (Figure 6). Some filaments showed blue

axial pith surrounded by a thin red layer (Figure 6h). Most knobs had

two distinguishable portions. The basal portion of a knob was blue,
clearly cup-shaped in some sections, and harboring a red colored api-
cal portion (Figure 6f). In other sections, knobs showed a denser blue
spot surrounded by a red area (Figure 6g,h).

Knobs were observed at tips of thick and thin filaments
(Figure 6d-h). It was not possible to clearly determine if knobs
occurred at both or only one end of a filament. In LM, filaments and
knob surfaces carried exogenous inorganic particles appearing translu-
cent with all stainings (Figure 6d,h).
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3.5 | Collagenic fibrous skeleton and fiber
architecture

The mature fibrous skeleton was light brown to orange in vivo (Figure 1b).
It was made up of a reticulate, anisotropic network with irregular polygonal
meshes (~230-920 um in diameter). Primary fibers (~70-100 pm in thick-
ness) were ascending, radial, and more or less parallel joined by irregular
intersecting transverse single to anastomosing flattened secondary fibers
(~23-90 pm in thickness; Figures 8a-d and 11b,c) sometimes perforated
by holes variable in density and size, like cribrose plates (Figure 9a,g).

Main fibers (primaries) ranged along their length, in ectosome and
endosome districts, from cored by exogenous material to less fre-
quently uncored. Detritus irregularly embedded in the fibers pith as
main axis (core) in a wide range of morphology, density, and gran-
ulometry (~12-115 pm in diameter; Figures 8, 9, and 10).

Mature fibers, made up of the bark surrounding the pith, were
morphologically heterogeneous along their length. Their surface con-
sisted of bark layers ranging from entirely smooth to variably rough
because of the heterogeneous occurrence of exogenous material
embedded in the pith (Figures 9 and 10). The blue axial pith (Masson
and Azan-Mallory) was surrounded by a variably developed multilay-
ered bark (red with Masson, blue with Azan-Mallory and colorless
with Alcian blue; Figures 9 and 10). The axial pith ranged from amor-

phous when not cored to irregularly/partially laminate when harboring

Ircinia retidermata, cellular clusters (arrows) and filaments in the endosome. Light microscopy micrographs of histological sections.
(a-d) Cellular clusters (arrows) of tightly aligned elongated cells. (b-d) Blue trabecular chondrochyma-like network well evident (arrowheads). (c, d)
Large nuclei and citoplasmatic inclusions well evident in elongated cells. Masson trichrome (a); Azan Mallory (b-d)

exogenous material (Figures 9 and 10). However, in most cases only
the footprint of inclusions was observable in sections. Very likely,
exogenous grains were lost during the fixation and slicing processes.
Sometimes blue-turquoise material was evident with Alcian blue in
the pith of cored tracts of fibers indicating the presence of acidic gly-
cans (Figure 10g). However, the uncored fiber tracts were colorless.

The transition between laminated bark and pith was distinct
(Figures 8, 9, and 10) and the bark occupied up to more than 50% of
the fiber diameter in secondary fibers and in fibrous tracts of pri-
maries lacking inclusions (not cored).

The bark was seen to be made up of dense, concentric almost adherent
laminae (growth lines). Moreover, an amorphous matrix (blue with Masson
trichrome and Azan Mallory, colorless with Alcian blue) was present
between the bark layers that are not always strictly compacted (Figures 8, 9,
and 10). Plated secondary fibers, sometimes cribrose, showed the same

collagenic structural layout and composition as the primary fibers (Figure 8).

3.5.1 | Fiber morphogenetic processes

All traits of mature fibers, recognized both by staining and morphol-
ogy, correspond to formations that we interpreted as successive
phases of fiber maturation. These phases occurred in adult sponges at

