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ABSTRACT

Sponges (phylum Porifera) are early-branching metazoans demonstrating an outstanding
example of the whole-body regeneration, cell reaggregation. During the process, single cells form
aggregates capable of progressive development and reconstruction of intact sponges. This study
provides the first comprehensive analysis of cell proliferation and cell death during cell
reaggregation in a marine demosponge, Halisarca dujardinii. Relatively high proliferative activity
occurs at the early and late stages of the reaggregation. However, proliferation seems to be a
consequence of intact tissue turnover rather than a prerequisite for aggregate development. The
contribution of cell death is limited to a short period during the aggregate epithelization. Overall
cell reaggregation in demosponges appears to be morphallactic restorative process relying

primarily on cell migration, dedifferentiation, and transdifferentiation.
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Demospongiae
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INTRODUCTION

Whole-body regeneration (WBR) represents the most radical case of reparative regeneration
in animals implying a complete restoration of the body from its small fragment. WBR has limited
phylogenetic distribution, and most of its examples are associated with early-branching metazoans:
sponges (Ereskovsky et al., 2021), placozoans (Kuznetsov et al., 2022; Osigus et al., 2022),
ctenophores (Edgar et al., 2021), and cnidarians (Seybold et al., 2016; Kirillova et al., 2018).
However, WBR is also known in acoels (Srivastava et al., 2014), planarians (Ivankovic et al.,
2019; Vila-Farré et al., 2023), annelids (Kolbasova et al., 2014; Kostyuchenko and Kozin, 2021),
mollusks (Mitoh and Yusa, 2021), echinoderms (Cary et al., 2019; Carnevali et al., 2024), and
tunicates (Brown et al., 2009; Blanchoud et al., 2018).

Sponges (phylum Porifera) are early-branching metazoans with unique anatomical
organization and tissue composition (Ereskovsky and Lavrov, 2021). Sponge tissues and cell types
show high plasticity that lies at the core of their pronounced regenerative abilities: these animals
can regenerate not only small wounds (Borisenko et al., 2015; Ereskovsky et al., 2015, 2020;
Lavrov et al., 2018; Skorentseva et al., 2023) but also show wide array of WBR types (Ereskovsky
et al., 2021; Riesgo et al., 2022). Moreover, sponges demonstrate one of the most outstanding
examples of WBR across Metazoa — the process of cell reaggregation. In the course of the
restorative process, sponges can reconstruct intact organization from a suspension of single cells:
after dissociation, single cells coalesce into multicellular aggregates, which retain viability and are
capable of progressive development ending with the reconstruction of intact sponges (Lavrov and
Kosevich, 2014; Eerkes-Medrano et al., 2015). Cell reaggregation represents a promising model
system for studying tissue integration in animals. The whole process of tissue re-establishment can
be analyzed under controlled conditions including observations of cell behavior and migration,
functional experiments, efc. The first essential step in elaborating of such a model system is the
description of the normal development of multicellular aggregates and the morphogenetic
mechanisms underlying it.

In vivo, histological and ultrastructural studies have shown that sponge cell reaggregation
and subsequent aggregate development occur due to active cell migrations, massive cell
dedifferentiations and transdifferentiations (Lavrov and Kosevich, 2014, 2016; Eerkes-Medrano
et al., 2015; Ereskovsky et al., 2016). RNA-seq studies of cell reaggregation render this process
highly dynamic with thousands of genes changing their expression, including transcription factors,
pluripotency markers, members of major signaling pathways, efc (Soubigou et al., 2020;
Borisenko ef al., 2021, 2022). Despite the important morphogenetic role of cell proliferation and

cell death in various regenerative processes of metazoans, they remain almost unstudied in the
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context of sponge cell reaggregation.

In the current study, we have qualitatively and quantitatively described cell proliferation and
cell death at the main stages of cell reaggregation in marine demosponge Halisarca dujardinii
Johnston, 1842. Cell proliferation takes place during the early and late stages of cell reaggregation,
while the intermediate stages of epithelized primmorphs contain almost no cycling cells. We
suppose that the proliferation at the early stages of reaggregation is maintained mostly by cells
involved in the regular renewal of intact tissues (i.e., by cells finishing already started cell cycle),
while the proliferation at the late stages of reaggregation reflects the re-entering of cells into the
proliferative state due to the reconstruction of intact tissues with their homeostatic turnover.
Contrary to cell proliferation, cell death is upregulated during the reaggregation, showing a single
peak during the transformation of primary aggregates into the epithelized primmorphs. While the
precise morphogenetic role of this upregulation remains unclear, it could indicate some sorting of

viable cells required for further development.

MATERIALS AND METHODS
Material collection and cell reaggregation experiments

Specimens of Halisarca dujardinii Johnston, 1842 (Fig. 1A) were collected in Kandalaksha
Bay of the White Sea in the environs of the Pertsov White Sea Biological Station (66°34' N,
33°08'E) from the upper subtidal zone at 0—2 m depth at low tide. Before the experiments, the
sponges were maintained in a 100 L laboratory aquarium with natural seawater and biological
filters at 8—12°C for no longer than 24 hours.

A total of 31 individuals were used in the experiments. The experiments were conducted
over four years (2017-2021) in the second half of August and September, when H. dujardinii is at
the stage of post-reproductional growth optimal for cell reaggregation (Lavrov ef al., 2020).

Sponge tissues were dissociated by squeezing through 50 um nylon mesh into vessels with
fresh sterile seawater (FSW). The FSW was used in the dissociation procedure and during
subsequent cell cultivation to avoid additional contamination. The water was sterilized with 0.22-
um filter units (Corning).

A hemocytometer was used to determine cell concentration in the obtained suspensions.
Subsequently, the cell suspensions were diluted with FSW up to concentrations 0.5-3x107
cells/mL. As previously shown, such variations in the cell concentration do not affect the course
and the rate of cell reaggregation in H. dujardinii (Lavrov and Kosevich, 2016; Lavrov et al.,
2020).

A total of 5 mL of cell suspension was cultured in an individual 30 mm plastic Petri dish.

