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Arrested in Glass: Actin within Sophisticated Architectures
of Biosilica in Sponges

Hermann Ehrlich,* Magdalena Luczak, Rustam Ziganshin, Ivan Mikšík,
Marcin Wysokowski, Paul Simon, Irena Baranowska-Bosiacka, Patrycja Kupnicka,
Alexander Ereskovsky, Roberta Galli, Sergey Dyshlovoy, Jonas Fischer,
Konstantin R. Tabachnick, Iaroslav Petrenko, Teofil Jesionowski, Anna Lubkowska,
Marek Figlerowicz, Viatcheslav N. Ivanenko, and Adam P. Summers*

Actin is a fundamental member of an ancient superfamily of structural
intracellular proteins and plays a crucial role in cytoskeleton dynamics,
ciliogenesis, phagocytosis, and force generation in both prokaryotes and
eukaryotes. It is shown that actin has another function in metazoans:
patterning biosilica deposition, a role that has spanned over 500 million years.
Species of glass sponges (Hexactinellida) and demosponges
(Demospongiae), representatives of the first metazoans, with a broad
diversity of skeletal structures with hierarchical architecture unchanged since
the late Precambrian, are studied. By etching their skeletons, organic
templates dominated by individual F-actin filaments, including branched
fibers and the longest, thickest actin fiber bundles ever reported, are isolated.
It is proposed that these actin-rich filaments are not the primary site of
biosilicification, but this highly sophisticated and multi-scale form of
biomineralization in metazoans is ptterned.
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1. Introduction

Sponges (Porifera) are the sister-group to
all other animals,[1–3] with fossils dating to
the Late Protoerozoic.[4] These exclusively
aquatic, filter-feeding organisms have per-
sisted with little morphological change for
hundreds of millions of years, likely due to
their ability to produce biomineralized, me-
chanically robust three dimensional (3D)
skeletal constructs, as well as synthesizing a
broad variety of secondary metabolites with
antibiotic and cytotoxic properties.[5,6] The
inorganic chemistry of poriferan skeletons
with respect to silica in Hexactinellida, De-
mospongiae, and Homoscleromorpha, or
calcium carbonates in Calcarea, is well un-
derstood, but the role of the bio-organic
phases in skeletogenesis of sponges is
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still debated.[7–10] Silica-based structures in sponges have sev-
eral roles, including protection, support of the body form, main-
tenance of posture in flow, as well as anchoring to sandy and
muddy bottoms. The main players in poriferan biosilicifica-
tion and spiculogenesis are low molecular weight proteins (i.e.,
silicateins, cathepsins)[10–12] in demosponges, accompanied by
glassin,[13] collagen,[14] and chitin[15,16] in glass sponges (Hex-
actinellida). Though their presence during skeletal formation
has been confirmed, there remain questions of pattern drivers
that lead to the diversity of shape (more than 80 and 46 mor-
photypes in Demospongiae and Hexactinellida, respectively),[5,17]

size (from micrometer- to up to 3 meter-long),[6] network connec-
tivity (monaxons, triaxons, tetraxons),[18,19] and superficial orna-
mentation. Intriguingly, all these biosilica-based structures pos-
sess a common feature: a proteinaceous axial filament situated
inside the axial channels distributed along the rays of spicules.
This organic matter has nanocrystalline-like properties[7,19] and
is found in axial channels of both structurally simple and hierar-
chically complex poriferan biosilica (see Figures S2–S4, S10, and
S11, Supporting Information) in the form of linear, bifurcated,
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or branched microfilaments. They are not “cemented inside,”
but lie freely in the channels (Figures S1 and S2, Supporting In-
formation). This is in contrast to the mineralization-associated
molecules such as silicateins, which are not branched, and are
tightly bound in the biomineralized structure where they catalyze
and template silica.[10]

The diversity of forms of biosilica is exemplified by the extreme
case of Monorhaphis sponges, which can produce meter-length
spicules (Figures S26 and S27, Supporting Information). Our
work provides an answer to one of the fundamental questions of
biomaterials science, namely, how this “biological glass” grows at
ambient temperatures (from -1.9°C to 24°C) to reach such great
lengths. We will show that axial filaments of both hexactinellids
and demosponges, first revealed by electron microscopy,[20,21] are
principal instances of actin in a newly discovered role: patterning
silica architecture of metazoans in vivo.