the ectosome and outermost endosome districts (Figure 10). The early
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FIGURE 6 Ircinia retidermata, collagenic filaments. Light microscopy micrographs of histological sections. (a, b) Topographic distribution and
architecture of filamentous network (blue to red) of ectosomal and outer endosomal regions (a) and of choanosome (b). (c) Knob-ends (arrows) of thin and
thick filaments from blue to red. (d) Colorless knob-ends of filaments (black arrows). Exogenous inorganic particles also clearly visible along filaments (red
arrows). (e-h) Various morph and color shown by knob-ended filaments. (e) Longitudinal section of three different filaments: red knob (star) of a thin
filament (red arrow); thick filament with denser axial pith (black arrowy); red filament (top, left) with exogenous inorganic particles. Cyanobacteria also
present (arrowheads). (f) Blue filaments with red knobs delimited by a blue rim. (g,h) Zoomed view of filaments (black arrows) with a denser blue axial pith
and red knobs including a blue central area. Exogenous inorganic particles (red arrows) clearly visible (h). Masson trichrome (a, b, ¢, €, f, g, h); Alcian blue (d)
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FIGURE 7

developmental phase started around an axial mass of exogenous detri-
tus grains acting as the condensation nucleus, which drives the neo-pith
formation (Figure 10a). Grains of this nucleus were heterogeneous rang-
ing from sand and allochthonous sponge spicules to vegetal detritus and
diatoms frustules (Figures 9 and 10). Single grains or group of grains
embedded in ECM were uniformly surrounded by dense cell masses
composed of spongocytes secreting amorphous collagenic material (blue
with Masson and Azan Mallory; Figure 10a-€).

In intermediate developmental phases, the axial material (neo-

pith) was surrounded by irregular to partially laminate collagenic layers

Ircinia retidermata, collagenic filaments at the ectosome. Scanning electron microscopy micrographs after sponge seawater
maceration. (a-b) Dense meshwork of filaments with sub-oval knob ends (arrowheads). (c, d) Sub-oval knob-ended filaments (zoomed view in the
insets). Microfibrils distally enlarged to form a button-like tip (arrows), which emerges from both knob end (c) and filament surface (d). (e) Banding
pattern highlighting the sub structural layout along the wrapped surface of filaments

(blue with Masson and Azan Mallory, Figures 9 and 10). In advanced
growth phases occurring outward, we observed spotted red collagenic
masses corresponding to the neo-bark formation at the blue outer
surface of the pith (Masson, Figure 9). Sometimes cells were also
observed within the growing neo-pith (Figures 9b,d and 10b,d).

Spongocytes, lacking secretive granules, ranged from fusiform to
polygonal in shape (Figure 10). Their peripheral cytoplasm was well
defined when compared with the other cells scattered in the ECM
(Figure 10). No spongocyte masses were observed around mature
fibers (Figure 10f).
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FIGURE 8

Ircinia retidermata, hierarchical architecture of fibrous skeletal network. Scanning electron microscopy micrographs after sponge seawater

maceration. (a) Reticulate anisotropic network with three parallel main fibers (arrows) joined by numerous thinner, smooth secondary fibers (arrowheads).
Irregular surface of main fibers is due to the axial incorporation of exogenous material. (b) Filamentous laminar structures (arrowheads) along subdermal
canals surrounding thin, smooth, plated secondary fibers (arrows). (c) Parallel primaries joined by perforated plated secondaries. Longitudinal view of layout
along a main fiber with a concentrically multilayered bark (arrowhead) surrounding the pith mainly occupied by axial exogenous materials or their
footprints (arrows). Large bundles of filaments evident. (d) Flat secondaries fibers joining to form a cribrose plate (cross section). (€) Sub-oval outline of a
secondary fiber (cross-section). (f) Longitudinal concentric fibrillar laminae of the bark surrounding the central pith (cross-section)

3.6 | Architecture of the complex collagenic
ectosome and exogenous material incorporation

The outer body surface was conulose at variable density in different areas.
Conular dimension decreases from top toward the basal sponge portion.
Conules were from single to group in lines (~1-3 mm apart). Conules (~1-

2 mm in height) with variably blunt apices had a conular axis made by

distal parts of primary fibers; sometimes fiber tips were bare and pro-
truded from apices (Figures 1c and 11). The interconular areas were cov-
ered by a honeycombed network of meshes (~0.80-1.5 mm in diameter),
which conspicuous at bare eye (Figures 1, 11, and 12).