The cell cultures were maintained in FSW at 8—12°C. Half of the culture medium was replaced
4
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with fresh FSW every 48 hours. Each cell culture was checked and photographed daily throughout
the cultivation period using the Leica M165FC stereomicroscope (Leica) equipped with digital
camera Leica DFC 320 and the application Leica LAS Store and Recall v.4.2. The viability of

aggregates was evaluated on the basis of their general morphology.
Histological studies

Intact tissues and multicellular aggregates at main developmental stages were fixed with
2.5% glutaraldehyde (Electron Microscopy Science) supplemented with 0.1% ruthenium red
(Sigma-Aldrich) in modified 0.1 M Na-cacodylate buffer (0.1 M Na-cacodylate, 85.55 mM NaCl,
5 mM CaCl,, 5 mM MgCl,; pH 7.0-7.5) for 2 h at 4 °C and post-fixed with 1% OsO, (Electron
Microscopy Science) supplemented with 0.1% ruthenium red in the same buffer for 3 h at room
temperature (RT) (Lavrov ef al., 2022; Lavrov and Ereskovsky, 2022). Between fixation and post-
fixation, the specimens were rinsed three times with modified 0.1 M Na-cacodylate buffer for 30
min each time at RT with constant orbital shaking at 70 rpm. After post-fixation, the specimens
were dehydrated in ethanol and acetone series and embedded in Epon/Araldite epoxy embedding
media (Electron Microscopy Science). Semi-thin sections (I um in thickness) were cut on an
Ultramicrotome PowerTome XL (RMC Boeckeler) equipped with a ‘Diamond’ 45° diamond
knife. Semi-thin sections were stained with toluidine blue and observed using a Leica DMBL light

microscope (LM) equipped with the Evolution LC color photo capture system.
Cell proliferation studies

Two markers were used to study cell proliferation. 5-Ethynyl-2'-deoxyuridine (EdU)
(Lumiprobe) was used to label DNA-synthesizing cells (S-phase cells); polyclonal anti-Ser10-
phospho-histone H3 antibodies (Sigma-Aldrich H0412) were used to label mitotic cells (late G2-
/M-phase). The EdU stock solution (10 mM) was prepared in DMSO (MP Biomedicals).

Cell proliferation was studied at eight stages of cell reaggregation: primary multicellular
aggregates (PMA), 1 day post-dissociation (dpd); early-staged primmorphs (ESP), 2 dpd; true
primmorphs (TP), 4 dpd; primmorphs with developing aquiferous system, early stages (EAS);
primmorphs with developing aquiferous system, intermediate stages (IAS); primmorphs with
developing aquiferous system, late stages (LAS); primmorphs with oscular tube rudiments (OTR);
reconstructed sponges (RS). Due to the natural variations in the rate of aggregate development, the
onset time for the EAS, IAS, LAS, OTR, and RS stages differs between cultures (Table S1).

Cultures obtained from 23 sponges were used for cell proliferation studies. A total of 249
aggregates (13-52 aggregates per reaggregation stage) were studied; each stage was represented
by at least two cultures from different individuals (Table S1). For cell proliferation studies,

aggregates were transferred from a culture to a new Petri dish with 5 ml of fresh FSW
5
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supplemented with 100 uM EdU and maintained in the medium for 24 h. Aggregates incubated in
FSW supplemented with DMSO were used as a negative control. During incubation, the
aggregates were cultivated at 8—12°C.

After incubation, the aggregates were fixed with 4% PFA (Sigma-Aldrich) in PBS
(Amresco) at 4°C and stored in it from several days to several months prior to further treatments.
The fixed aggregates were rinsed three times with PBS for 30 min and incubated three times in
Blocking Solution (BS) (1% BSA (MP Biomedicals), 0.1% gelatin from cold water fish skin
(Sigma-Aldrich), 0.5% Triton X-100 (Sigma-Aldrich), 0.05% Tween 20 (Sigma-Aldrich) in PBS)
for 30 min. Then, EAU was visualized by copper click-chemistry in the following mixture: 4 MM
CuSO4 (ChimMed), 20 mg/ml Sodium L-ascorbate (Sigma-Aldrich), and 10 uM Sulfo-Cyanine3
Azide (Lumiprobe) in PBS. Afterward, the aggregates were rinsed three times with BS for several
hours and incubated in the primary antibodies: polyclonal anti-Serl0-phospho-histone H3
antibodies produced in rabbit (1:500) (Sigma-Aldrich HO412) and monoclonal anti-acetylated-o-
tubulin antibody produced in mouse, clone 6-11B-1 (1:1000) (Sigma-Aldrich) overnight at 4°C.
The aggregates were again rinsed three times with BS for several hours and incubated in the
secondary antibodies: Donkey Anti-rabbit IgG Alexa 647 (1:2000; final concentration 0.5 pg/ml)
(Thermo Fisher Scientific) and Donkey Anti-mouse IgG Alexa 488 (1:2000; final concentration
0.5 pg/ml) (Thermo Fisher Scientific) overnight at 4°C. The aggregates were then rinsed several
times with PBS, and the nuclei were visualized by staining with 2 pg/ml
4',6-diamidino-2-phenylindole (DAPI) (Acros) or Hoechst 33342 (Sigma-Aldrich) for 2 h.

The stained specimens were rinsed several times with PBS and infiltrated with 30%—-60%—
90% glycerol-PBS / 2.5% 1,4-diazabicyclo[2.2.2]octane (DABCO) (Sigma-Aldrich) and mounted
in 90% glycerol-PBS / 2.5% DABCO. Preparations were studied with CLSMs Nikon A1 (Nikon)
or Olympus Fluoview FV10 (Olympus) using lasers with wavelength of 405 nm (DAPI), 488 nm
(anti-acetylated-a-tubulin ABI + DAM IgG Alexa Fluor 488 ABII), 561 nm (EdU + Sulfo-
Cyanine3 Azide) and 637 nm (anti-Ser10-phospho-histone H3 ABI + DAM IgG Alexa Fluor 647
ABII) wavelengths. The obtained Z-stacks (one per each aggregate) were 40-60 um thick with 1
pum Z-step.

To evaluate the number of DNA-synthesizing cells in intact sponge tissues, sponges (n=15)
were incubated in 100 pM EdU for 24 h, pre-fixed with ice-cold methanol for 5 min and fixed in
4% PFA PBS. Fixed sponges were treated as described above. The obtained Z-stacks (up to three
per sponge) were 30-60 um thick with 1 um Z-step. Data on mitotic activity in intact tissues of H.

dujardinii (n=17) were taken from a previously published dataset (Melnikov and Lavrov, 2024a).
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Cell death studies

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay was used to
label cell death. Apoptosis was studied at the seven stages of cell reaggregation: ESP (1 dpd), TP
(3 dpd), EAS, TAS, LAS, OTR, and RS. Due to the natural variations in the rate of aggregate
development, the onset time for the EAS, IAS, LAS, OTR, and RS stages differed between cultures
(Table S2).

Cultures obtained from 12 sponges were used for apoptosis studies. Six cultures were used
for the TUNEL assay optimization (data not shown) and six cultures were used directly for studies
of apoptosis during cell reaggregation. A total of 94 aggregates (5-23 aggregates per reaggregation
stage) were studied; fewer aggregates of later stages were studied as they show low apoptosis
intensity (Table S2).

