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Bianca H. Habermann?*"" and Carole Borchiellini'™*

Abstract

Background: The ancestral presence of epithelia in Metazoa is no longer debated. Porifera seem to be one of the
best candidates to be the sister group to all other Metazoa. This makes them a key taxon to explore cell-adhesion evo-
lution on animals. For this reason, several transcriptomic, genomic, histological, physiological and biochemical studies
focused on sponge epithelia. Nevertheless, the complete and precise protein composition of cell-cell junctions and
mechanisms that regulate epithelial morphogenetic processes still remain at the center of attention.

Results: To get insights into the early evolution of epithelial morphogenesis, we focused on morphogenic character-
istics of the homoscleromorph sponge Oscarella lobularis. Homoscleromorpha are a sponge class with a typical base-
ment membrane and adhaerens-like junctions unknown in other sponge classes. We took advantage of the dynamic
context provided by cell dissociation-reaggregation experiments to explore morphogenetic processes in epithelial
cells in a non-bilaterian lineage by combining fluorescent and electron microscopy observations and RNA sequenc-
ing approaches at key time-points of the dissociation and reaggregation processes.

Conclusions: Our results show that part of the molecular toolkit involved in the loss and restoration of epithelial
features such as cell-cell and cell-matrix adhesion is conserved between Homoscleromorpha and Bilateria, suggest-
ing their common role in the last common ancestor of animals. In addition, sponge-specific genes are differently
expressed during the dissociation and reaggregation processes, calling for future functional characterization of these
genes.
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metazoan common ancestor (LMCA) [12, 22, 84, 85, 96,
112, 116, 135].

According to bilaterian features, an epithelium is usu-
ally defined as a layer of cells (i) showing coordinated
polarity controlled by three polarity complexes (Crumbs,
Scribble and Par); (ii) connected by cell-cell junctions
(adhesive, communicating and sealing junctions) and (iii)
attached by their basal pole to a basement membrane
(containing type IV collagen) via cell-matrix junctions
involving Integrins [135] (Fig. 1A). Such a typical bilate-
rian organization of the epithelium, fitting all three cri-
teria is however, not commonly present in non-bilaterian
lineages except Cnidaria (reviewed in [116] (Fig. 1B). It is
therefore necessary to characterize and compare epithe-
lial features of the three remaining non-bilaterian phyla
(Porifera, Ctenophora and Placozoa). This will allow us to
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understand how and when the cnidarian-bilaterian epi-
thelial features emerged.

While phylogenetic relationships at the base of the ani-
mal tree have been heavily debated for over ten years,
Porifera (sponges) are frequently considered as one of
the most basal branches in the metazoan tree [26, 43, 46,
49, 70, 74, 88, 89, 126, 131]. Porifera therefore constitute
an important group in which to trace the emergence of
epithelia.

The phylum Porifera is divided into four distinct classes
(Calcarea, Demospongiae, Hexactinellida and Homo-
scleromorpha) each harboring distinct epithelial fea-
tures according to histological observations [38, 41, 47,
84, 85] (Fig. 1B). Among them, only homoscleromorph
sponges (Homoscleromorpha) possess tissues that meet
many of the criteria established for bilaterian epithelia.
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Fig. 1 The main molecular actors of epithelial cell features in bilaterians and their presence/absence in non-bilaterian metazoans. A Schematic
representation (modified from [99] of typical bilaterian epithelial cells and of proteins involved in (i) adherens junctions, (i) the three polarity
complexes and (jii) the basement membrane (Review in [116]. (i) In detail, cell adhesion can be Nectin- and E-cadherin-based and connect via
numerous proteins to the actin cytoskeleton: Nectins via Afadin and Integrin; E-cadherins via &-, - and a-catenins to the cell adhesion complex
proteins Vinculin, VASP, Formin, Arp2/3. In addition, Rap, Rac, CDC42, FAK and IgGAP1 regulate the changes and organization of the actin skeleton
[99]. (i) The three major polarity complexes namely the apically located PAR3/PAR6/aPKC complex and the CRUMBS (CRB)/PALS1/PATJ complex
and along with a lateral SCRIBBLE (SCR)/DLG/LGL complex [7]. (iii) The basement membrane of bilaterians involves mainly type IV collagen,
laminins, perlecan and nidogen; laminins interact with integrins to establish cell-matrix adhesion [47]. The nomenclature chosen in the scheme is
according to human proteins. B Presence/absence of epithelial histological features and epithelial genes in non-bilaterians mapped on a schematic
representation of consensual phylogenetic relationships among metazoans according to the literature (for review see [70, 116, 126].“Partially
present”means that either only part of the genes were found in the considered taxa or that some species of the taxa lack the genes or features
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Indeed, the three other sponge classes (Demospongiae,
Hexactinellida and Calcarea) lack a basement membrane
and are usually considered to be devoid of adhaerens-like
junctions according to histological features [41, 84, 85,
111, 135]; even though recent studies may challenge this
statement [128].

Despite these histological differences, comparative
genomic and transcriptomic analyses provided evidence
that all four sponge classes possess a whole set of genes
encoding core proteins needed to build bilaterian epithe-
lia (catenins, cadherins, polarity complexes) [11, 44, 50,
72,110, 119]. According to this discrepancy between his-
tological and genetic data (reviewed in [117]) and despite
recent efforts to understand the differences by modern
immunodetection and proteomic approaches [97, 98,
128], it is partly unknown which protein interactions are
involved in sponge cell-cell junctions and which molecu-
lar mechanisms are involved in epithelial morphogenetic
processes in sponges [58]. Moreover, experimental and
functional approaches are currently lacking to establish
links between candidate genes of epithelial function and
their effective purpose in the cell.

To explore the molecular mechanisms involved in epi-
thelial morphogenesis, we focused on the homosclero-
morph sponge Oscarella lobularis and took advantage of
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the dynamic context offered by cell dissociation-reaggre-
gation experiments [24, 34, 52, 66, 68, 78, 79, 81, 91, 120,
137]. We carried out cell dissociation-reaggregation
experiments in buds (resulting from asexual reproduc-
tion), taking advantage of the high number of replicates
and the transparency of tissue which enable fluorescent
imaging [120]. The observation of the dissociation and
the reaggregation processes at different time-points (by
confocal imaging and electronic microscopy) allowed us
to monitor the time-scale of the processes and determine
time-points of key events (Fig. 2). Even though numer-
ous processes might be affected by such a treatment, we
chose to focus our analyses on epithelia and more spe-
cifically on the disassembly and restoration of the inter-
nal epithelium, the choanoderm. This tissue is composed
of choanocytes, a highly specialized cell type organized
in hollow spheres called choanocyte chambers. This tis-
sue has epithelial properties: the presence of a basement
membrane composed of type IV collagen and highly
polarized cells with cell-cell junctions histologically sim-
ilar to adhaerens junctions [15-17, 38, 39, 41, 54, 84, 85,
120]. In parallel, we performed high-throughput RNA
sequencing at selected time-points (Fig. 2) and looked at
temporal expression dynamics to identify genes involved
in epithelial patterning (loss of adhesion and polarity, and
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Fig. 2 Experimental strategy for the time course study of cell-dissociation and reaggregation processes in the homoscleromorph sponge Oscarella
lobularis. A Budding adults first show an irregular surface where tissue swellings detach as buds [40, 48, 120]. B A single free bud harbors tissues
highly similar to the adult tissues, their transparency and availability in high number are convenient for experiments [120]. C Clonal buds from one
adult were put in Calcium-Magnesium-Free Sea Water (CMFSW) to initiate cell dissociation. After 4 h of dissociation buds were placed back into
Natural Sea Water (NSW) to initiate reaggregation. Samples were collected at different times for imaging (Scanning Electron Microscopy (SEM), Light

confocal Microscopy (LM)) and RNA-sequencing. Abbreviated as follows: 1 h (1hD) and 4 h (4hD) of dissociation and 1 h (1hR), 3 h (3hR) and 24 h
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(See figure on next page.)