The three dimensional structure of the ectosome showed a network-
like hierarchical architecture ranging from fibrous to filamentous. The cuti-

cle/hyaline membrane (light blue with Masson and Azan Mallory trichrome,
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FIGURE 9

Ircinia retidermata, collagenic architecture of skeletal fibers. Axially arranged exogenous inclusions, for example, sand grains, spicules,

organic material (black arrows), or their footprints evident in the pith. Also cells (red arrows) sometimes evident in the pith. Light microscopy
micrographs of histological sections. Scale bars 100 pm. (a) Fibrous plate (longitudinal section) with concentrical multilayered bark (red) surrounding
the pith (blue) and axial footprints of exogenous inclusions. Extended blue areas suggest a growing process. (b, c) Fibers with blue pith surrounding
inclusions (arrow) and outer red bark (cross sections). (d) Blue young growing fiber (longitudinal section) with a few small, scattered spots of red neo-
bark at the outer surface. Residual cells (red arrows) evident in the pith. (e) Fibrous plate with red bark and blue pith (longitudinal section). Tubercled
exogenous spicule (arrow) embedded in the pith. (f) Fiber with well-developed red bark, and axial inclusions (arrows) embedded in the blue pith.

(g) Fibrous plate with rounded holes and large, irregular footprints of granular inclusions within the blue pith (longitudinal section). Masson trichrome

blue turquoise with Alcian blue) was an acellular cribrose lamina smooth
and very thin (<1 pm). Hyaline membrane ranged from smooth and thick
(Figure 4) to fringed and thin due to the loss of the detritus crust during sam-
ple processing. The underlying layer was cellular and composed by
pigmented T-shaped exopinacocytes (Figure 4). The ectosomal ECM was
armed by exogenous detrital micro-grains more or less embedded and irreg-
ularly distributed with topographically variable density and granulometry,
that is, sand, spicules, diatom frustules, and vegetal material (Figure 4).

Under this outer layer (Figure 4) an almost radial irregularly dense
filamentous meshwork was evident in vivo and in SEM (Figures 1 and
12). This meshwork, supported by the distal portion of axial skeletal
fibers, was made by a thin network of filaments in between a few
(h = 3-5) thick radial filament bundles. This network was visible in LM
histological sections of the ectosome only here and there, owing to
the sections of the filamentous meshes composing the 3D-reticulum
(Figure 6a). The same filamentous 3D-network appeared collapsed in
SEM after complete seawater maceration (Figure 12b,d-f).

The fibrous ectosomal skeleton was composed of dense, ascend-
ing fibers; growing ectosomal fibers were observed at various devel-
opmental/morphogenetic phases (Figure 10a-e). Ectosomal ECM in

histological sections appeared intensively turquoise colored by Alcian

Blue indicating high amount in acidic glycans. The ECM was less tur-

quoise colored toward sub-ectosomal and choanosomal level.

3.7 | Overview of the architectural organization

To improve the comprehension of the complex architecture of the
Ircinia retidermata body, a model overview section is provided to give
evidence of its general organization (Figure 13). Body districts were
magnified to focus the topographic distribution of ectosome, endo-
some, aquiferous system, and skeleton from filamentous to fibrous.

These structures were shown at different level of detail.

4 | DISCUSSION
4.1 | Sponge collagenic material from sustainable
source

The present morphological research is based on sustainable sponge

mariculture (Pérez-Lopez et al., 2017) as experimental sea-based
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FIGURE 10 Ircinia retidermata, fiber morphogenesis in the ectosome and outer endosome. Secretive phases of collagen around the granular

exogenous material as condensation core of the neo-pith, with subsequent collagen assemblage to form the neo-bark. Light microscopy
micrographs of histological sections. (a) Dense masses of spongocytes in secretive phase showing piriform to polygonal outline in the ectosomal
extracellular matrix. A thin bluish collagenic layer (arrows) uniformly surrounds axial grains (arrowhead). (b) Spongocytes around a growing primary
fiber with axial grains (red arrow) embedded in the blue neo-pith. (c) Growing fiber immersed in the trabecular chondrochyma-like network. (d, e)
Growing fiber including cells (red arrows) in the neo-pith together with footprints of exogenous material. (f, g) Different staining of the same
mature fiber shows a thick bark (red in f vs. colorless in g) with a residual presence of light blue acidic glycans (arrows) in the pith. Masson

trichrome (a, b, d, f); Azan Mallory (c); Alcian blue (g)

sustainable exploitation following the global strategy of marine biodi-
versity conservation plans to preserve wild populations/species and
their ecosystem services (de Caralt et al., 2003; Gokalp et al., 2021a,

laboratory. This supply of biomass for marine collagen basic research,
and its applications in bioinspired materials science and technologies,
is in agreement with eco-friendly bioresources management and
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FIGURE 11