Aggregates were fixed with 4% PFA (Sigma-Aldrich) in PBS (Amresco) at 4°C and stored
in it for two months prior to further treatments. The fixed aggregates were rinsed three times with
PBS for 30 min and permeabilized three times with 0.5% Triton X-100 (Sigma-Aldrich) in PBS
for 30 min. Afterward, the aggregates were incubated twice in TdT buffer (New England Biolabs)
for 30 min, and the TdT reaction was performed overnight at RT in the following mixture: 0.25
mM CoCl, (New England Biolabs), 80 units of terminal transferase (New England Biolabs), 20
uM EdUTP (Jena Bioscience) in TdT buffer (New England Biolabs). The aggregates were then
rinsed once with PBS, incubated three times in BS for 30 min, and EQUTP was visualized by
copper click-chemistry in the following mixture: 4 MM CuSO,4 (ChimMed), 20 mg/ml Sodium L-
ascorbate (Sigma-Aldrich) and 10 uM Sulfo-Cyanine3 Azide (Lumiprobe) in PBS. After click-
reaction, the aggregates were rinsed several times with PBS, and the nuclei were visualized by
staining with 2 pg/ml 4’,6-diamidino-2-phenylindole (DAPI) (Acros) for 2 h.

Aggregates for positive control were incubated in DNAse I (Thermo Fisher) at 37°C for 1 h
prior to TdT buffer incubation. Aggregates for negative control were incubated in a TdT mixture
without the terminal transferase. Otherwise, the control aggregates were treated identically to the
experimental ones.

Stained specimens were rinsed several times with PBS and infiltrated with 30%—60%-90%
glycerol-PBS / 2.5% DABCO (Sigma-Aldrich) and mounted in 90% glycerol-PBS / 2.5%
DABCO. Specimens were studied with a CLSM Nikon A1 (Nikon) using lasers with wavelengths
0of' 405 nm (DAPI) and 561 nm (EAUTP + Sulfo-Cyanine3 Azide). The obtained Z-stacks (one per
aggregate) were 40-60 um thick with 1 pm Z-step.

Data on apoptosis in intact sponge tissues were obtained from intact individuals (n=5) fixed

and treated as described above. The obtained Z-stacks (up to three per sponge) were 20-40 um
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thick with 1 pm Z-step.
Quantitative and statistical analysis

The quantification of proliferating and apoptotic cells was performed in Bitplane Imaris
v9.9.0. Nuclei stained with DAPI, EdU, pH3, or TUNEL were marked and counted with the
“Spots” tool, combining automatic counting via Quality thresholds with subsequent manual
correction. Based on these data, the proportions of EAU+ cells, pH3+ cells, and TUNEL+ cells
were estimated for each observation (Table S3). Subsequently, the mean value and 99% bootstrap
confidence interval (CI) were calculated for these parameters. The values reported in the text are
means with 99% CI lower and upper limits. To evaluate differences in the parameters between
intact tissues and reaggregation stages, Welch’s ANOVA with the pairwise Games-Howell post-
hoc analysis was conducted. The significance level was 0.01. The p-values reported in the text are
Games-Howell p-values. Statistical analysis was performed in R Statistical Software (v4.2.2; R
Core Team, 2022) with the basic package “stats” ver. 4.2.2 (R Core Team, 2022) and additional
packages “rstatix” ver. 0.7.2 (Kassambara, 2023), “boot” ver. 1.3-28 (Davidson, Hinkle, 1997,
Canty, Riple, 2021) and “ggplot2” ver. 3.4.0 (Wickham, 2016).

RESULTS
Stages of cell reaggregation

Cell reaggregation represents a complex developmental process during which an intact
sponge is reconstructed from a suspension of single cells. Detailed descriptions of this process in
Halisarca dujardinii, including the rate of the process, the histology and ultrastructure of
multicellular aggregates, cell fate and behavior, were previously reported (Lavrov and Kosevich,
2016; Lavrov et al., 2020; Borisenko et al., 2021). Here we briefly outline the characteristics of

the main developmental stages of multicellular aggregates:

1) Primary multicellular aggregates (PMAs), 0-24 hours post-dissociation (hpd). PMAs
represent the earliest stage of cell coalescence in a culture (Fig. 2A). They have irregular
shapes, rough surfaces, and no obvious internal structure. PMAs are a simple intermix
of dedifferentiated cells from a suspension (Fig. 2B).

2) Early-staged primmorphs (ESPs) and true primmorphs (TPs) (Fig. 2C), 1-3 days post-
dissociation (dpd). Around 1 dpd PMAs start to transform into ESPs; during the
transformation, the surface of the aggregates becomes gradually covered by newly
formed exopinacocytes. Exopinacocytes arise through the transdifferentiation of surface
cells. ESPs are characterized by forming yet not stable exopinacoderm; TPs, in contrast,

have fully formed exopinacoderm, and isolation of the internal milieu of aggregates
8
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occurs at this stage (Fig. 2D). Due to the variations in the rate of exopinacoderm
formation, cultures after 1 dpd represent the intermix of ESPs and TPs; around 3 dpd,
the exopinacoderm formation is finished in the majority of the aggregates, and cultures
predominantly contain TPs.

The subsequent progressive development of TPs starts after a lag phase from one to
several days depending on the culture. Progressive development manifests itself in the
gradual formation of the aquiferous system, ending with the appearance of one or several
oscular tubes.

3) Primmorphs with developing aquiferous system, early stages (EAS), 5+ dpd. The first
morphologically visible developmental processes in the inner parts of aggregates start at
this stage. At EAS, the development of the new aquiferous system begins with the
formation of small cavities throughout the inner cell mass (Fig. 2E, F).

4) Primmorphs with developing aquiferous system, intermediate stages (IAS), 7+ dpd. At
this stage, the cavities of the future aquiferous system grow larger, and the development
of choanocyte chambers begins through the formation of small dense cell conglomerates
in the inner parts of the primmorphs.

5) Primmorphs with developing aquiferous system, late stages (LAS), 9+ dpd. At this stage,
the cavities reach their final size and obtain endopinacocyte lining, thus representing
functional channels of the aquiferous system (Fig. 2G, H). The rudiments of the
choanocyte chambers grow in number and size but usually lack lumen. The number of
free cells in the mesohyl decreases, and the fibrillar extracellular matrix becomes
evident.

6) Primmorphs with oscular tube rudiments (OTR), 18+ dpd. At this stage, developing
primmorphs obtain one or several rudiments of the oscular tubes, which look like blind
outgrowths (Fig. 2I). Additionally, ostia appear in the exopinacoderm. In the inner parts,
the OTR aggregates contain a fully formed aquiferous system and mesohyl.

7) Reconstructed sponge (RS), 18+ dpd. At this stage, the development of aggregates
essentially ends: small fully functional sponges start to pump water through a newly

formed aquiferous system (Fig. 2J, K).
The pattern of cell proliferation significantly changes during cell reaggregation

Intact tissues of H. dujardinii contain a relatively high number of proliferative cells: 9.98 %
(8.20 — 11.96 %) of cells are EQU+ (cells in S-phase) and 0.22 % (0.1 — 0.39 %) of cells are pH3+
(cells in late G2-/M-phase) (Figs. 3A, B, S1; Table 1). Most proliferative cells are choanocytes

and reside in the choanocyte chambers (approximately >90%; Melnikov et al., 2022) while cycling

9
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cells in the mesohyl are rare (Fig. 1B, C).