Fig. 3 Structural changes in the choanoderm during dissociation. A- C” Control conditions in natural sea water (1 h NSW): (A) Schematic view
of a choanocyte chamber organized in a round shape with choanocyte surrounded by an apical microvilli (Mi) rich in actin and a flagellum (Fl)
composed by a-tubulin. PhaE: PhaE lectin staining, Nu: Nucleus (A") Confocal microscopic view (LM) of a choanocyte chamber, the classical round
shape of the choanocyte chamber is visible (dotted orange line). The choanocyte (orange line) is recognizable with its typical collar of apical
microvilli (blue arrow). The type IV collagen staining (in magenta) is lining the basal pole of choanocyte chambers (pink arrow). B LM focused view
on the actin-rich cellular junction between choanocytes (yellow arrow). C Scanning Electron Microscopic (SEM) view of a choanocyte chamber
with collar of apical microvilli (cyan arrow), and a basement membrane lining the choanocyte chamber (pink arrow). C" Focus on the cell-cell
junction (yellow arrow), basal lamina (pink arrow) and apical microvilli (cyan arrow). C” Choanocyte with its complete apical microvilli collar (cyan
arrow) and complete basal lamina (pink arrow). D-F” Choanocyte chambers observed one hour after incubation in calcium-magnesium-free sea
water (1ThD CMSFW): D The general architecture of the choanocyte chamber is still observable in LM (dotted orange line), immunostaining of type
IV collagen is not visible anymore (dotted pink arrow), apical microvilli are disintegrated (dotted cyan arrow). E Focus (LM) on a choanocyte with

its disintegrated apical microvilli (dotted cyan arrow) and numerous basal actin protrusions (red arrow). F SEM view of a choanocyte chamber.
Choanocytes present vacuoles (black arrow), disintegrated apical microvilli (dotted cyan arrow) and protrusions (red arrow). The basal lamina is
detached from the choanocytes (dotted pink arrow). F* Focus (SEM) on the disintegration of the apical microvilli (cyan dotted arrow) and on the loss
of cell-cell contact (dotted yellow arrow). F” Focus on basal actin protrusions at the basal pole of a choanocyte (SEM) (red arrow). F”” Focus on two
choanocytes with a clear detachment from the basal lamina (dotted pink arrow). G-1" Choanocyte chambers observed four hours after incubation
in calcium-magnesium-free sea water (4hD CMFSW): G LM view of a destructured choanocyte chamber (dotted orange line), immunostaining of
type IV collagen is not visible and the general architecture of the choanocyte chamber is no more recognizable (yellow dotted line). H (LM) Focus
on a choanocyte with numerous actin basal protrusions (red arrow). I SEM view of choanocyte showing actin protrusions (red arrow) and the whole
destructuring of the basal lamina (dotted pink arrow). I (SEM) focus on the actin protrusions (red arrow). I” The basal lamina is completely lost at
this time-point (SEM) (dotted pink arrow). For all confocal (LM) pictures: Staining in grey: Phalloidin, Green: PhaE lectin, Blue: DAPI, Magenta: type IV

collagen. Additional picture of control condition in NSW is available in the Additional file 2: Figure S2B

re-epithelization) using a de novo assembled and anno-
tated Oscarella lobularis transcriptome. This unprec-
edent approach to study epithelial morphogenesis in a
sponge provides a large set of new data and insights on
the evolution of the metazoan toolkit involved in epithe-
lial morphogenesis. In addition, the same dataset we pro-
vide could be explored by others to study other processes.

Results

Loss of epithelial features in the choanoderm

during dissociation

Live buds of Oscarella lobularis were first incubated
with fluorescent labeled lectin PhaE (Phaseolus vulgaris
Erythroagglutinin) to specifically stain choanocytes [14,
120] (Additional file 1: Figure S1). Then, cell dissocia-
tion was induced by depletion of divalent cations in cal-
cium-magnesium-free artificial sea water (CMFSW). As
a control, we used buds incubated in natural sea water
(NSW) in culture plates for the same duration. Choano-
derm features were observed by both confocal micros-
copy imaging (after type IV collagen or acetylated tubulin
immunostaining, phalloidin and DAPI counter-staining)
and Scanning Electron Microscopy (SEM-3D).

The general architecture of the choanocyte chamber is
organized as a round structure (Fig. 3A) and for all the
incubation times of the control (NSW), the choanocyte
chambers looked like as described before in this species
[16, 39, 120]: they appeared as a rounded and organized
structures (Fig. 3A; C). Choanocytes had a canonical
shape and were highly polarized. Their larger basal side
rested on a basal lamina and they had an actin-rich collar

of microvilli surrounding a flagellum at their thinner api-
cal side (Fig. 3A; C, C; C”). Cell—cell contacts could be
identified as an actin-rich ring around each cell (Fig. 3B).
3D reconstructions of SEM images showed that cell—cell
contacts on the lateral side were almost non-existent
below the actin ring, indicating that the tissue cohesion
mainly relied on these thin lateral adhaerens-like junc-
tions and on a large area of latero-basal cell-matrix con-
tacts (Fig. 3C; C”).

After incubating the buds for either 20 min, 1, 2, 3 or
4 h in CMFSW, we identified two main steps in the dis-
sociation process.

After 1 h of incubation in CMFSW (1hD), the cho-
anocyte chambers could still be identified and were
forming cohesive structures (Fig. 3D, F). However, the
shape of choanocytes was strongly affected compared
to the control condition; they adopted a round shape
and the collar of actin microvilli at their apical side lost
its organization. The microvilli displayed some degree of
fragmentation (Fig. 3D, E, F, F’; Additional file 2: Figure
S2A-1hD). At this stage, 99.4% of the choanocyte cham-
bers were affected (n=178; Additional file 3: Table S1A).
In addition, large vacuoles were present in choanocytes
(Fig. 3F). In parallel, F-actin containing protrusions were
much more numerous at the basal pole of choanocytes
(Fig. 3E, F, F”) and cell adhesion, including both cell-cell
contacts (Fig. 3F’) as well as cell-basal lamina contacts,
(Fig. 3F”) were lost. This disorganization of the basement
membrane was also estimated by the decrease of type IV
collagen labeling (Fig. 3D) surrounding these structures.
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After four hours of calcium/magnesium deprivation
(4hD), the choanocyte chambers were disorganized and
only remained recognizable due to PhaE staining. They
formed compact irregular pseudo-spheres, the internal
cavity and the former monolayered epithelial organiza-
tion of the choanoderm were no longer present in any of
the observed chambers (Fig. 3G, I; Additional file 2: fig-
ure S2A-4hD and B-4hD for the controls). At this stage,
100% of the choanocyte chambers were unstructured
(n=216; Additional file 3: Table S1B). The apical collar
of microvilli was completely absent (Fig. 3G, H). F- actin
protrusions were still present at the basal pole of these
cells (Figs. 3H, I, I). The flagellum (anti-acetylated tubu-
lin immunostaining) was still present despite the absence
of a clearly polarized cell-body (Additional file 4: Fig-
ure S3A). Moreover, type IV collagen staining was lost
(Fig. 3G) and the basement membrane was not visible
anymore (Fig. 3L, I”).

All phenotypes observed were reproducible between
different individuals as well as between the majority of
choanocyte chambers of the same bud (see images at
lower magnification provided in Additional file 2: Figure
S2A; statistical analyses are provided in Additional file 3:
Table S1).

In conclusion, after four hours of calcium-magnesium
deprivation, the main epithelial features of the cho-
anoderm were lost, defined by the loss of the basement
membrane, of cell-cell junctions, of cell-matrix contacts
and loss of a clear cell polarity.