2. Results and discussion

2.1. Actin in the Skeletal Structures of Sponges

Previously, we identified highly hydroxylated collagen as a tem-
plate for biosilicification in the meter-long anchoring spicules of
the glass sponge Hyalonema sieboldii,[14] there was also actin in
these extracts which we attributed at that time to cytoskeletal rem-
nants. In hexactinellid sponges, there are 0.5 mm long actin mi-
crofilaments in adherent tissues and filopodia.[22,23] Dense tracts
of actin have been also confirmed in endopinacocytes of the api-
cal pinacoderm, canals, and the osculum of the freshwater de-
mosponge Ephydatia muelleri.[24,25] Since actin has traditionally
been perceived as a strictly intracellular protein, it has not been
predicted in such structures as spicules, or skeletal frameworks.

We developed a new method that works at a microscopic scale
and isolates axial filaments from siliceous microstructures de-
rived from diverse species of sponges. The approach is based on
the gentle application of a drop of 10% hydrofluoric acid (HF)
onto the surface of a spicule placed on an inclined plastic sur-
face. This acid dissolves biosilica leaving the organic matrix intact
(Figure S1a, Supporting Information).

The use of HF is a traditional and proven method in the
study of sponges for dissolving spicules, consisting mainly of
glassy amorphous hydrated silica similar to opal or silica gel.
This method has proven itself in cytology, developmental biol-
ogy, molecular biology, as well as biochemistry of sponges.[21,26–29]

This dilute HF does not have negative effects on cells, extracellu-
lar matrix, or the internal organic structures of spicules. Further-
more, our SEM and TEM observations revealed no effect of HF
on the organization or integrity of actin in our samples. Similar
results have been obtained on diverse biological systems by other
authors.[30–32]

Following this HF- based treatment, residual axial filaments
remain strongly attached to the plastic surface and can be rinsed
with water and identified using special phalloidin reagents, or
immunostaining. Our method shows axial filaments fixed on the
plastic surface can also be found in partially demineralized struc-
tures (Figure S1 and the legend to this, Supporting Information),
eliminates the possibility of external contamination of the sam-
ple with actin fibers of cellular origin. Drying of the specimen
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Figure 1. Identification of actin in the axial filaments of diverse sponge species using iFluor 594-Phalloidin red stain. a) Overview of stained axial filaments
isolated from selected biosilica-based structures such as tauactines of M. chuni (Hexactinellida), megascleres (oxea) of S. lacustris (Demospongiae), and
skeletal framework of Farrea. sp. (Hexactinellida) following 10% HF treatment. All the axial filaments, isolated from both marine (M. chuni, Farrea sp.) and
freshwater (S. lacustris) sponges, resemble the size and morphology of the siliceous skeletal structures they were derived from. b) HF-based treatment of
siliceous spherical microspined rays forming the oxyasters of G. cydonium marine demosponge led to the isolation of an organic matrix with branching,
radially spaced microfibers also visible after iFluor 594-Phalloidin staining (see also Figure S10, Supporting Information).

during the phalloidin staining fixes the actin filament, formerly
sheathed in biosilica to the slide for further investigation.