Cell reaggregation in H. dujardinii is accompanied by significant changes in the number and
distribution of proliferative cells (Figs. 3, 4). Mainly, these changes involve S-phase (EdU+) cells.
At the earliest stage of cell reaggregation, in PMAs, the number of EdU+ cells, 6.45 % (4.82 —
8.02 %), does not significantly change in comparison with intact tissues (p-valuej.pma = 0.028)
(Fig. 3A; Table 1; Table S3). However, as PMAs represent an intermix of cells from suspension
and have no obvious structure, proliferative cells are diffusely distributed (Fig. 4A), in contrast to
intact tissues where the majority of proliferative cells are located in choanocyte chambers (Fig.
1C). Some EdU+ cells in PMAs bear flagella indicating their choanocytic origin (Fig. 4A).

During the transformation of PMAs into ESPs, proliferative cells retain diffusive distribution
(Fig. 4B) yet their number decreases significantly in comparison with PMAs (p-valuepm,-
esp=2.52x1073; Table S3): ESPs contain only 2.15 % (1.26 — 3.12 %) EdU+ cells (Fig. 3A; Table
1). These changes become more evident during the further transformation of ESPs into TPs: the
number of EAU+ cells decreases even further (p-valuecg,.,=5.46x10; Table S3), and TPs contain
almost no EdU+ cells, 0.24 % (0 — 0.57 %) (Fig. 4C; Fig 3A; Table 1).

The number of EAU+ cells persists at a low level during early stages of aquiferous system
development (at the EAS stage) (0.61 % (0.41 — 0.8 5%); p-value..s=0.323) (Fig. 4D; Fig. 3A;
Tables 1, S3), but shows gradual significant increase during its further development: 2.14 % (1.49
—2.95 %) in IAS primmorphs (Fig. 3A; Table 1) (p-valueys.irs=1.02%10-4; Table S3), 6.87 % (5.55
— 8.43 %) in LAS primmorphs (Fig. 3A; Table 1) (p-valuejy1,=1.73%108; Table S3). In LAS
primmorphs, the number of EdU+ cells already reaches level characteristic of intact tissues (p-
valuey,s =0.052; Table S3) and does not significantly grow during final stages of primmorph
development: OTR primmorphs contain 7.75 % (6.71 — 9.03 %) EdU+ cells (p-valuejas.ot—0.951)
and RSs contain 8.82 % (7.62 — 10.14 %) EdU+ cells (p-value,.s=0.808) (Fig. 3A; Tables 1, S3).

The distribution of proliferative cells also changes during the development of aquiferous
system. Starting with IAS primmorphs, most proliferative cells are located in the rudiments of
choanocyte chambers (Fig. 4E). During later developmental stages (LAS, OTR, RS), proliferative
cells are mostly located in choanocyte chambers (Fig. 4F-H). Thus, the spatial pattern of cell
proliferation after the intermediate stages of reaggregation (i.e., when choanocyte chambers
emerge) restores to the state characteristic of H. dujardinii intact tissues (Fig. 1C).

The low number of mitotic cells at all stages hinders the analysis. Yet observed changes in
the number and distribution of pH+ cells seem to generally follow the ones described for EAU+
cells (Figs. 3, 4). The number of mitotic (pH3+) cells during H. dujardinii cell reaggregation shows
some variations (Table 1), but the majority of these changes are not significant (except for a few

pairs of stages which seem to be due to mere chance). The minimum in the number of pH3+ cells
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occurs at the middle stages of cell reaggregation, similarly to the dynamic of EQU+ cells. However,
the minimum in pH3+ cells is shifted to EAS and IAS stages: 0.03 % (0.01 — 0.06 %) and 0.05 %
(0 — 0.13 %) pH3+ cells, respectively (Fig. 3B; Table S3). pH3+ cells show more or less even
distribution at the early stages of cell reaggregation but tend to be located in the rudiments of
choanocyte chambers after their formation (Fig. 4).

Overall, the process of cell reaggregation in H. dujardinii is accompanied by significant
changes in the number and distribution of proliferative cells: the cell proliferation rapidly decreases
during early stages (reaching its minimum in TPs and ESP primmorphs) and gradually increases
during the restoration of intact sponge structure. The pattern of cell proliferation characteristic of
intact sponge tissues (both in terms of number and distribution) is restored as early as the LAS

stage.
Cell death is involved in the early stages of cell reaggregation

Intact tissues of H. dujardinii contain few TUNEL+ objects: 2.28 (0.89 — 4.07) objects per
1000 cells (Fig. 5; Table 1). The TUNEL+ objects are distributed more or less uniformly in sponge
tissues and could be found both in mesohyl and choanocyte chambers (Figs. 1D, S1). Only a few
TUNEL+ nuclei are found, while the majority of TUNEL+ objects are smaller and most likely
represent apoptotic bodies (Fig. 1D).

The early stages of cell reaggregation in H. dujardinii (PMAs/ESPs) are characterized by
noticeable upregulation of cell death: the number of TUNEL+ objects in these aggregates is 4.97
(2.88 — 7.44) per 1000 cells (Figs. 5, 6A; Table 1). Similarly to intact tissues, the majority of
TUNEL+ objects are apoptotic bodies especially abundant near the surface of aggregates. While
the increase in number of TUNEL+ objects in PMAs/ESPs is not significant in comparison with
intact tissues (p-valu€i.pmaesp=0.35; Table S3), it is significant in comparison with all later stages
of cell reaggregation (p-valueyma/esp-p=0.007; p-valuepmasesp-eas=0.001; p-valuemaresp-ias =0.002; p-
valuepma/esp-las=0.0006; p-valueyma/esp-otr=0.0006; p-valuepma/esp-rs—=0.0006) (Fig. 5; Table S3).

Aggregates of TP to RS stages show rather low levels of cell death and contain 0.06-0.95
TUNEL+ objects per 1000 cells (Figs. 5, 6B; Table 1). These variations are not significant between
stages and intact sponge tissues, as well as between each pair of stages (Table S3). However, it
seems that starting from the EAS stage, primmorphs tend to have a lower level of cell death in

comparison with intact tissues (Fig. 5; Table 1).

DISCUSSION

Cell proliferation plays an essential role in various regenerative processes. Proliferation of

somatic stem cells generates new cellular material during the physiological regeneration of intact
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tissues across all metazoans, from early-branching sponges (Martinand-Mari et al., 2012; Le Goff
et al., 2022; Melnikov et al., 2022; Melnikov and Lavrov, 2024b) and cnidarians (Bosch et al.,
2009; Fujita et al., 2019; Buzgariu et al., 2022) to insects (Corley and Lavine, 2006; Ohlstein and
Spradling, 2006; Sahai-Hernandez et al., 2012) and vertebrates (Pellettieri and Sdnchez Alvarado,
2007; Clevers et al., 2014).