Reaggregation, reorganization and re-epithelialization

of the choanoderm

Buds dissociated previously by incubation for 4 h in
CMESW were put back into NSW. By monitoring the
reaggregation process at different time-points (30 min, 1,
2,3, 5, 6,24 h), we were able to define three main steps.

After 1 h incubation in NSW (1hR) (Additional file 2:
Figure S2C; Control in S2B-1hR), PhaE-stained cells
(previous choanocytes) started to realign, although the
structure of the chamber was not recovered at this step
compared to the control.

After 3 h in NSW (3hR) (Fig. 4A, B; Control in Addi-
tional file 2: Figure S2B-3hR) an accumulation of F-actin
detectable in the center of PhaE-stained cells indicated
not only the reformation of a small central cavity but
also the reformation of a microvillar collar: cell polar-
ity was already re-established at that time-point and the
cells began to reorganize into an monostratified cell layer
(Fig. 4A, B). Choanocytes re-established contacts with
each other and with the basement membrane that began
to recover. Indeed, a discontinuous, spot-like type IV col-
lagen immunostaining could again be observed around
these structures. Thus, at that time-point, the main
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Fig. 4 Restoration of the choanoderm during reaggregation.
Confocal microscopic views of (A) a choanocyte chamber after 3 h of
reaggregation (3hR) in natural sea water (NSW), the immunostaining
of type IV collagen (in magenta) is discontinuous (dotted pink arrow).
B Focus on three choanocytes starting to realign with each other at
3hR (white arrows). C A choanocyte chamber fully restructured after
24 h of reaggregation (24hR), choanocytes present typical apical
microvilli (cyan arrow). D Focus on choanocytes with a restored apical
microvilli (cyan arrow). For all pictures, staining in grey: Phalloidin,

in Green: Pha-E lectin, in Blue: DAPI, in Magenta: type IV collagen.
Additional views of control conditions in NSW are available in
Additional file 2: Figures S2B

epithelial features were being recovered: basement mem-
brane, cell-matrix and cell-cell adhesion, as well as cell
polarity. The cells were not only reaggregated and reor-
ganized (compared to 1hR) but underwent a re-epitheli-
alization process.

After 24 h in NSW (24hR), 96.8% of choanocyte cham-
bers recovered their initial structure (n=94, Additional
file 3: Table S1C) and choanocytes regained their classi-
cal morphology (Fig. 4C, D; Control in Additional file 2:
Figure S2B—24hR). The basement membrane was recov-
ered with a continuous type IV collagen line surrounding
the chambers, as well as a clear reformation of the apical
microvilli.

In summary, the reaggregation of choanocytes resulted
in a complete recovery of the normal morphology of the
choanoderm, demonstrating the reversibility of the dis-
sociation process.

Characterization of the transcriptome of Oscarella lobularis
An earlier attempt to obtain the genome sequence of
the O. lobularis genome resulted only in a partial, highly
fragmented genome due to a high number of repetitive
sequences and a large number of contaminant reads
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Fig. 5 Schematic workflow of the steps performed for de novo transcriptome assembly of Oscarella lobularis. (1) lllumina sequencing was
performed on biological samples of 40 pooled clonal stage 3 buds exposed to the same conditions: dissociated in CMFSW and reaggregated in
NSW. 454 sequencing was performed on tissue from one adult undergoing sexual reproduction containing a mixed population of embryos and
pre-larvae collected in the bay of Marseille [124]. lllumina reads were quality controlled using FastQC (http://www.bioinformatics.babraham.ac.
uk/projects/fastqc/). Low-quality reads and adapters were removed using TrimGalore (https://github.com/FelixKrueger/TrimGalore). lllumina and
454 sequencing libraries were first de novo assembled individually and then merged. Illumina sequences were de novo assembled using Trinity.
454 reads were de novo assembled with Staden and GAP4 [13] by Eurofins. (2) The two assemblies were then concatenated. (3) Redundancy was
reduced by clustering contigs >80% identity with CD-hit EST [87] retaining the longer contig. (4) To remove sequence redundancy further, we
indexed and mapped the contigs with GMAP [141] with a 95% sequence identity. To remove contaminants, we used Vecscreen and BlastN. (5) Using
Transdecoder (https://github.com/TransDecoder) with the Transdecoder.predict option we were able to identify the most likely protein sequences

encoded in open reading frames (ORFs) > 100 aa. For additional experimental details see the Material and Methods section

from bacteria and archaea [11]. The estimated gene
content of this partial resource was~ 17,885 protein-
coding genes, which is low compared to other sponges
[42, 72]. We therefore decided to sequence and de novo
assemble the transcriptome of O. lobularis, attempt-
ing to obtain a near-complete transcriptome of this
sponge species. To this end, two types of sequencing
libraries were merged: one library was prepared from a
reproductive adult with embryos and larvae previously
sequenced by 454 sequencing [124], the second library
was obtained from dissociating/reaggregating buds and
from buds in NSW and sequenced by Illumina sequenc-
ing in the course of the present work. Sequencing of the
two libraries resulted in 538,821 reads from 454 sequenc-
ing and 480,883,138 Illumina reads, respectively (Fig. 5).
Low quality reads with a Phred quality score<20 were
trimmed and removed from both libraries. All reads were
submitted to the Short Read Archive at NCBI (Bioproject
PRJNA659410).

De novo assembly of the two different libraries was
done separately (see Material and Methods section and
Fig. 5), the concatenated dataset resulted in 162 768 con-
tigs. After removing redundant contigs, as well as pos-
sible contaminations (Archaea, Bacteria, Viridiplantae,
Fungi and Dinoflagellata) the final O. lobularis transcrip-
tome contained 32 274 contigs. The average contig length
was 958 bp, with the smallest contig having a length of
255 bp and the largest 47 628 bp. The mean GC content
based on all contigs was 48.2% (Fig. 6A).

We functionally annotated the transcriptome using
groups of orthologs, gene ontology terms (GO), as well
as conserved domains (CDs). We found an orthologous
group for 18,129 contigs (56%), could assign a GO term
to 11,526 contigs (35.7%) and predicted a CD for 28,440
contigs (88.1%) (Fig. 6B, Additional file 5: Table S2A-E).
Protein kinases were the most abundant CD identified,
occurring in 4057 contigs. Among the other top CDs
were membrane-associated domains, domains involved
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arrangements. This is within the range of other sponge transcriptomes

Fig. 6 Characteristics of the de novo transcriptome assembly of O. lobularis. A Contig length distribution and GC content of the O. lobularis
transcriptome from mixed stages and types of sequencing. Statistics was done after de novo assembly, concatenation, decontamination, and
length cleaning steps. The smallest contig is 255 bp long and the longest contig has 47 628 bp coming from a single long ORF encoding a Mucin
ortholog. The average contig length is 958 bp. The mean percentage of GC content is 48.2%. B Annotated coding regions either with eggNOG [65]
(orthologs) (18,129 sequences), GO Terms (11,526), and Conserved Domains (CDs) [93] (28,440 sequences) (Additional file 5: Table S2). For 1793
contigs no described CD or ortholog could be found, corresponding to 5.5% of the identified coding regions. C The ten most frequent Conserved
Domains (CDs) in the O. lobularis transcriptome. Among the top ten CDs are kinases, nucleotide binding domains, domains that are involved in
membrane transport or membrane binding as well as those inferring changes in cell shape. The protein kinase domain was most abundant and
was present in 4057 coding regions. Occurrences were counted once per coding region. D Percentage of orthologs, O. lobularis has in common
with other species. 29% orthologs are shared with human, 25.2% with Trichoplax adhaerens. Shared orthologs with other sponges vary from 24

t0 57%. 56.6% of contigs from O. lobularis have a clear ortholog in its close relative, O. pearsei (Additional file 6: Table S3). E DOGMA analysis [29]

to evaluate the completeness of different metazoan transcriptomes (Additional file 8: Table S5). For O. lobularis, we found 72.2% of expected CD