With this approach we identified actin in the axial filaments of
representatives of Hexactinellida (Aphrocallistes beatrix, Asconema
setubalense, Caulophacus arcticus, Hyalonema (Corynonema) pop-
uliferum, Farrea sp., Euplectella aspergillum, Malacosaccus sp.,
Monorhaphis chuni, Rossella antarctica, Walteria flemmingi) (Fig-
ures 1 and 2a and Figures S5–S8, Supporting Information)

and Demospongiae (Cladorhiza corona, Cinachyra antarctica,
Spongilla lacustris, Geodia cydonium) (Figure 1, and Figures S5,
S9, and S10, Supporting Information) using conventional phal-
loidin staining.[33–34] Actin was found in the axial filaments of this
diversity of spicules, including those with unusual and very com-
plex spiny microarchitecture such as the demosponge G. cydo-
nium (Figure 1b, and Figure S10, Supporting Information), and
sponges with hierarchical, geometric, skeletal designs such as the
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Figure 2. Confirmation of the presence of actin in axial filaments of selected sponges species using immunofluorescent analysis with primary anti-𝛽-actin
antibody and secondary (anti-rabbit IgG (H+L), F(ab′)2 Fragment (Alexa Fluor 488 Conjugate) antibodies. a) Light microscopy image of the partially
demineralized spicule of the marine demosponge G. cydonium after immunostaining. The location of the axial filament in the axial channel of the spicule
is visible with both b, arrows) light microscopy and c, arrows) fluorescence. d) The bundle of self-aggregated axial filaments isolated from spicules of
S. lacustris purified with HNO3 after immunostaining. e) Fluorescence microscopy of axial filaments isolated from spicules (known as tauactines) of
M. chuni (see also Figure 1a). f) Treatment of axial filaments only with secondary antibodies shows weak autofluorescence in comparison to (e). g,h)
Immunostaining confirms the location of actin in the partially demineralized Hyalonema populiferum. g) Fragments of residual silica (dotted lines) are
detectable as well as demineralized residual organic matrix (arrows) that did not immunostain, in contrast to h) the axial filament.

glass sponges Farrea sp. (Figure 1a), A. beatrix (Figure S8, Sup-
porting Information), and E. aspergillum (Figure S11, Supporting
Information).

To confirm the presence of actin in axial filaments of selected
sponges, we used immunostaining with primary and secondary
ß-actin antibodies. Fluorescently labelled secondary antibodies
were found in partially demineralized spicules of the demo-
sponge G. cydonium (Figure 2c) and the glass sponge Hyalonema
populiferum (Figure 2h) as well as in isolated, fully demineralized,
axial filaments of the demosponge S. lacustis (Figure 2d), and the
glass sponge M. chuni (Figure 2e).

The dimensions of the observed fibers stained with ß-actin an-
tibodies with respect to both diameter and length are unambigu-
ously larger than any intracellular actins ever described, probably,
due to possible aggregation during processing (see also Figures
S12–S14, Supporting Information).

2.2. Proteomics Reveals Actin as a Component of Axial Filaments

The expression of actin genes and the formation of actin fil-
aments in specialized cells and tissues of sponges are well
documented.[22,23,35] However, there is presently no evidence to

indicate whether these cells and consequently actin filaments,
are present in sponge spicules, which are formed in cells called
sclerocytes (see note 13, Supporting Information). To address
this question, we analysed axial filaments extracted from spicules
of diverse sponge species with complementary proteomic ap-
proaches using SDS-PAGE and LC separation, followed by mass
spectrometry and western blot analysis (for details see notes 5
and 6, Supporting Information). These methods showed actin in
the axial filament from spicules of the glass sponges A. setubalense
(Figure 3b–d, Table S1, Supporting Information), M. chuni (Table
S2, Figure S16, Supporting Information), Monorhaphis sp. (Table
S3, Figure S16, Supporting Information), and C. arcticus (Figures
S15 and S16; Table S4, Supporting Information). In particular, 7,
14, 15, and 21 actin peptides were identified utilizing LC-MS/MS
for A. setubalense, M. chuni, M. sp and C. arcticus samples, respec-
tively, yielding 13–56.4% coverage of actin sequence. For A. se-
tubalense sponge presence of actin was additionally corroborated
by western blot using a specific anti-ß-actin antibody (Figure 3d).