Despite the universal role of cell proliferation in the maintenance of tissue homeostasis, its
significance in reparative regeneration may vary depending on an organism and regeneration
context. In the majority of studied animals, reparative regeneration relies on cell proliferation
producing a mass of undifferentiated cells (blastema) for the restoration of lost structures. The
cases of proliferation-independent (“morphallactic”) regeneration, relying solely on cell plasticity
are much rarer. There is no clear correlation with animal phylogenetic position or type of injury:
the regeneration of oral structures requires proliferation in Nematostella vectensis (Passamaneck
and Martindale, 2012) and Hydractinia sp. (Gahan et al., 2016) but is proliferation-independent in
Hydra sp. (Bode, 2003; Galliot, 2013b); in crinoids (Echinodermata), amputated arm regenerates
through cell proliferation and blastema formation (Carnevali, 2006; Carnevali and Burighel, 2010),
while in the visceral mass regeneration after autotomy, proliferation plays only a minor role
(Kalacheva et al., 2017); in contrast, all types of regeneration necessarily involve neoblasts
(pluripotent somatic stem cells) proliferation in planarians (Cebria et al., 2018; Rink, 2018;
Ivankovic et al., 2019). Moreover, the nature of the proliferating cell population is also a subject
of variation and can be drastically different even in closely related species (Sandoval-Guzman et
al.,2014).

Since the whole-body regeneration (WBR) implies the restoration of the animal body from
its small portion or even suspension of single cells and the fact that all structures have to be restored
from a very limited amount of cell material, proliferation seems to be indispensable for successful
WBR. Indeed, cell proliferation contributes to WBR in ctenophores (Ramon-Mateu et al., 2019;
Edgar et al., 2021), planarians (Ivankovic et al., 2019), and ascidians (Blanchoud ef al., 2018).

Similar to other cases of WBR, cell reaggregation in Halisarca dujardinii is also
accompanied by cell proliferation which shows a complex dynamic. The low number of pH3+
(mitotic) cells in intact sponge tissues and at all stages of the reaggregation process shade changes
in proliferative activity during H. dujardinii cell reaggregation, but they are obvious for EdU+
(DNA-synthesizing) cells. The whole process could be subdivided into three periods according to
proliferative activity:

- the early period (PMA stage) is characterized by high proliferative activity quantitively
similar to that in intact tissues. However, the spatial distribution of cycling cells is drastically

different as they show diffusive distribution in PMAs. Most likely cell proliferation in PMAs is
12



FEBS Letters Page 14 of 37

not a part of the developmental program of the aggregates but represents the residual proliferation
of intact tissues: cells that have entered the cell cycle just before the dissociation have to finish
this process despite drastic changes in tissue integrity due to dissociation.

- the middle period (ESP, TP, and EAS stages) is characterized by the gradual attenuation of
the residual proliferation and the beginning of the aggregate-intrinsic cell proliferation. The ESPs
show a significant decrease in the residual proliferation which completely ceases in TPs. The TP
stage is characterized by the formation of the complete exopinacoderm isolating the internal milieu
of an aggregate from the external environment. From this stage on, an aggregate has the ability to
elaborate the internal signaling system that was violated during the dissociation process. The
intrinsic signaling system now can coordinate cell behavior and tissue functioning. Regarding cell
proliferation, this system can possibly suppress the residual proliferation and then orchestrate the
aggregate-intrinsic proliferation.

- the late period (IAS-RS stages) is characterized by the gradual increase in the aggregate-
intrinsic cell proliferation and restoration of proliferation pattern characteristic of intact tissues.
Already in the beginning of the late period (IAS stage), the switch to aggregate-intrinsic cell
proliferation is obvious as — instead of being diffusively distributed — cycling cells are
preferentially located in the rudiments of choanocyte chambers. By the LAS stage, the number of
proliferating cells in developing aggregates reaches the level of intact tissues, thus completely
restoring the regular pattern of cell proliferation in H. dujardinii.

One possibility is that the aggregate-intrinsic proliferation could contribute to the
developmental process, first of all to the growth of choanocyte chambers. The participation of cell
proliferation in the formation of choanocyte chambers is described in freshwater demosponges
during development from gemmules (Rozenfeld and Rasmont, 1977) and cell reaggregation
(Miiller, 1911; Efremova, 1970, 1972). In the case of Ephydatia fluviatilis primmorphs, the
contribution of cell proliferation to the choanocyte chamber formation was deduced on the basis
of direct observations of mitosis in developing chambers, and this period of primmorph
development was marked by increased proliferative activity in comparison with intact tissues
(Efremova, 1970, 1972). However, the development of the aquiferous system in H. dujardinii
primmorphs is associated with the gradual recovery of the intact level of cell proliferation, not
with increased proliferative activity.

It is more likely that the gradual increase of cell proliferation in H. dujardinii developing
primmorphs does not itself contribute to the developmental process but instead marks the
reconstruction of intact tissues with normal proliferative activity involved in tissue turnover and
homeostasis. Such a situation is well-known for reparative regeneration in sponges. In

Demospongiae and Calcarea, cell proliferation drastically decreases or is completely absent in the
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wound area; subsequent reconstitution of intact tissue structure in the wound area is accompanied
by returning of cell proliferation to its basic level and pattern (Alexander et al., 2015; Borisenko
et al., 2015; Lavrov et al., 2018; Ereskovsky et al., 2020; Caglar et al., 2021). In all these cases,
cell proliferation in the wound area is not a driver for regeneration but more a consequence of it.
Anyway, functional experiments involving cell cycle inhibitors are required to univocally
elucidate the contribution of cell proliferation to various restorative processes in sponges.

Programmed cell death (studied mainly in the form of apoptosis) is also an important
mechanism of morphogenesis in various developmental processes. The main contribution of
apoptosis to developmental processes is the elimination of damaged or unnecessary cells (so-called
destructive function), e.g., removal of excess mesodermal tissues during tetrapod limb
development or resorbing of the tail during tadpole metamorphosis in anurans (Duffy, 2012;
Montero et al., 2020; Krasovec et al., 2022). However, recent findings suggest that apoptosis also
has an instructive function: apoptotic cells can produce various signals guiding subsequent
morphogenetic events and promote cell migration, proliferation, differentiation, and survival (Fan
and Bergmann, 2008; Galliot, 2013a; Krasovec ef al., 2022).