in membrane transport or membrane binding as well as
those inferring changes in cell shape (Fig. 6C). We fur-
ther investigated with Orthofinder [37] the percentage
of orthologs shared between O. lobularis transcripts
from our assembly and several other metazoans (Fig. 6D,
Additional file 6: Table S3). Shared orthologs with other
sponges ranged between 24.4 and 56.6%, whereby the
highest percentage of orthologs was found for the clos-
est relative of O. lobularis, Oscarella pearsei. Between 20
and 33% of orthologs were shared with non-sponge ani-
mal species, with 29% of orthologs found in H. sapiens.
We estimated the completeness of this transcriptome
to be rather high, compared to other sponge transcrip-
tomes (Additional file 7: Table S4), as our transcriptome
assembly had a BUSCO [130] score of 82%. To further
support the completeness of the O. lobularis transcrip-
tome, we looked at the percentage of conserved domain
arrangements using DOGMA [29] (Fig. 6E). We found
that 72.2% of expected CD arrangements were present
in the O. lobularis transcriptome. This number is similar
to the other sponge transcriptomes tested, which had a
maximum of 81.65% expected CD arrangements found in
Amphimedon queenslandica (Demospongiae) and a min-
imum of 60% found in Aphrocallistes vastus (Hexactinel-
lida) (Additional file 8: Table S5).

To conclude, the O. lobularis transcriptome presented
here shows a high degree of completeness, with most
of the contigs being assigned to an orthologous group,
identifying a conserved domain or a gene ontology term.
Furthermore, BUSCO and DOGMA results support the
comprehensiveness of our resource. The transcriptome is
available in the Bioproject PRINA659410 on NCBI.

Identification of differentially expressed genes

during the cell-dissociation-reaggregation process

To identify putative molecular players involved in
epithelium organization, we performed time-series
RNA-sequencing at selected key time-points of the

dissociation-reaggregation process: Two time-points
during the dissociation, 1 h (1hD) and 4 h (4hD); and two
time-points during the reaggregation/re-epithelialization
process, 1 h (1hR) and 3 h (3hR) (Fig. 2). After trimming
of raw reads, we mapped the reads to the de novo assem-
bled O. lobularis transcriptome using Kallisto [18] and
Tximport [134]. Principal component analysis (PCA) of
normalized read counts showed that the different time-
point replicates cluster together, except for the first
time-point of reaggregation (1hR), which was dispersed
between 4hD and 3hR clusters, suggesting a variability in
the process timing between pooled individuals (Fig. 7A).

Number and evolutionary emergence of genes involved

in dissociation and reaggregation

We looked for differentially regulated genes between
time-points by pair-wise comparisons using DESeq2
[90]. We found 5903 genes significantly differentially
expressed (adjusted p-value<0.05 and a log2|FC| of
at least 1.5) between each time-point of dissociation
and the NSW control and between each time-point of
reaggregation and 4hD. The number of exclusively differ-
entially expressed genes during dissociation (2510 genes)
was comparable to the number of exclusively differen-
tially expressed genes during reaggregation (2713 genes).
11.5% of differentially expressed genes (680 genes) were
shared in both processes, dissociation and reaggregation
(Fig. 7B, see Additional file 9: Table S6A-C for the lists
of differentially expressed genes of the processes under
study).

To evaluate the proportion of sponge-specific, pre-
metazoan or metazoan genes differentially expressed
during the dissociation-reaggregation process, we per-
formed a phylostratigraphy analysis according to Sogabe
et al. [133]. A phylostratigraphy analysis is based on
sequence similarity with genes present in other organ-
isms with a defined phylogenetic distance [30]. O.
lobularis genes were classified in three categories of
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evolutionary emergence: (1) before or (2) after the diver-
gence between choanoflagellates and metazoans (pre-

metazoan and metazoan genes, respectively); and

after the divergence between the phylum Porifera and
the other metazoan phyla (sponge-specific genes) (Addi-

(3) tional file 10: Table S7A, B). We first looked at the overall
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establishment and maintenance of an epithelium for the reaggregation

Fig. 7 Gene expression changes in O. lobularis buds during dissociation and reaggregation. A Principal component analysis (PCA) plot of the 5
different conditions sequenced during dissociation and reaggregation. Dissociation time-points are circled in blue, those of reaggregation in pink.
Replicates cluster well except for the samples of the first hour of reaggregation (1ThR) which show larger dispersion, and which are located between
time-points of four hours of dissociation (4hD) and three hours of reaggregation (3hR), indicating different reaggregation states of the sequenced
buds. B A total of 5903 differentially expressed genes (DEGs) were found during dissociation and reaggregation with a log2 fold change (log2|FC|)
of at least 1.5 (Additional file 9: Table S6). Pairwise comparisons were done as follows: for dissociation (ThD/CT, 4hD/CT); for reaggregation (1hR/4hD,
3hR/4hD); genes in common for both processes are shown as overlapping (680 genes). Gene ontology enrichment analysis of genes differentially
expressed during dissociation shows that genes relevant for the process under study are enriched, including those involved in cell adhesion and

its regulation, substrate dependent cell migration and actin bundle assembly were enriched (Additional file 11: Table S8). Enriched GO terms for
shared DEGs of both conditions included cell migration, cell adhesion, regulation of collagen metabolic processes as well as integrin-mediated
signaling pathway. During reaggregation, relevant GO terms associated with cell adhesion, regulation of integrin and actin filament-based process
were enriched. C Phylostratigraphy analyses on the whole transcriptome and during dissociation and reaggregation provide the evolutionary age
of differentially regulated genes during the dissociation and reaggregation process, as well as in the entire transcriptome of mixed stages. On the
entire transcriptome 16.6% (5389) of the genes are O. lobularis specific (see Additional file 10: Table S7). During dissociation and reaggregation,
there is a higher percentage of sponge-specific DEGs as compared to the entire transcriptome. The percentage of metazoan DEGs is higher

during dissociation than during reaggregation. Analysis was done after Sogabe and collaborators in[133]. Species used are listed in Additional

file 10: Table S7A. D Heatmap showing the hundred most differentially requlated genes during dissociation and reaggregation (1hD/CT, 4hD/CT,
1hR/4hD, 3hR/4hD). For genes upregulated during dissociation or reaggregation, we performed enrichment analysis for GO terms (with TopGO

[4]) (Additional file 11: Table S8B). Among the top enriched GO terms, we found regulation of extracellular matrix disassembly for dissociation and

distribution of the phylogenetic category of conserved
genes in the entire transcriptome and found that most
of the genes (48%) were sponge-specific and a slightly
higher percentage of the remaining genes predated the
metazoan emergence (30%), leaving 22% metazoan genes
(Fig. 7C; Additional file 10: Table S7C). The proportion of
genes in each phylogenetic category was slightly shifted
in both dissociation and reaggregation: during both pro-
cesses, we found slightly more sponge-specific genes than
present in the transcriptome (52.3% in dissociation and
59.6% in reaggregation, respectively). During both pro-
cesses the percentage of Pre-metazoan genes decreased
and the percentage of metazoan genes slightly increased.
We found a higher percentage of metazoan genes (25%
and 22% in dissociation and reaggregation, respectively)
than pre-metazoan genes (22.7% and 18.4% in dissocia-
tion and reaggregation, respectively) (Fig. 7C; Additional
file 10: Table S7C).

Identification of the molecular toolkit regulated
during dissociation and reaggregation of a sponge
Among the 5903 differentially expressed genes, we next
looked at enriched gene ontology (GO) terms associated
with genes involved only in dissociation (2510 genes) or
only in reaggregation (2713 genes), as well as those genes
shared between both processes (680 genes) (Fig. 7B; the
complete list of enriched GO terms is available in Addi-
tional file 11: Table S8A). In order to investigate, whether
epithelial organization shares molecular components
with bilaterians we focused on genes related to cell—cell
contacts, cell adhesion and migration.