Ircinia retidermata, ectosomal complex layout with skeletal networks of fibers and knob-ended filaments. Photomicrographs

in vivo (a), light microscopy in various phases of seawater maceration (c, e, f, i, j) and scanning electron microscopy (b, d, g, h). (a) Ectosome in toto
witj singly/grouped conules among interconular trellis-like inhalant areas showing rounded/polygonal meshes. Whitish color of this micronetwork
is due to finely dusty incorporated exogenous material. (b) Distal portion of ascending primary fibers supported by arched/plated secondaries
fibers in a dense collapsed filamentous network. (c) Conular apices supported by fibers and filamentous network. (d-f) Networks of filament

bundles between skeletal fibers. (g-j) Knob-ended filaments

2021b; Murray et al., 2013; Orel et al., 2021; Padiglia et al., 2018;
Pérez-Lépez et al., 2017; Pronzato, 1999; Pronzato et al., 1999;
Ternon et al., 2017; Wanick et al., 2015, 2017). The long-time evolu-
tionary success of our model sponge with exclusive collagenic body
architecture, together with its shallow water habitat (wild and farming
conditions), suggests also a potential great ability of Irciniidae to adapt
to climatic changes and to face constraints represented by global

warming, ocean biogeochemistry, and ocean acidification.

4.2 | Fibrillar collagenic network in the ECM

In Ircinia retidermata, a dispersed fibrillar collagenic network is
extended throughout the ectosomal/endosomal ECM, as in most
demosponges (Ereskovsky & Lavrov, 2021; Simpson, 1984). These
structures mediate cell-matrix interactions via membrane receptors
regulating cell behavior (Exposito et al., 2002; Miiller, 1997) and con-
tribute to build the architecture of the (a) chondrochyma-like trabecu-
lar networks (Cowden & Harrison, 1976; sensu Minchin, 1900;
Stocchino et al., 2021), and of (b) walls thickening of aquiferous canals
and cavities.

In the aquiferous canals, the corrugate-like pipelines and their annu-
lar formations, which confer plasticity to the system, seem to be evolu-
tionary adaptive traits involved in supporting: (a) water flow vorticity to
facilitate access to nutrients and gas exchange by epithelial cells;
(b) water pumping activity and physiological rhythmic variations in the
extent of flow rate; (c) contraction/expansion and water flow direction.

It is known that in general the fibrillar network represents a sub-
strate along which occurs the movement of cells. Collagenic fibrillar
network also extends among elongate clusters of cells in our samples
of I retidermata. The functional role of such structures is still
unknown. However, these cells clusters closely resemble the strand of
cells found until now exclusively in the genus Aplysina (Ereskovsky &
Lavrov, 2021; Leys & Reiswig 1998), where these cells have a perma-
nent position along the strands and do not actively move. According
to Leys & Reiswig (1998, p. 40) the role of these cells

is primarily to bundle and align the collagen fibrils, cre-
ating a pathway that the cells transporting nutrients
can recognize and follow, thereby allowing the rapid
transport of material to the tip or to the base of the
sponge
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FIGURE 12

Ircinia retidermata, ectosome with hierarchical architecture of collagenic fibers, filaments, and filamentous laminae. Scanning

electron microscopy micrographs. (a) Outer layer of conular area with conules singly scattered or grouped in variably oriented dense rows
(arrows). Radial stout rays (arrowheads) surround each conule. (b) Arched secondary fibers (arrows) and flattened cribrose fibers (arrowhead)
supporting a dense filamentous network (top view). (c) Network of rounded/polygonal meshes (arrow) overlaying a conule and adjacent
interconular areas (arrowheads). (d) Zoomed view of a conule densely overlaid by filaments. Stout rays well evident (arrowhead). (e) Detail of
trellis-like micronetwork (arrowhead) in honeycombed mesh of interconular area. (f) Magnification of knob-end filament tip (arrowhead; detail of
d). (a, c, ) after short seawater maceration; (b, d, f) after long seawater maceration

and

are suggestive of a primitive nutrient transport path-
way in sponge.