Both destructive and instructive functions of apoptosis are manifested in regeneration. First
of all, several waves of apoptosis could occur after an injury, e.g., in various scenarios of planarian
regeneration or in caudal fin regeneration in teleosts (Vriz et al., 2014). In both models, the first
wave of apoptosis occurring shortly after wounding is local to the wound area and likely
demonstrates the destructive function as being involved in the elimination of damaged cells in the
wound vicinity (Pellettieri et al., 2010; Gauron et al., 2013). By contrast, the second apoptotic
wave has the instructive function and is necessary for successful regeneration. In zebrafish, this
wave is required for normal blastema formation and induction of proliferation in the wound area
(Gauron et al., 2013). In planarians, the second wave of apoptosis occurs in a non-localized
diffusive manner occurring all over the body of a regenerating animal. The main function of this
event is the restoration of proper anatomical scale and proportion through active remodeling of
existing tissues (Pellettieri ef al., 2010). In other cases, a regenerative system shows only a single
apoptotic wave that still can have the instructive function. For instance, during the regeneration of
the oral structures in Hydra after bisection, a single early wave of cell death induces local
compensatory proliferation and Wnt signaling required for proper oral patterning (Chera et al.,
2009; Cazet et al., 2021).

Cell reaggregation and primmorph development in H. dujardinii are associated with a single
wave of cell death occurring during the transformation of PMAs into TPs. Such a pattern of cell
death could indicate that this transformation is associated with the elimination of damaged and/or

unnecessary cells as was assumed earlier for many sponge species based on in vivo, histological,
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ultrastructural, and RNA-seq data (Sipkema et al., 2003; Eerkes-Medrano et al., 2015; Lavrov and
Kosevich, 2016; Soubigou et al., 2020).

After the primmorph formation and during their progressive development, the level of cell
death substantially decreases, becoming even lower than in intact tissues (though the change is not
significant). Possibly, cell death is suppressed in developing primmorphs to retain as many cells
as possible for subsequent sponge reconstruction. The data about the involvement of cell death in
the restorative process in sponges are very limited. However, it seems that cell death suppression
could be a common theme for later stages of sponge regeneration, as the downregulation of
apoptotic pathway genes is shown to occur after the debris removal and/or wound epithelization
during WBR from small body fragments in demosponge Halichondria panicea (Riesgo et al.,

2022) and calcareous sponge Sycon ciliatum (Caglar et al., 2021).

CONCLUSION

The current study has broadened the knowledge of cellular mechanisms involved in WBR
in sponges. Despite the complex dynamic of both cell proliferation and cell death during
reaggregation in demosponge Halisarca dujardinii, they likely contribute a little to aggregate
formation and progressive development. Relatively high proliferative activity in the early and late
periods of the reaggregation process seems to be more a consequence of the normal turnover of
intact sponge tissues rather than a developmental mechanism. During the early period,
proliferation in aggregates represents the residual proliferation of intact tissues; during the late
period, aggregate-intrinsic proliferation most likely reflects the reconstruction of sponge intact
tissues with their normal turnover. The contribution of cell death to aggregate development is
limited to a short period of elimination of damaged and/or unnecessary cells during the formation
of epithelized aggregates. Active cell migration, dedifferentiation, and transdifferentiation seem to
be key morphogenetic mechanisms during cell reaggregation in sponges, rendering this restorative

process mainly as morphallactic remodeling of cellular aggregates.
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Table 1. Mean proportions of proliferative cells in the S-phase (EdU+), proliferative cells in

the G2/M-phase (pH3+) and apoptotic cells (TUNEL+) in intact tissues and on the main stages of

cell reaggregation in Halisarca dujardinii.

Stage EdU+ cells, % pH3+ cells, % TUNEL+ objects per 1000 cells
IT 9.98 (8.20 — 11.96) 0.22 (0.1 — 0.39) 2.28 (0.89 — 4.07)

PMA 6.45 (4.82 - 8.02) 0.20 (0.13 - 0.28)

ESP 2.15(1.26-3.12) 0.18 (0.03 — 0.32) 19728874

P 0.24 (0 —0.57) 0.10 (0.05 — 0.16) 0.95 (0.32 — 1.72)

EAS 0.61 (0.41 — 0.85) 0.03 (0.01 — 0.06) 0.33 (0.12 — 0.58)

148 2.14 (1.49 —2.95) 0.05 (0-0.13) 0.60 (0.14 - 0.99)

LAS 6.87 (5.55 — 8.43) 0.11 (0.07 — 0.15) 0.10 (0 — 0.24)

OTR 7.75 (6.71 — 9.03) 0.24 (0.15 — 0.35) 0.06 (0 — 0.24)

RS 8.82 (7.62 — 10.14) 0.15 (0.08 — 0.24) 0.06 (0 —0.15)

Values are given as mean (C.I.q90, lower and upper limits). IT — intact tissues, PMA — primary multicellular
aggregates, ESP — early-staged primmorphs, TP — true primmorphs, EAS — primmorphs with developing
aquiferous system, early stages; IAS - primmorphs with developing aquiferous system, intermediate stages;
LAS — primmorphs with developing aquiferous system, late stages; OTR — primmorphs with oscular tube

rudiments; RS — reconstructed sponges.

FIGURE LEGENDS

Fig. 1. Halisarca dujardinii. A — intact sponge in vivo on the algal substrate. B — histological
structure of intact sponge; white dashed lines outline choanocyte chambers. C — cell proliferation
in intact tissues; image is a maximum intensity projection (MIP), obtained from 8 pm Z stack; red
arrowheads mark EdU-positive nuclei of DNA-synthesizing cells, yellow arrowheads — pH3-
positive nuclei of mitotic cells. D — apoptosis in intact tissues; image is MIP, obtained from 8 um
Z stack; white arrowheads mark TUNEL-positive apoptotic nuclei and smaller apoptotic bodies.
alg — algae substrate, cc — choanocyte chambers, cn — canal of aquiferous system, ect — ectosome,
end — endosome, ot — oscular tube. Blue — DAPI, 4',6-diamidino-2-phenylindole, green —
acetylated o-tubulin, magenta — EdU, 5-ethynyl-2'- deoxyuridine (C), red — TUNEL, terminal
deoxynucleotidyl transferase dUTP nick end labeling (D). Scale bar: A — 5 mm, B — 100 um, C,
D - 50 um.

Fig. 2. The main stages of cell reaggregation and primmorph development in Halisarca dujardinii.

A, B — primary multicellular aggregates (PMA; 6 hours post-dissociation, hpd). C, D — true
24




FEBS Letters Page 26 of 37

primmorphs (TP; 1 day post-dissociation, dpd). E, F — primmorphs with developing aquiferous
system, early stages (EAS; 5 dpd), white arrowheads mark cavities of developing aquiferous
system. G, H — primmorphs with developing aquiferous system, late stages (LAS; 11 dpd), white
arrowheads mark rudiments of choanocyte chambers. I — primmorphs with oscular tube rudiments,
(OTR; 15 dpd), white arrowheads mark choanocyte chambers. J, K — reconstructed sponges (RS;
21 dpd), white arrowheads mark choanocyte chambers. A, C, E, G, I, J — developmental stages in
vivo, stereomicroscopy; B, D, F, H, K — the histological structure of developmental stages, semi-
thin sections, light microscopy. ¢ — cavities of developing aquiferous system, cc — choanocyte
chambers, ccr — rudiments of choanocyte chambers, cn — canals of aquiferous system, ot — oscular
tubes, otr — rudiments of oscular tubes. Scale bar: A, C, G, I, J-0.5mm, E— 1 mm, B, D, F, H, K

— 50 pm.