Genes involved in both dissociation and reaggregation
were enriched for GO terms related to cell-migration,

control of cell projection and cell adhesion (including
integrin-dependent mechanisms) and control of colla-
gen metabolism (Fig. 7B). For the significant transcripts
associated with these GO biological processes, we identi-
fied the encoded genes by identifying orthologous groups
with eggNOG [65], as well as by performing BlastP
searches [5] (Additional file 12: Table S9A). We observed
that most of these genes encoded proteins involved in
cell surface receptor tyrosine kinase or phosphatase
activities.

During dissociation, mainly genes involved in regula-
tion of cell adhesion, cell migration, actin bundle assem-
bly were enriched, and even more genes involved in
extracellular matrix organization. This latter category
included in particular extracellular matrix-structuring
proteins such as Collagens, Microfibril-Associated Gly-
coprotein (MAGP), Laminin or Papilin and Integrin
receptors (Additional file 12: Table S9A).

Genes involved in reaggregation were enriched for
GO terms related to cell adhesion, actin filament-based
processes and in the regulation of integrin complex acti-
vation (Fig. 7B). The latter GO category included genes
such as Protocadherin Fat 4, Cadherin 23-like or Afadin
(Additional file 12: Table S9A).

We finally looked at the 100 most differentially
expressed genes over all four key steps of dissociation-
reaggregation (Fig. 7D). We found different sets of genes
specific either for dissociation or for reaggregation.
We used those genes for GO-term enrichment analy-
sis (Additional file 11: Table S8B). During the dissocia-
tion process, in agreement with our previous results,
the most differentially expressed genes were mainly
associated with the GO category “Extracellular matrix
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Fig. 8 Gene expression dynamics during dissociation and reaggregation. A Fuzzy clustering [51] of temporal expression profiles during dissociation
and reaggregation. We chose 15 clusters to represent our data, determined by hierarchical clustering of normalized read counts of the five
conditions using hclust in R (Additional file 20: Figure S7). We found subgroups of profiles with a decrease in expression until 4hR (clusters 12,15),
early peaks and a flat curve during reaggregation (clusters 3,8,5,6,10), peaks at ThR (clusters 4,14), decreasing expression during dissociation and
increasing expression in reaggregation (clusters 1,11,13), strong ascending trends (clusters 10,5) and a peak at 4hD (clusters 7, 2, 9). Cluster cores
have a membership value > 0.7 (pink) (Additional file 13: Table S10). Other membership values are shown as follows: membership value between
0.5 and 0.7 (blue), membership value < 0.5 (green). B Selected GO terms corresponding to Biological Processes found to be enriched for each core
cluster as determined by topGO [4] (Additional file 11: Table S8C). Colored boxes indicate significant enrichment in a given term (adj p-avlue < 0.05).
The dendrogram at the top was calculated by hierarchical clustering using hclust with Euclidian distance of the normalized read counts of

genes qualifying as cluster core (membership value > 0.7). C Expression profile of genes involved in epithelia organization and cell adhesion in
bilaterians (see also Fig. TA). Expression of genes of the three polarity complexes decrease during dissociation and increase upon reaggregation.
The expression of the gene coding for the basement membrane collagen was rather stable during the process, while the expression of integrin

(32 increased at 4hD and became stable at 1ThR. Genes involved in adherens junctions globally show a decrease in expression during dissociation
and an increase around ThR. Expression of the cytoskeleton component actin increased upon dissociation and decreased when reaggregation
started. Finally, four of the Aggregation Factors (AFs) candidates (AF 1, 3, 4, 5) were downregulated during dissociation and upregulated during
reaggregation (in particular AF3). In contrast, AF2 was downregulated during the entire process. NSW stands for natural condition which is

the control condition, ThD and 4hD correspond to 1 h and 4 h of dissociation (in CMFSW) respectively, 1hR and 3hR stand for 1 h and 3 h or
reaggregation (in NSW) respectively. See Additional file 15: Table S11 for Standardized TPM and log2 Fold Change values

disassembly” For the reaggregation process, we found
GO-terms related to “Regulation of integrin activation”
In addition, we noticed that transcripts belonging to two
orthologous groups of C-type lectins (Additional file 12:
Table S9B) were strongly increased during the reaggrega-
tion process.

In summary, we found biological processes related
to cellular adhesion, cell migration, integrin signaling
and actin assembly as well as processes important for
organizing the extracellular matrix enriched in the dif-
ferentially expressed genes during the O. lobularis disso-
ciation- reaggregation processes.

Gene expression dynamics during dissociation

and reaggregation of Oscarella lobularis buds

To identify genes with a similar temporal expression pro-
file, we performed Mfuzz clustering [51] on standardized
transcript per million read counts (TPM) of all expressed
genes. In this analysis, the expression profile over time,
rather than the degree of differential expression is deci-
sive, allowing to monitor the overall expression dynam-
ics of genes during dissociation-reaggregation and to
identify co-regulated gene groups. Mfuzz cluster profiles
are shown in Fig. 8A (Additional file 13: Table S10 for the
list of the core cluster genes). We could discriminate dif-
ferent types of expression profiles in our dataset: those
with a decrease in expression during dissociation and
upregulation of genes during reaggregation (clusters 12,
15); those with decreasing expression during the time-
course (clusters 3, 8, 5, 6, 10); those with a strong increase
of expression during reaggregation (clusters 1, 11, 13);
finally, those with a peak in expression either during late
dissociation or early reaggregation (clusters 7, 2, 9, 4, 14).

Cluster cores, defined by a membership value a>0.7,
contained between 43 and 654 genes.

We performed GO enrichment of core Mfuzz clusters
using TopGO [4] (Fig. 8B; complete list of GO terms are
available in Additional file 11: Table S8C). During both,
the dissociation and reaggregation process, a large set of
terms related to locomotion, cell migration, wound heal-
ing, adhaerens junction regulation, EGF-receptor signal-
ing as well as MAPK signaling were enriched in different
clusters: during dissociation we observed a decrease of
transcripts related to lectins and the Notch pathway
(Cluster 8), FGF signaling (Cluster 8) and an increase of
transcripts related to filopodium assembly (Cluster 4),
regulation of focal adhesion assembly (Cluster 11), TGFB
signaling (Cluster 1), as well as EGF and FGF signal-
ing (Cluster 2,9). During reaggregation, genes belonging
to enriched GO terms related to cell adhesion (involv-
ing Calcium-dependent mechanisms) (Cluster 13) were
increased, and genes related to the regulation of extra-
cellular matrix disassembly (Cluster 7, 9) and filopodium
assembly (Cluster 4) were decreased.

In addition, we searched in clusters with common
expression profiles for transcripts with conserved
domains related to cadherin, integrin and immunoglob-
ulins as major domains involved in the Cell Adhesion
Molecules (CAM) [62] (Additional file 14: Figure S4).
According to the phylostratigraphy analysis, more than
30% of these transcripts were Sponge-specific (Addi-
tional file 10: Table S7D). Furthermore, these specific
transcripts showed interesting profiles with decreased
expression at 4hD and an increase during reaggregation.