We used the same spectrum of proteomic methods to ana-
lyze axial filaments isolated from spicules of the freshwater de-
mosponge S. lacustris and found actin in association with sil-
icateins (Figures S15–S17; Table S5, Supporting Information).
Three actin and four silicatein peptides were identified in these
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Figure 3. Identification of actin in the axial filament of the glass sponge Asconema setubalense. a) iFluor 594-Phalloidin red staining of partially deminer-
alized spicules shows the axial filament. b) The amino acid sequence of actin (UniProt ID A0A1Y9T597) was identified by the MS proteomic approach
in the axial filament of A. setubalense. Seven peptides were identified using an in-solution digestion and label-free nanoLC-MS/MS approach (marked
in bold), yielding 27.1% coverage of a protein sequence (Table S1, Supporting Information). c) SDS-PAGE analysis of the A. setubalense actin filaments
indicating the presence of 42 kDa band visualized by Coomassie blue G-250 staining (1# and 2# marked by an asterisk). Lanes #1 and #2 correspond
to axial filaments isolated from two different specimens of the same sponge. Four actin peptides were found in this band by MS protein identification
(bold and underlined peptides), with 13% sequence coverage (Table S1, Supporting Information). d) Western blot analysis with a human anti-ß-actin
antibody confirmed the actin signal at 42 kDa (marked by an asterisk).

samples with 12% and 19% sequence coverage, respectively.
Actin in S. lacustris was also validated with Western blot using
an anti-ß-actin antibody. These results demonstrate the role of
actin as a core around which silicateins self-assemble and act as
biomineralizing agents.[11,12]

2.3. Identification of Actin-Like Structures in Axial Filaments

We used high-resolution transmission electron microscopy
(HR-TEM) to visualize the characteristic periodic structure of
actin,[36–38] and to resolve actin structure and assemblies. A fast
Fourier transform (FFT) image processing technique was infor-
mative for determining the crystal structure of HRTEM images
in reciprocal space. We prepared specimens for ultrathin-sections
of transmission electron microscopy (Figures S18–S21, Support-
ing Information), and imaged them for characteristic Fourier pat-
terns (Figure 4e) from processed high-resolution brightfield im-
ages, as well as to visualize actin filaments (Figure 4b–d). The
Fourier pattern of the axial filaments, isolated from hexactinel-
lids (i.e., M. chuni Figure 4e; Figure S21a, and C. arcticus Fig-
ure S22d,h, Supporting Information), matched with that of F-

actin (see lattice parameters in Table S7, Supporting Informa-
tion). Also, the nanostructural organization of axial filaments
(Figure 4c and Figures S18–S20, Supporting Information) is typ-
ical of F-actin from other sources.[39–41] The logical question of
whether they are branched filament networks (Arp2/3 mediated)
or bundled filaments (formin-mediated) should be answered in
the future experiments.

We used Raman spectroscopy, a high precision method of
spectroscopic characterization, on axial filaments isolated from
sponges including M. chuni and C. arcticus. Raman spectra of
reference actin from rabbit muscle matched those from the axial
filaments, and they differ from diverse non-actin-related proteins
(i.e., silicatein A1, collagen, pepsin, trypsin, etc.) (Figure S23 and
Table S8, Supporting Information).

2.4. Actin Inhibition Prevents Spicule Formation

Tesson & Hildebrand[42] showed that actin filaments play a sub-
stantial role in the formation of meso- and micro-scale silica
structure in the frustule formation of diatoms. One role is in
defining microscale processes such as the size and shape of the
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Figure 4. TEM imagery and Fourier analysis of the axial filaments isolated
from spicules of the glass sponge M. chuni. b) Zoomed image of a) the
TEM image that represents nanofibrillar organization of the selected area
of isolated axial filament of M. chuni shows the cross-linked nanoarchitec-
ture (arrows) typical for F-actin filaments, which form right-handed, paral-
lel, and staggered structures in all eukaryotes.[38,41] The FFT in (e) taken
from (d) indicates different large periodicities typical for actin such as 5.9,
4.6, 3.7, 3.4, and 1.9 nm (see for details including statistical analysis Ta-
ble S7, Supporting Information). Individual reflections are shown with red
colored dotted lines. d) The axial filament lattice shows high similarity to
that of actin standards reported by other authors.[37,40]