Fig. 3. Quantitative analysis of cell proliferation in intact tissues and at the main stages of cell
reaggregation process in Halisarca dujardinii. A — S-phase (EdU+) cells (statistical significance
is shown only for chosen pairs; for all pairs see Table S3). B — mitotic (pH3+) cells (only
significantly different pairs are marked). ns — not significant, asterisk — significant with p-
values<0.01. IT — intact tissues, PMA — primary multicellular aggregates, ESP — early-staged
primmorphs, TP — true primmorphs, EAS — primmorphs with developing aquiferous system, early
stages; [AS — primmorphs with developing aquiferous system, intermediate stages; LAS —
primmorphs with developing aquiferous system, late stages; OTR — primmorphs with oscular tube

rudiments; RS — reconstructed sponges.

Fig. 4. Cell proliferation during the process of cell reaggregation and sponge reconstruction in
Halisarca dujardinii. A —primary multicellular aggregate (1 day post-dissociation, dpd). B — early-
staged primmorph (2 dpd). C — true primmorph (4 dpd). D — primmorph with developing
aquiferous system, early stages (9 dpd). E — primmorph with developing aquiferous system,
intermediate stages system (11 dpd). F — primmorph with developing aquiferous system, late
stages (11 dpd). G — primmorph with oscular tube rudiments (22 dpd). H — reconstructed sponge
(19 dpd). Each image is a maximum intensity projection, obtained from 22 um (A) or 15 pm (B-
H) Z-stack. Red arrowheads marks EdU-positive nuclei of DNA-synthesizing cells, yellow
arrowheads — pH3-positive nuclei of mitotic cells. ¢ — cavities of developing aquiferous system,
cc — choanocyte chambers, ccr — rudiments of choanocyte chamber. Blue — DAPI,
4',6-diamidino-2-phenylindole, green — acetylated a-tubulin, magenta — EdU, 5-ethynyl-2'-
deoxyuridine, yellow — phosphorylated histone3. Scale bar: 50 um.
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Fig. 5. Quantitative analysis of cell death in intact tissues and at the main stages of cell
reaggregation process in Halisarca dujardinii. Asterisk — significant with p-values<0.01. IT —
intact tissues, PMA — primary multicellular aggregates, ESP — early-staged primmorphs, TP — true
primmorphs, EAS — primmorphs with developing aquiferous system, early stages; IAS —
primmorphs with developing aquiferous system, intermediate stages; LAS — primmorphs with
developing aquiferous system, late stages; OTR — primmorphs with oscular tube rudiments; RS —

reconstructed sponges.

Fig. 6. Cell death during cell reaggregation in Halisarca dujardinii. A — numerous TUNEL+
objects in primary multicellular aggregate/early-staged primmorph (1 day post-dissociation, dpd);
image is a maximum intensity projection (MIP), obtained from 25 pum Z-stack. B — single
TUNEL+ nucleus in primmorph with developing aquiferous system, early stages (5 dpd) image is
a MIP, obtained from 15 um Z-stack. Blue — DAPI, 4',6-diamidino-2-phenylindole, red — TUNEL,
terminal deoxynucleotidyl transferase dUTP nick end labeling. Scale bar: A, B — 50 pm.

SUPPLEMENTARY MATERIAL

Table S1. Number of aggregates at each stage of reaggregation used for proliferation studies.
Table S2. Number of aggregates at each stage of reaggregation used for apoptosis studies.

Table S3. Raw data, descriptive statistics, and statistical test information for cell proliferation and
apoptosis in intact sponges and different stages of reaggregation in H. dujardinii.

Fig. S1. Colocalization of DAPI and EdU signals (A), DAPI and pH3 signals (B), DAPI and
TUNEL signals (C). White arrowheads mark apoptotic bodies. Scale bar: A, B—5 um, C— 10 pm.
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Fig. 1. Halisarca dujardinii. A — intact sponge in vivo on the algal substrate. B - histological structure of
intact sponge; white dashed lines outline choanocyte chambers. C - cell proliferation in intact tissues; image
is @ maximum intensity projection (MIP), obtained from 8 pm Z stack; red arrowheads mark EdU-positive
nuclei of DNA-synthesizing cells, yellow arrowheads - pH3-positive nuclei of mitotic cells. D — apoptosis in
intact tissues; image is MIP, obtained from 8 pm Z stack; white arrowheads mark TUNEL-positive apoptotic
nuclei and smaller apoptotic bodies. alg — algae substrate, cc - choanocyte chambers, cn - canal of
aquiferous system, ect — ectosome, end - endosome, ot - oscular tube. Blue - DAPI,

4' 6-diamidino-2-phenylindole, green - acetylated a-tubulin, magenta - EdU, 5-ethynyl-2’- deoxyuridine (C),
red - TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling (D). Scale bar: A -5 mm, B -
100 pm, C, D - 50 pm.
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Fig. 2. The main stages of cell reaggregation and primmorph development in Halisarca dujardinii. A, B -
primary multicellular aggregates (PMA; 6 hours post-dissociation, hpd). C, D - true primmorphs (TP; 1 day
post-dissociation, dpd). E, F - primmorphs with developing aquiferous system, early stages (EAS; 5 dpd),

white arrowheads mark cavities of developing aquiferous system. G, H - primmorphs with developing
aquiferous system, late stages (LAS; 11 dpd), white arrowheads mark rudiments of choanocyte chambers. I
- primmorphs with oscular tube rudiments, (OTR; 15 dpd), white arrowheads mark choanocyte chambers. J,