We looked more specifically at the expression profiles
of genes involved in epithelial organization in bilateri-
ans, including genes encoding proteins involved in cell
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polarity, basement membrane, as well as adhaerens junc-
tions (Fig. 8C; standardized TPM values are provided in
Additional file 15: Table S11A). The nine genes that are
part of the three polarity complexes Crumbs, Scribble
and Par had similar expression patterns: they decreased
during dissociation and increased again during reaggre-
gation (Fig. 8C). Par complex genes showed slightly dif-
ferent dynamics and recovered earlier in reaggregation
to initial levels. Expression profiles of genes involved in
forming adhaerens junctions followed a similar trend,
with downregulation at early stages followed by increas-
ing expression levels during the reaggregation process,
though the variability of observed profiles was higher for
this gene group. Notably, Actin showed a reverse trend to
all adhaerens junction genes, with increasing expression
levels during dissociation and a drop in expression lev-
els between 1 and 3 h of reaggregation (Fig. 8C). The two
genes coding for the basement membrane components
Integrin B2 and type IV collagen showed differential
expression dynamics: type IV collagen was mostly sta-
ble during the time-course with only a slight increase in
expression at 1hD, suggesting that loss of protein immu-
nostaining we observed (Fig. 3) was likely controlled on
protein level. In contrast, the expression of Integrin 2
was induced during late dissociation and became stable
at 1hR.

Finally, we looked at Aggregation Factors (AFs) that
are thought to be key players of cell adhesion processes
in sponges [63]. The five putative Aggregation Fac-
tors (belonging to AF-Group3 according to the analy-
ses of [59]), were recovered in clusters 10, 6, 12, 15
(Fig. 8C,TPM standardized values are shown in Addi-
tional file 15: Table S11B; AF domain composition is
shown in Additional file 16: Figure S5 and Additional
file 17: Table S12). Nearly all AFs showed similar expres-
sion dynamics, with a decrease during dissociation and
an increase in expression during reaggregation, with one
AF being the exception that did not recover its transcript
levels by 3hR (AF 1 in cluster 10).

In conclusion, we found an enrichment of terms related
to cellular adhesion, locomotion, adhaerens junction, as
well as cytoskeleton organization in several profile clus-
ters. Moreover, several proteins known to be required for
epithelial structures or epithelial organization in bilate-
rians, as well as the Sponge-specific aggregation factors
were differentially regulated during the dissociation and
reaggregation process.

Discussion

A new transcriptomic resource exploring the complement
of the ancestral epithelium.

In this study, we present an improved version of the
transcriptome of Oscarella lobularis [124]. We used
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a mix of stages, which included an adult in reproduc-
tion which contained pre-larvae and embryos, as well as
buds under different environmental conditions (calcium-
magnesium deprivation or not) and combined differ-
ent methods of sequencing (4544 Illumina). This new
transcriptomic resource is therefore a valuable addition
to the few (2 sequenced species out of 126 described
homoscleromorph species) transcriptomic and genomic
resources currently available for the homoscleromorph
sponge class [42, 110, 119], reviewed in [117]. The de
novo assembled transcriptome of O. lobularis revealed
a high degree of completeness (82% BUSCO score) and
substantial similarity to other sponges and metazoans
(56.6% of orthologs with the closest sponge species). It
also contained a high percentage (72%) of conserved
domain arrangements as determined by DOGMA. This
is well within the range for other non-standard model
organisms and other sponges. A. queenslandica has a
conserved domain arrangement of 81.65%, A. vastus of
60.81% and this score is 75.65% for the closely related O.
pearsei.

Nonetheless, it is probable that the O. lobularis tran-
scriptome presented here is incomplete, best reflected in
the total number of contigs and the percentage of con-
served genes with other sponges and metazoan species.
For example, it is currently estimated based on near-
complete sponge genomes that sponges have a large gene
repertoire and gene numbers range between ~ 30,000
and ~ 40,000 [42, 72]. The closest neighbor of O. lobu-
laris, O. pearsei has about 29,000 predicted genes [42].
Based on the analysis of our transcriptome, we only find
56% shared genes between these two closely related spe-
cies. The O. lobularis transcriptome shows a relatively
high number of species-specific genes (>40%) compared
to other Porifera [119]. While we tried to reduce redun-
dancy in our assembly by clustering similar contigs using
CD-HIT, remaining redundant contigs, or only partially
assembled transcripts could obscure the annotation pro-
cess and fail to assign orthologs between species. It is
therefore desirable to aim for a chromosome-level assem-
bly of this sponge. Due to the relatively high number of
repetitive elements this genome seems to harbor, this
could be achieved by combining long-read sequencing
with partial genome sequence data already available, par-
tial genome sequence data [11]. This resource presented
here should then help in predicting genes with high accu-
racy. Furthermore, for sponge-specific transcripts, it is
desirable to study those with interesting expression pat-
terns derived from our experimental setup functionally.

Beside the de novo transcriptome provided here, this
study is the first transcriptomic analysis designed to
identify genes involved in cell dissociation-reaggregation
in a sponge, despite the long-standing interest for this
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process in sponges [137]. This particular experimental
context is especially suited to explore molecular mecha-
nisms involved in epithelial morphogenetic processes
in sponge, to determine, whether these processes are
conserved between sponges and bilaterians and thus, to
study the evolutionary origin of epithelium formation.

Calcium as key regulator for epithelium morphogenesis
Cell dissociation in the homoscleromorph sponge
Oscarella lobularis was induced by incubating biologi-
cal samples in Calcium and Magnesium Free Sea Water.
While this type of experiment was already performed in
numerous calcareous sponges and demosponges [24, 25,
52, 66, 68, 78, 79, 81, 91, 132, 137], this study is the first
one (i) performed on a homoscleromorph, (ii) with such
a level of precision regarding the cellular description, and
(iii) using transcriptomic approaches to decipher molec-
ular mechanisms involved during these processes. This
taxonomic choice is key since homoscleromorph sponges
are the only sponges in which the basement membrane
has been established. This work is a preliminary study on
the effect of depletion of calcium and magnesium ions on
Oscarella lobularis. This depletion can affect more gen-
eral processes, like metabolism, and induce a change in
the expression of genes involved in these processes. Here,
we chose to focus on potential changes of expression due
to epithelial reorganization. Consistent with the role of
calcium deprivation described in other metazoans, cell-
cell and cell-matrix interactions and epithelial integrity
are affected in O. lobularis in the same way as in other
animals resulting in the loss of epithelial characteristics.

Under calcium-magnesium deprived conditions, the
choanocytes, forming the choanoderm epithelial layer
(1) change their cell shape (from conical to round shape)
and lose their basal-apical polarity; (2) reorganize their
actin cytoskeleton (loss of apical ring of actin microvilli
and increase of actin-based protrusions at the basal pole);
(3) lose their cell-cell and cell-matrix contacts; and (4)
start to migrate (towards the choanocyte chamber inter-
nal cavity or in the mesohyl).

Both the loss of tight cell-cell and cell-matrix con-
tacts and the reorganization of the actin cytoskeleton
are highly reminiscent of the phenotype resulting from
calcium and magnesium deprivation in mammalian and
other bilaterian epithelial cells. It is well known that, in
bilaterians, cell contacts are calcium-dependent and
removing bivalent cations from the medium induces
junction disassembly and detachment from the basal
lamina [20, 21, 32, 55, 75, 108, 114].

In addition, this process is reversible, as is also reported
for bilaterians: incubation in natural sea water induces
cell-reaggregation and re-epithelialization with a com-
plete restoration of cell polarity, cell-cell and cell-matrix
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contacts. Such a plasticity of epithelial tissues is essen-
tial since epithelial cell movements are required during
major morphogenetic processes such as, for example,
wound healing and regeneration, tissue renewal, or gas-
trulation [31, 73, 113, 115]. In bilaterians, calcium signal-
ing is commonly and naturally involved in the regulation
of epithelial tissue properties (motility, differentiation,
cilia beating) during developmental processes [20]. Inter-
estingly even if calcium-signaling is an ancient feature of
Eukaryotes, the emergence of a complex epithelial level
of organization coincides with the multiplication and
diversification of calcium-signaling proteins involved
in cell-cell contacts in animals [92]. The calcium deple-
tion implemented in this study provides an invaluable
opportunity to study the evolution of calcium-dependent
molecular mechanisms involved in epithelial morpho-
genesis during animal evolution.