silica deposition vesicles and the leading edge of the silicifica-
tion front. Actin was also visualized in diatoms Cyclotella cryp-
tica: an actin ring defined the full extent of the valves, and an-
other concentration of actin filaments was associated with the
growing front of silica deposition.[43] There are also a number of
inhibitor studies, including Latrunculin and direct microscopic

observations that have shown actin plays an important role in
shaping microscale silica structure in unicellular organisms (i.e.,
diatoms). (See for details[44–48]).

Latrunculin B, originally discovered in sponges, inhibits actin
polymerization and is highly specific, and does not kill or stop
cell function.[49,50] The evidence that the inhibition of F-actin by
Latrunculin is reversible is from cultured vertebrate cells[51] and
corals.[52] Depolymerization or inhibition of actin filaments can
prevent or slow down the secretion of certain protein vesicles and
biomineralized elements. However, these elements can be pro-
duced and accumulated inside of the cells, as was shown for fully
glycosylated invertase in yeasts,[53] and silica scales in the hapto-
phyte Prymnesium neolepis.[49]

Consequently, we explored the role of actin in the develop-
ment of spicules with an in vivo experiment on S. lacustris de-
mosponge in which we inhibited actin formation. We treated
the hatching gemmules with Latrunculin B, which binds to actin
monomers and inhibits F-actin polymerization[51,54] leading to F-
actin depolymerization.[51] In samples treated with Latrunculin
B, the young sponges grew, but siliceous spicules never appeared
(Figure 5b,d,f, and Figure S24, Supporting Information). Con-
trols treated with tap water and DMSO as controls for solvent
effects, divided normally, with no apparent effect on spiculoge-
nesis (Figure 5a and Figure S24, Supporting Information). We
infer that inhibition of actin polymerization interferes with spicu-
logenesis at a very early stage of mineralization. Our results
echo those of Durak et al.[49] who showed that disruption of the
actin network interferes with the secretion of biomineralized el-
ements in the marine unicellular silicifying haptophyte P. ne-
olepis. Deliberately, we also used a concentration of Latrunculin
B (1μM) similar to that used in the work with this unicellular
biomineralizer.[49] Additionally, it has been reported that F-actin
structures are involved in shaping and controlling mineraliza-
tion by acting as a support for the dynamic templates involved
in foraminifera biomineralization.[55] We propose that actin fil-
aments are the patterning template that controls the structure,
shape, and size of siliceous spicules and distributes biomolecules
(i.e., silicateins), responsible for the silicic acid polymerization in
sponges. Detailed, comparative studies on the influence of dif-
ferent concentrations of Latrunculin B as well as other potent
inhibitors (i.e., cytochalasins) of actin polymerization in skeletal
structures of sponges should be carried out.

The duration of the experiments predicated on the develop-
ment of time of S. lacustris sponges after their release from the
gemmules, and the time required for the development of spicules
under normal conditions. Recovery experiments were not neces-
sary as cells were observed daily to be both live and unlysed via
light microscopy (Figure 5).

We confirmed the role of actin in pattern formation by manip-
ulating the ratio of Germanium (Ge) to Silicon (Si) during spicule
morphogenesis.[54] We added Ge to the growth medium of S.
lacustris gemmules leading to young sponges with malformed
spicules showing characteristic bulbs (Figure S25, Supporting
Information). Fluorescence microscopy of these bulbs confirms
that formation is associated with bifurcation of the actin-based
axial filament (Figure 1). In contrast to such fibrillar proteins as
collagen, structural bifurcation and branching are recognized as
one of the characteristic features of the actin filament (see for
review[55]).
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Figure 5. Latrunculin B-mediated inhibition of siliceous spicules formation in S. lacustris demosponge. a) Light microscopy and SEM images of young
sponge observed after hatching of gemmules under natural conditions shows the presence of c, arrows) glassy spicules. b) However, no spicules
were observed in young sponges after the cultivation of the gemmules in the presence of latrunculin B (SEM image D), a well-known inhibitor of
actin polymerization in vivo (see also Figure S24, Supporting Information). TEM images of corresponding thin sections of sclerocytes confirm these
observations and show f, arrow) the absence of spicules after treatment of gemmules with Latrunculin B in contrast to e) typical spicules formation
under natural conditions (black, electron-dense structures of biosilica, which surround the axial filaments of young spicules).