K - reconstructed sponges (RS; 21 dpd), white arrowheads mark choanocyte chambers. A, C, E, G, I, ] -
developmental stages in vivo, stereomicroscopy; B, D, F, H, K — the histological structure of developmental
stages, semi-thin sections, light microscopy. c — cavities of developing aquiferous system, cc - choanocyte
chambers, ccr - rudiments of choanocyte chambers, cn - canals of aquiferous system, ot - oscular tubes,

otr — rudiments of oscular tubes. Scale bar: A, C, G,I,J-0.5mm,E-1mm, B, D, F, H, K- 50 pm.
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Fig. 3. Quantitative analysis of cell proliferation in intact tissues and at the main stages of cell reaggregation
process in Halisarca dujardinii. A - S-phase (EdU+) cells (statistical significance is shown only for chosen
pairs; for all pairs see Table S3). B — mitotic (pH3+) cells (only significantly different pairs are marked). ns
- not significant, asterisk - significant with p-values<0.01. IT - intact tissues, PMA - primary multicellular
aggregates, ESP - early-staged primmorphs, TP - true primmorphs, EAS - primmorphs with developing
aquiferous system, early stages; IAS - primmorphs with developing aquiferous system, intermediate stages;
LAS - primmorphs with developing aquiferous system, late stages; OTR - primmorphs with oscular tube
rudiments; RS - reconstructed sponges.
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Fig. 4. Cell proliferation during the process of cell reaggregation and sponge reconstruction in Halisarca
dujardinii. A - primary multicellular aggregate (1 day post-dissociation, dpd). B - early-staged primmorph
(2 dpd). C - true primmorph (4 dpd). D — primmorph with developing aquiferous system, early stages (9
dpd). E - primmorph with developing aquiferous system, intermediate stages system (11 dpd). F -
primmorph with developing aquiferous system, late stages (11 dpd). G - primmorph with oscular tube
rudiments (22 dpd). H - reconstructed sponge (19 dpd). Each image is a maximum intensity projection,
obtained from 22 pym (A) or 15 pm (B-H) Z-stack. Red arrowheads marks EdU-positive nuclei of
DNA-synthesizing cells, yellow arrowheads - pH3-positive nuclei of mitotic cells. ¢ - cavities of developing
aquiferous system, cc - choanocyte chambers, ccr - rudiments of choanocyte chamber. Blue - DAPI,
4',6-diamidino-2-phenylindole, green - acetylated a-tubulin, magenta - EdU, 5-ethynyl-2’- deoxyuridine,
yellow - phosphorylated histone3. Scale bar: 50 um.
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Fig. 5. Quantitative analysis of cell death in intact tissues and at the main stages of cell reaggregation
process in Halisarca dujardinii. Asterisk - significant with p-values<0.01. IT - intact tissues, PMA - primary
multicellular aggregates, ESP - early-staged primmorphs, TP - true primmorphs, EAS - primmorphs with
developing aquiferous system, early stages; IAS - primmorphs with developing aquiferous system,
intermediate stages; LAS - primmorphs with developing aquiferous system, late stages; OTR - primmorphs
with oscular tube rudiments; RS - reconstructed sponges.
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Fig. 6. Cell death during cell reaggregation in Halisarca dujardinii. A - numerous TUNEL+ objects in primary
multicellular aggregate/early-staged primmorph (1 day post-dissociation, dpd); image is a maximum
intensity projection (MIP), obtained from 25 um Z-stack. B - single TUNEL+ nucleus in primmorph with
developing aquiferous system, early stages (5 dpd) image is a MIP, obtained from 15 pm Z-stack. Blue -
DAPI, 4',6-diamidino-2-phenylindole, red - TUNEL, terminal deoxynucleotidyl transferase dUTP nick end
labeling. Scale bar: A, B = 50 pm.
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Table S1. Number of aggregates at each stage of reaggregation used for proliferation studies.

Stage Year Individual Ec;)‘i;;::;:?:;::;“ Number of aggregates
PMA
2019 | Hd7 2019 0-24 4
2020 | Hd13 2020 0-24 6
2020 | Hd11 2020 0-24 3
2020 | Hd14 2020 0-24 8
Total 21
ESP
2017 | Hd4 2017 24-48 5
2017 | Hd5 2017 24-48 4
2017 | Hd6 2017 24-48 5
2017 | Hd7 2017 24-48 4
2017 | Hd8 2017 24-48 5
2017 | Hd9 2017 24-48 3
2019 | Hd6 2019 24-48 5
2019 | Hd7 2019 24-48 5
2019 | Hd15 2019 24-48 3
Total 39
P
2019 | Hd6 2019 72-96 5
2019 | Hd7 2019 72-96 5
2019 | Hd14 2019 72-96 3
Total 13
EAS
2017 | Hd7 2017 120-144 5
2017 | Hd8 2017 120-144 5
2017 | Hd9 2017 120-144 5
2019 | Hd17 2019 72-96 9
2019 | Hd9 2019 144-168 5
2020 | Hd14 2020 144-168 6
2020 | Hd15 2020 120-144 5
2020 | Hd5 2020 192-216 5
Total 45
IAS
2017 | Hd5 2017 216-240 4
2017 | Hd7 2017 192-216 5
2017 | Hd8 2017 192-216 5
2017 | Hd9 2017 192-216 6
2019 | Hd15 2019 144-168 12
2019 | Hd17 2019 144-168 10
2020 | Hd8 2020 192-216 5
2020 | Hd7 2020 240-264
Total 52




Page 37 of 37

FEBS Letters

Stage | Year Individual E(i)tirlil(l)fil,ﬂl):)tcllon Number of aggregates
LAS
2017 | Hd8 2017 312-336 5
2019 | Hd15 2019 216-240 4
2019 | Hd17 2019 216-240 9
2019 | Hd15 2019 288-312 5
2020 | Hd12 2020 240-264 6
2020 | Hd8 2020 288-312 5
2020 | Hd11 2020 240-264 6
Total 40
OTR
2020 | Hd10 2020 432-456 4
2020 | Hd11 2020 432-456 5
2020 | Hd9 2020 528-552 5
2021 | Hd1 2021 504-528 7
Total 21
RS
2020 | Hd10 2020 432-456 9
2021 | Hd1 2021 624-648 6
Total 15

PMA - primary multicellular aggregates, ESP — early-staged primmorphs, TP — true primmorphs, EAS —
developing primmorphs with early aquiferous system, IAS — developing primmorphs with intermediate
aquiferous system, LAS — developing primmorphs with late aquiferous system, OTR — developing
primmorphs with oscular tube rudiments, RS — reconstructed sponges, hpd — hours post dissociation.




Table S2. Number of aggregates at each stage of reaggregation used for apoptosis studies.
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Stage Year Individual Age of iigdregates’ Number of aggregates
ESP
2021 | Hd3 24 5
2021 | Hd4 24 7
2021 | Hd5 24 4
2021 | Hd6 24 7
Total 23
P
2021 | Hd1 72 4
2021 | Hd2 72 6
2021 | Hd3 72 6
Total 16
EAS
2021 | Hd1 120 7
2021 | Hd2 120 6
2021 | Hd3 120 6
Total 19
148
2021 | Hd2 168 5
Total 3
LAS
2021 | Hd3 240
2021 | Hd1 336
2021 | Hd3 336
Total 16
OTR
2021 | Hd1 624 5
Total 5
RS
2021 | Hd1 456 6
Total 6
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ESP — early-staged primmorphs, TP — true primmorphs, EAS — developing primmorphs with early
aquiferous system, IAS — developing primmorphs with intermediate aquiferous system, LAS — developing
primmorphs with late aquiferous system, OTR — developing primmorphs with oscular tube rudiments, RS
— reconstructed sponges, hpd — hours post dissociation.