An ancestral metazoan molecular toolkit involved

in epithelium organization and morphogenesis

In bilaterians, the regulation of epithelial features
involves an intimate interplay between adhesion proteins,
polarity protein complexes and regulators of the actin
cytoskeleton. The current knowledge on sponge epithelia
suggests that they present similarities with those of bila-
terians: chemical and mechanical properties [36, 86], his-
tological likeness [38, 83—85], supposed involvement of
Wnt signaling in their regulation [1-3, 77, 124, 125, 139,
140] and shared epithelial genes and proteins [11, 44, 58,
97, 98, 110, 119, 128]. Nevertheless, the homology and
functional conservation of proteins involved in the com-
position or in the regulation of sponge epithelia remains
an open question. The molecular data we present that
derives from transcriptomic analysis captured during an
epithelial morphogenetic process brings important new
insights on this key evolutionary question.

Crumbs as an ancestral regulator of epithelial features?

The protein Crumbs is a metazoan innovation [7, 10,
11, 80, 116]. In bilaterians, Crumbs is not only involved
in the establishment and maintenance of cellular apico-
basal polarity and the positioning and stability of adhae-
rens junctions, but is an essential player in the dynamics
of actin remodeling by interacting with many actin bind-
ing partners [10]. These partners can interact with the
FERM or the PDZ-binding domains of Crumbs directly
or indirectly. For example, Crumbs proteins can regu-
late actin dynamics by recruiting ARP2/3 or by regulat-
ing Cdc42 [10]. In O. lobularis, orthologs shared with
the bilaterian proteins involved in the Crumbs complex
(namely Crumbs, Patj, Pals1) have been reported, and key
functional motifs required for their functional interac-
tions have been clearly identified [11]. Here we show that



Vernale et al. BMC Ecol Evo (2021) 21:160

POLARITY COMPLEX
@i@ Differentially expressed
basal . Dynamically Expressed
] = 2 _Integrin
[ BASEMENT MEMBRANE _ Collagen IV | X_No ortholog

Fig. 9 Gene expression of epithelial genes during the
dissociation-reaggregation in Oscarella lobularis. Schematic
representation of a bilaterian epithelial cell (Fig. 1A)

with the expression of the sponge genes during the
dissociation-reaggregation experiment. All the candidate genes have
an expression profile consistent with a possible function in epithelial
adhesion and maintenance as in bilaterians even though only Afadin,
Rap, Crumbs, Par3 and Integrin 32 are differentially expressed at 4hD,
3hR, 4hD, 4hD and 4hD respectively. No orthologs were found for
the Nectin and the Integrin av33. See Additional file 15: Table S11 for
Standardized TPM and Log2FC values. See Fig. 8 for epithelial gene
expression dynamics during the dissociation and reaggregation

process

the genes encoding Crumbs, Palsl and Patj are down-
regulated during dissociation and upregulated during the
reaggregation (only Crumbs is differentially expressed at
4hD) (Fig. 9, Additional file 15: Table S11A for Log2 Fold
Change values). Both, our previous in silico analysis [11]
and their very similar expression dynamics during disso-
ciation and reaggregation, are consistent with the possi-
ble conservation of their joint functional involvement in
epithelium integrity, as has been shown in other animals
[7]. Because these genes, as well as an epithelium in gen-
eral, are specific to metazoans, it suggests that Crumbs
and its partners have an ancestral role in epithelial organ-
ization in Metazoa.

Similarly, the genes encoding the proteins involved in
the two other bilaterian polarity complexes, the Scribble
and Par complexes, are also downregulated while epithe-
lium characteristics are lost; and then upregulated dur-
ing the re-acquisition of epithelial features. The facts that
(i) all these genes (except DIg) are metazoan innovations
[116], (ii) their protein domain structures are highly con-
served [11] and (iii) their expression dynamics during
the epithelial morphogenetic process studied here, are
in favor of their ancestral joint involvement in metazoan
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epithelia. Furthermore, the presence of Dlg in Choano-
flagellata, Filasterea and Ichthyosporea [11, 44, 53, 80, 95,
107, 118], suggested a Holozoan origin of this gene. This
therefore suggests a co-optation of this gene for epithe-
lial functions in the Last Metazoan Common Ancestor
(LMCA). Further expression, localization and functional
studies will help decipher the exact role of these genes in
sponges, and thereby help resolve their respective ances-
tral roles.

Cadhesome, integrin-based “adhesomes” and cytoskeleton
In bilaterians, the crucial cross talk between cell—cell
and cell-matrix adhesion sites for epithelium stability
and plasticity is well described. Cadherin- and integrin-
dependent adhesion and signaling functions intersect and
interact. Changes in adhesion/force transmission at one
site may affect membrane trafficking, cytoskeletal associ-
ation, avidity or binding affinity [9, 28, 136]. Integrins and
cadherins are both transmembrane adhesion receptors.
They have many signaling effector molecules in common
and are linked to common scaffolding and cytoskeletal
elements. Both adhesion molecules are essential for the
formation of cell-cell and cell-matrix contacts through
adhaerens junctions (AJs) and focal adhesions (FAs),
respectively. Interestingly, the expression of most of the
genes involved in both cadherin and integrin adhesion
complexes are downregulated during dissociation and
upregulated during reaggregation suggesting an involve-
ment in epithelial organization in sponges as they do
in bilaterian species. In addition, our results show that
many genes encoding extracellular matrix proteins dis-
played differential expression, such as Glycoproteins,
Laminins or Disintegrin and Metalloproteases (ADAMs),
which are integrin ligands [19, 56]. These results suggest
that, like in bilaterians, the Extracellular Matrix (ECM) of
O. lobularis could play an important role as substrate for
migration, assembly, and regulation of the epithelial cells
[122, 129].

Together with previous genomic surveys [11, 109] and
recent biochemical studies [97, 98, 128], our results sup-
port the hypothesis that cadherin and integrin-based
mechanisms are ancient features of metazoans, as seems
their ancestral roles in cell and tissue cohesion in the
LMCA.

Interestingly, the E-cadherin gene is barely changing
expression levels during cell dissociation while it shows
an increase during reaggregation and expression of the
afadin gene shows opposite regulation. This unexpected
finding according to previous results [8, 71] questions
the relative contribution of Cadherin and Afadin in the
establishment and the maintenance of adherent junc-
tions in O. lobularis. It cannot be excluded that the
expression of these genes is regulated at protein level.
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Immunolocalization of their encoded proteins will shed
light on this issue.

Beyond what is known about other metazoans, dif-
ferent genes may be involved in adhesion in sponges.
During dissociation-reaggregation, some genes encod-
ing other proteins involved in adhesion show a differ-
ential expression: this is the case for genes encoding
Fat 4 proto-cadherin, non-classical Cadherins 23 and
C-type lectins. For example, the increase of C-type lectin
domain containing genes during reaggregation is consist-
ent with its reported functions in bilaterians: (i) as sup-
pressor of Epithelial-Mesenchymal Transition (EMT)
[121], (ii) as being involved in adhesion in budding tuni-
cates [94]; (iii) as necessary for cell-aggregation in cho-
anoflagellates (formation of rosettes) [82]; and (iv) as
being involved in cell-reaggregation in the sponge Aphro-
callistes vastus (Hexactinellida) [60, 106]. In vertebrates,
C-type lectin domain proteins are known to facilitate
the Ca *"-dependent cell-matrix and cell-cell interac-
tions [121]. In the same way, Fat 4 and Cadherin 23 pro-
teins were shown to regulate cell-cell adhesion and to be
involved in dynamic changes leading to epithelial fluid-
like attributes in bilaterians [6, 76].

Sponge-specific genes involved in epithelium organization
open new perspectives on epithelium evolution.