3. Conclusion

We confirmed the presence of actin in the silicified skeletal con-
structs of selected sponges species from both cold water (-1.9°C
– 4°C) (A. beatrix; A. setubalense, C. arcticus; E. subarea; Farrea
sp., H. (Corynonema) populiferum, Hyalonema sp. Malacosaccus
sp.;M.chuni; R. antarctica, W. flemmingi, C, corona) and warm wa-
ter (20°C–24°C) (S. lacustris. P. ficiformis, G. cydonium) environ-
ments. The wide temperature range is further confirmation that
actin, in the form of actin-rich axial filaments, in Hexactinellid
and Demospongid sponges, with both loose and fused skeletons,
is fundamental to pattern generation. This is especially excit-
ing because of the amazing structural diversity of their biosilica-
based skeletons.[7,17,18]

The occurrence of actin in skeletal constructs of other
poriferan taxa, such as Homoscleromorpha and Calcarea, should
be surveyed to confirm the generality of this result. In mi-
croscleres, there are actin-rich axial filaments at the nanoscale
in structures with simple and very complex (dichotomic, or
polybranched) microarchitecture (Figure 1b and Figure S10,
Supporting Information). But, in species of hexactinellids with
large size body, and correspondingly large skeletons (i.e., Lanug-
inelline sponges that reach over 3.5 m in length, 2.0 m in
height, and 1.5 m in width, or Monorhaphis with 3-meter long
individual spicules[7]) the axial filament is made up of actin
bundles of remarkable size (Figures S18–S21, Supporting In-
formation). These 3 mm thick, and up to 3-meter long, ax-
ial filaments constructs are the largest actin filament-based

Adv. Sci. 2022, 2105059 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2105059 (7 of 10)



www.advancedsciencenews.com www.advancedscience.com

bundles ever reported (Figures S26 and S27, Supporting
Information).

Since axial filaments inside the spicules are found unbound to
the mineralized phase[18] (Figure S2, Supporting Information),
we assume that F-actin here plays no direct role in biosilicifica-
tion.

This raises the question ’what is the mechanism behind actin
driven pattern formation in biosilification in metazoans’? The
sponge spicule is initially formed in the silicoblast in the form
of a silica-free “proteic rodlet”, which is produced in a great vac-
uoles. This axial rodlet was electron-dense and of fibrillary na-
ture, with spiral fibres 70–100 Å in diameter.[20] The occurrence
of these axial rodlets in the axial channels of spicules, not embed-
ded in silica, has been observed previously using TEM (see for
overview[7,18]). The axial filament of F-actin does not mineralize
itself but rather provides the base for the mineralization around
it. Moreover, while the distal tip of the spicule is open F-actin
can elongate, thus driving growth of the spicule. This may con-
tinue until the closure of the end of the spicule by mineralization,
which stops spicule growth. This model of the spicule growth
is supported by our observations and data. Actin’s ability to bi-
furcate and to carry out dendrite branching at different angles
is a well-described.[55] This plays a fundamental role in spiculo-
and skeletonogenesis in sponges. We propose that the branch-
ing capability of actin filament bundles is an exaptation that led
to the diverse skeletal forms of sponges, including 3D siliceous
constructs at the macro-level (Figures S4 and S11, Supporting In-
formation).