We follow these ideas and suggest that the cellular clusters of
I. retidermata are part of the nutrient transport system towards

sponge body districts.

4.3 | Collagenic filaments

Banding pattern and a D-period of ~160 nm is clearly evident in
I. retidermata on surface of collagenic knob-ended filaments by SEM
(Figure 7). A repeated band periodicity has been reported mostly for
fibrillar collagens (e.g., Exposito et al., 2002; Garrone et al., 1975;
Muiller, 1997; Miiller et al., 2004) and among Keratosa for Ircinia fusca
(Carter, 1880) (see Pallela et al., 2011, Figure 7). The peculiar fibrils
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FIGURE 13 Ircinia retidermata,
overview of architecture and
topography of framed body districts
at different level of detail (boxes).
Light microscopy. (a) General view of
ectosome, choanosome, aquiferous
system (d box), and filamentous/
fibrous skeleton (b-c boxes).

(b) Ectosomal morphogenetic area in
growth phase. (b1-b,) Details of
inorganic axes of neo-fibers
surrounded by spongocytes secreting
collagenic material. (c) Endosomal
district with filament bundles and a
mature fiber cored by inorganic
exogenous material. (d) Large
corrugated canals of the aquiferous
system in the endosome district rich
of choanocyte chambers. Masson
trichrome. Ect, ectosome; Cho,
choanosome

with button-like tips belonging to the filament substructure are firstly
reported.

The particles which are translucent with all staining and occurred
on filaments are of unclear origin and nature. However, considering
their resemblance with the iron granules found in the fibers of other
Keratosa (Spongiidae) by Kenneth & Rutzler (1968) and Vacelet
et al. (1988) it could be possible suggest a mineral origin also for these
particles. The absence of these latter particles in the SEM samples
could be due loss during/after maceration processes.

Collagenic organization of filaments and terminal knobs is hetero-
geneous in I. retidermata. The occurrence of different staining (with
Masson trichrome) in different filaments and/or in various portions
(outer layer and axial pith) of the same filament supports the structural
heterogeneity of their collagenic components. The structure of
I. retidermata filaments matches data reported for genus Ircinia by
Garrone et al. (1973, fig. 1, p. 257)

These filaments consist of three layers: a cuticle-like outer-
most layer, a soft cylinder (forming the bulk of the filament)
within this tubular cuticle, and an axial thread in the center.
With electron microscope the filaments appear as bundles
of microfibrils (about 50 to 70 A in diameter) twisted in a
helical fashion, nearly straight in the axis of the filament
and becoming increasingly coiled toward the periphery.

In addition, this architecture and staining resembling those of
fibers in I retidermata also partially matches the delineation of

Irciniidae filaments as small spongin fibers as reported by several

authors (Brien et al., 1973; Gaino, 2011; Garrone et al., 1973;

Simpson, 1984). However, in Sarcotragus spinosulus, which also

belongs to Irciniidae, filaments were always homogeneous and only
blue when stained with Masson (Stocchino et al., 2021).

The presence in I. retidermata of thin and thick filaments portions and
the fact that it was not possible to determine if knobs occurred at both or
only one end of a filament, suggests three possible filament morphologies:
(a) two types of filaments, thin and thick each with a single knob end;
(b) two types of filaments, thin and thick each with two knobs ends; (c) a
single type of filament, ranging along its length from thin to thick, with one
knob at each end. Notwithstanding numerous investigations on filaments,
their morphological divergence in different species and/or their plasticity in
the same species along with the functional role of their diversity continue
to be unresolved. Additional comparative studies are necessary in order to
shed light on these skeletal components.

From a functional point of view, the abundance of filaments bun-
dles and their spatial arrangement in networks of irciniids strengthen
the jelly ECM acting as a resilient structure against mechanical inju-
ries, for example, coastal storms, predation or infauna colonization
events, and also diseases. In the case of microbial infection,
Maldonado et al. (2010) reported secretion of collagen barriers as

defensive mechanism in Ircinia spp.

44 | Fibrous skeleton and fiber morphogenesis

The fibrous endoskeleton extended in the entire body of I. retidermata

is complex and composed by collagen in a fibrous irregularly reticulate
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network of primary fibers rich of incorporated exogenous materials,
connected by secondary fibers free of exogenous material.

The consistent presence of an axial core containing varying
amounts of sand grains and other exogenous material strongly indi-
cates that mature primary fibers of I. retidermata are strengthened by
these particles. This trait differs from S. spinosulus, which bears only
few and scattered spicules embedded in collagenic primary fibers
(Stocchino et al., 2021).

Each mature primary fiber of I. retidermata displays irregularly
alternating linear cylindrical and laminar plated tracts along its length.
Concentric laminar growth lines in the bark alternating with layers of
amorphous matrix are shared with other Keratosa (Bergquist
etal, 1998).

As for the presence of cells within the fiber pith, our data could
match those of Vacelet (1971) who hypothesized the accidental inclu-
sion of spongocytes during pith morphogenesis. Moreover, in
I. retidermata the presence of collagenic material only in the ECM out-
side spongocytes (Masson and Azan) agrees with data provided by
Vacelet (1971) on Aplysina spp. (as Verongia spp.).

About the detection of acidic glycans in the pith of cored fibers
(blue-turquoise with Alcian blue), this could be due to residual ECM
around inclusions during fibrogenesis.

The irregularly laminated inner pith is likely due to the fact that
during early secretion phases of spongocytes, collagenic material
accumulates irregularly around the included material, because the
bearing axis of the included material does not have a regular shape.

In I. retidermata the fibers morphogenetic process seems to occur
exclusively at ectosomal and outer endosome level by secretion of
fibers ex novo. We suggest the following growth phases of
I. retidermata fibers, which occur by sequential steps in the morphoge-
netic active zones. (1) A key process of fiber formation is the prelimi-
nary active incorporation and selection of detritus particles and their
grouping in ectosomal areas that will drive morphogenesis using
grains as condensation nucleus to produce the fiber axis. During incor-
poration, each grain appears surrounded by fibrillar/amorphous colla-
gen; (2) spongocytes progressively grouped around detritus grains and
secrete fibrillar/amorphous collagen to form the fibers pith, which
gradually increase in thickness for concentric apposition of new layers
at its surface; (3) these layers thicken and undergo collagenic material
maturation as proto-spongin; (4) mature fibers are devoid of surround-
ing spongocytes. The destiny of these cells after their secretory activ-
ity is still unknown, although it has been hypothesized that would
either restore their previous role in ECM or degenerate (see
Vacelet, 1971 and references therein).

The morphogenetic processes of the fibrous complex layout in
I. retidermata, driven by specialized cells as secretion of the fiber
innermost part (pith) and consequent bark construction/assembling
from the inside to the outside of the fiber, matches fibers morphogene-
sis reported for other Keratosa species (Bergquist, 1978; Bergquist
et al,, 1998; De Cook & Bergquist, 1998; Gaino, 2011; Minchin, 1900;
Schulze, 1878a, 1878b, 1879a, 1879b; Simpson, 1984;
Teragawa, 1986a, 1986b; Vacelet, 1971; von Lendenfeld, 1889). Fiber
morphogenesis diverges in depth when comparing I. retidermata versus

S. spinosulus as revealed by SEM and LM. Indeed, fiber formation occurs
in S. spinosulus by means of the inward deposition of successive layers.
Moreover, the main fibrous skeleton of I. retidermata is characterized by
the absence of the active morphogenetic nodes within the mature

fibers of S. spinosulus (Stocchino et al., 2021, Figure 9).

4.5 | Collagenic ectosomal complex architecture
The ectosome of I. retidermata has probably multiple functions. The
ectosomal collagenic layout is polymorphic and assembled in a hierar-
chical architecture made of associated filamentous networks, parallel/
radial distal fibers, and fibrillar networks.

This organic skeleton provides mechanical support for the entire
body. This is particularly true for the outer subdermal areas with large
canals/cavities filled of water, thus contributing, in cooperation with
inhalant apertures/porocytes, to modulate the water inflow and pres-
sure. In addition, collagenic filamentous honeycombed meshes at the
body surface and their fine trellis-like network contribute to the mod-
ulation and selection of the amount and content of exogenous mate-
rial in the inhaled water.