The absence of hydroxyproline (3-Hyp and 4-Hyp) residues
responsible for the attachment of silicic acid to the protein
molecule, as is the case in collagen,[14] further excludes actin as
a direct template for silicification. It can, however, be a crucial
template for other low (glassin, silicateins[12,13,57]), or high molec-
ular weight biomolecules (hydroxylated collagen), which are ma-
jor players in the biosilicification of sponges.[7] Thus, actin ap-
pears in a new functional role as a driving force defining the diver-
sity of sophisticated[58,59] biosilica architecture in sponges (Figure
S3 and S4, Supporting Information). Our observations of actin-
rich axial filaments in diverse sponges using HRTEM show with
strong evidence that they are cross-linked and bundled together
(Figure 4, and Figures S18–S21, Supporting Information). This
feature makes such large-scale actin constructs much stronger
that an individual actin filament.

The conserved morphology of sponges through the fossil
record suggests this is an ancient role that actin has played for
at least 545 million years.[60] We propose that F-actin was local-
ized in an ancestral, intracellular siliceous construct. As spiculo-
genesis and skeletogenesis moved to extracellular spaces, actin
continued to play its pattern forming role, with the lack of an en-
closing cell membrane releasing the size constraint on fibrous
actin complexes.

The next challenge seems to lie in conducting experiments on
the in vitro polymerization of actin monomers into filaments un-
der model conditions in the presence of silicic acid. The prospect
of using actin filaments to create new silicate-containing materi-
als and biomaterials with sophisticated three-dimensional archi-
tecture is extremely interesting as a biomimetic model for min-
eralization under laboratory conditions.

4. Experimental Section
Materials and Methods: Sponge Species Used in the Study: Represen-

tatives of glass sponges (class Hexactinellida): Aphrocallistes beatrix;
Asconema setubalense; Caulophacus arcticus; Euplectella aspergillum;
Farrea sp.; Hyalonema (Corynonema) populiferum; Malacosaccus sp.,
Monorhaphis chuni, Monorhaphis sp; Rossella antarctica; Waltheria flem-
mingii. Representatives of the class Demospongiae: Cladorhiza corona;
Spongilla lacustris; Petrosia ficiformis; Geodia cydonium. The extraction
of axial filaments from skeletal structures of sponges listed above by a
sliding drop method is presented in the SI.

Analytical Methods: The SI also includes the analytical methods used
in this work such as phalloidin staining, immunostaining, light, and fluo-
rescent microscopy, scanning electron microscopy (SEM), transmission
electron microscopy (TEM), high-resolution transmission electron mi-
croscopy (HR-TEM), fast Fourier transform (FFT), SDS-PAGE and western
blot, proteomic approach, mass spectrometry methods (LC-MS/MS), and
Raman spectroscopy. Experiments concerning influence of latrunculin B
and germanic acid on spiculogenesis of living S. lacustris sponges are also
described in detail there.

Statistical Analysis: All the experiments were performed in triplicates
and repeated at least three times (n = 3), unless otherwise stated. Sta-
tistical analyses were performed using GraphPad Prism software v. 5.01
(GraphPad Prism software Inc., La Jolla, CA, USA) using unpaired Stu-
dent’s t-test for comparison of two groups. Data if necessary is presented
as mean ± SD (standard deviation) (see Table S7, Supporting Informa-
tion). The differences were considered to be statistically significant if p
< 0.05 for either test used. Each Raman spectrum was acquired in 80 s or
200 s, i.e., a CCD integration time of 2 s was used in both measurements
and several spectra (n = 40 with RamanRxn1 and n = 100 with Apha 300S)
were averaged in order to improve the signal-to-noise ratio. The fluores-
cence background was removed with a multi-point linear baseline using
the software GRAMS/AI (Thermo Fisher Scientific, USA Inc, Waltham, MA,
USA). Four different positions were measured on axial filaments extracted
from glass sponges, in order check for homogeneity. All spectra acquired
on each sample resulted totally similar; a representative one is displayed
in Figure S23 (Supporting Information).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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