Ectosome and outer endosome districts are a germinative area
where fibrogenesis occurs (Figure 13). The production of new fibers
and secretion of new ECM between mature fibers determine the
enlargement of body surface, with consequent morphogenesis of the
underlying choanosomal district, drives the radial sponge growth.
These morphogenetic processes may be related to the continuous
morphogenesis and phenotypic plasticity typical of Porifera (Gaino
et al., 1995).

The ectosome of I. retidermata probably functions in sponge-
sediment relationship by trapping, incorporating, and selection of the
material available in the water column. Different parts of I. retidermata
body accumulate and use detritus particle in different ways at the
level of ectosomal structures and fibers layout by recycling the rein-
forcing grains as reported for other species (e.g., Bavestrello
et al, 1996, 1998; Schonberg, 2016; Teragawa, 1986a, 1986b). In
1.0 retidermata, fine grains are used to construct the sandy surface of
ectosomal layer, while coarser grains form the axis of fibers. From an
energetic point of view such mineral grain recycling from the water
column may save energy as compared with the complex processes of
spicule construction. From a mechanical point of view, collagenic
structure strengthening by exogenous material inclusion may have
been the evolutionary pressure that drove the successful morpho-
anatomical evolution in Irciniidae and other families of Keratosa.
Active sediment uptake and its recycling by incorporation in collagenic
structures seem to be a successful strategy probably due to the natu-
ral affinity among surfaces of sponge collagenic material and mineral
particles. This is in agreement with Krasko et al. (2000), Miiller
et al. (2004), and Pozzolini et al. (2012) reporting that silicate has a
morphogenetic activity by increasing gene expression of collagen,
although this may also be induced by calcium carbonate grains.

The data presented here on the morphogenetic process match

those of other soft sponges of the order Dictyoceratida, that is, fibers
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are synthesized by discrete groups of specialized cells that also drive
their assembling. In I. retidermata the secretion of the innermost part
of the fibers start around grains by conjoint action of spongocytes
with a construction occurring by apposition from inside to outside as
first shown by Schulze (1878a, 1878b, 1879a, 1879b) and von
Lendenfeld (1889) and as subsequently reported by several authors
for various taxa (Bergquist, 1978; Bergquist et al., 1998; De Cook &
Bergquist, 1998; Gaino, 2011; Minchin, 1900; Simpson, 1984;
Teragawa, 1986a, 1986b; Vacelet, 1971).

5 | CONCLUSIONS

The prototype of connective system, here characterized in a model
basal metazoan is almost exclusively based on collagenic networks
widely diversified. The topographic distribution, spatial layout, micro-
traits, and/or morphogenesis of collagenic structures of Ircinia
retidermata are focused. Outer body districts are the active fibrogenetic
areas where the exogenous inorganic material plays the role of key con-
densation nucleus for the ensuing morphogenesis of ECM and fibrous
skeleton. Further, the collagenic material is diversified in the different
structures (e.g., filament versus fibers) and in different parts of the same
structure (e.g., filament). These materials confer plasticity to the organi-
zation of sponge connective system and support key evolutionary nov-
elties at the level of (a) aquiferous system devoted to water circulation,
(b) cell clusters competent for nutrient transfer, (c) filamentous skeletal
system and (d) fibrous skeletal system.

In synthesis, our bulk of data on architectural diversity of connec-
tive system of I. retidermata confirms that sponges are a key model
phylum to understand the origin of the ECM complexity and animal
multicellularity. This could be a cue to explain both the evolutionary
novelties displayed by irciniids and functional significance of their
adaptive anatomical traits. At the same time, our data support both
systematics and phylogenetic analyses together with marine collagen
applied research. Indeed, collagenic sponge material was proved to
enhance for example drug delivery (Langasco et al, 2017;
Rahman, 2021; Swatschek et al., 2002) and to promote bone minerali-
zation (Granito et al., 2017; Green et al., 2003; Kim et al., 2009). Soft
body sponges are confirmed as versatile and multifaceted source of

bioinspired materials.
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