Among sponge-specific genes involved in epithelial pro-
cesses, we chose to focus on Aggregation Factors (AFs),
because of the historical significance of these extracel-
lular proteoglycans concerning sponge dissociation-
reaggregation experiments [64, 66, 67, 81, 100-105].
AFs were shown to be involved not only in allorecogni-
tion but also in physical cell-cell bridges-like connec-
tions. They play key species-specific cell adhesion roles.
A recent study questioned the presence of AFs in the
homoscleromorph class because of the too low sequence
similarity with demosponge AF sequences and because
of the lack of evidence of reaggregation properties in this
sponge class [59]. In this study we identified 5 genes in
O. lobularis considered as possible AFs candidates (AFs
of Group 3) by Grice and co-workers [59]. Interestingly,
the transcripts of the 5 AF candidates decreased dur-
ing the dissociation process and 4 of them were upregu-
lated during reaggregation. This expression is consistent
to observations described for demosponge AFs [59, 78].
However, biochemical studies are needed to confirm that
these genes encode bona fide aggregation factors in this
homoscleromorph sponge.

Interestingly, these aggregation factors have been pro-
posed to be able to interact with the integrin RGD motif
and to activate integrin signaling [45, 63, 98, 138]. There-
fore, models that will be proposed for the establishment
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of cell—cell contacts and adhesion in sponges will have to
consider and integrate the involvement of AFs and their
possible interactions with other adhesion receptors.

In addition, the search for genes harboring cadherin,
integrin and immunoglobulin conserved domains (usu-
ally found in the Cell Adhesion Molecules (CAM) [62])
in the different clusters of expression has highlighted the
presence of these domains in numerous Sponge-specific
transcripts (more than 30%). While some of those might
be resulting from partial redundancy in our de novo
assembled transcriptome, or biases induced by the design
of the experiment, some could be potential new candi-
dates to play a role in the epithelial cell adhesion because
of their increase in expression during reaggregation.
However, to test the validity of these candidates, addi-
tional in-depth analyses of their domain composition and
functional analyses will be needed.

Conclusions

The transcriptomic data collected during dynamic epi-
thelial processes provide new clues for understanding the
molecular elements of epithelization in Oscarella lobula-
ris, and, more generally, for investigating the evolution of
the mechanisms involved in epithelia formation in bilate-
rians. This study supports the hypothesis that epithelium
organization in O. lobularis involves both genes and pro-
cesses homologous to bilaterians, as well as sponge-spe-
cific ones. Biochemical and functional experiments will
be needed to assess to what extent the complex signaling
cascades and protein interactions described in bilaterian
epithelia organization predate the cnidarian-bilaterian
emergence.

Methods

Animal husbandry

Adult specimens of Oscarella lobularis (Schmidt 1862)
were collected by SCUBA diving in the bay of Marseille
(France) and kept in a thermostatic chamber at 17 °C.
Budding was induced by cutting adults and each frag-
ment was placed in a well containing 8 ml Natural Sea
Water (NSW) as described in [14, 120]. Free buds are
transferred into Petri dishes containing NSW (renewed
once a week) and maintained at 17 °C (Fig. 2).

Cell staining

To monitor choanocytes, fluorescein labeled lectin PhaE
(Phaseolus vulgaris Erythroagglutinin) (Vector lab) was
used to specifically stain this cell type (1: 500 [120]). Buds
were incubated overnight (ON) at 17 °C then rinsed three
time in NSW.
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Cell dissociation and reaggregation experiments

To induce cell-dissociation, stage 3 buds (8-29 days,
[120]) from O. lobularis (n=3) were placed in 24-wells
culture plates containing 2 mL of Calcium Magnesium
Free Sea Water (CMFSW) at 17 °C. Choanocyte cham-
bers integrity was monitored (see next section) at 20 min,
1h, 2, 3, 4 h. According to our observations (see Result
section) the pivotal time-points chosen for further analy-
ses were 1 h of dissociation (time-point hereafter referred
to as 1hD) and 4 h (4hD).

After 4 h of dissociation in CMFSW, cell-reaggregation
was triggered by putting back buds into 2 mL of natural
sea water (NSW). The reaggregation process was moni-
tored after 30 min, 1 h,2h, 3 h, 5 h, 6 h and 24 h. Accord-
ing to our observations the pivotal time-points chosen
for further analyses were 1 h (1hR), 3 h (3hR) and 24 h of
reaggregation (24hR). For each time-point (except 24hR),
one part of the treated and NSW control samples was
collected and frozen (—80 °C) for RNA-sequencing and
one part preserved in fixative solutions for imaging (see
next section and Fig. 2).

Microscopy observations

At each stage of the dissociation (1hD, 4hD) and reaggre-
gation (1hR, 3hR, 24hR) processes treated and control
buds were observed by fluorescent light and electronic
microscopy (except for reaggregation process), focusing
on the choanocyte chamber.

For Scanning Electron microscopy (SEM), samples
were prepared using the NCMIR protocol for SBF-SEM
[27]. Imaging was carried out on a FEI Teneo VS running
in low vacuum (30 Pa), at 2 kV and using a backscattered
electron detector. Acquisition pixel size was 20 x 20 x 60
nm.

For confocal observations, samples were fixed over-
night in 3% paraformaldehyde (PFA) in PBS at 4 °C,
rinsed twice and staining with DAPI (1:500) (Thermo
Fisher Scientific) and 1:1000 (Alexa fluor 647 coupled-
phalloidin (Santa Cruz Biotechnology) and mounted in
Prolong Diamond antifading mounting medium (Thermo
Fisher Scientific) as described in [120] and [14]. Confocal
acquisition was done with a Zeiss LSM 880 with a 63x Oil
objective and images were processed using FIJI [127]. All
experiments were repeated at least 3 times.

Type IV collagen antibody production and validation

Antibodies against the type IV collagen of O. lobularis
were obtained by immunizing rabbits using the speedy
protocol from Eurogentec (Seraing, Belgium) with a syn-
thetic peptide (QTISDPGEEDPPVSKC) coupled to the
KLH (keyhole limpet hemacyanin) carrier. This peptide
is present in the C-terminal NCI domain of O. lobularis
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type IV collagen and was used to purify antibodies from
immunized rabbit sera.

To validate this antibody, we performed competition
assays. During these assays, the antibodies against type
IV collagen were incubated ON at 4 °C with either the
immunizing peptide, or an unrelated peptide (CSTVS-
VAQTGLKGGG]I, from the Crumbs protein, negative
control) or only PBS buffer (positive control). The molar
ratio between antibodies and peptides was 1 mol for
25 mol, respectively, and antibodies were used at 1:200
(2.6 ug/mL). After centrifugation (21000 g, 4 h, 4 °C) to
get rid of potential antibody-peptide complexes, super-
natants were used to perform the immunostaining pro-
tocol (see next section). Incubation of antibodies with the
immunizing peptide yielded to the loss of immunostain-
ing unlike incubation with irrelevant peptide antibod-
ies a- type IV Collagen (Additional file 18: Figure S6).

Acetylated tubulin and type IV collagen immunostaining
For immunofluorescence, buds are fixed in 3% PFA in
PBS ON at 4 °C. To monitor the epithelial features of the
choanoderm, the type IV collagen was immunolocal-
ized to observe cell-matrix adhesion, acetylated tubulin
(Sigma T6793) was immunolocalized to observe altera-
tion of cell polarity and Alexa fluor-647 coupled- phal-
loidin (Santa Cruz Biotechnology) was used to follow
actin-rich adhesive cell-cell junctions and cytoskeleton
remodeling. Immunofluorescence was performed as
described in Rocher et al. [120] and additional technical
details are available in [14].

Statistical analyses of confocal acquisition

Perturbations of the choanoderm layer in CMFSW-
treated buds compared to the controls were estimated
according to 2 criteria (1) after 1 h of dissociation (1hD)
by the presence or absence of microvilli on choanocytes
(2) after 4 h of dissociation (4hD) and 24 h of reaggrega-
tion by the integrity or not of the choanocyte chambers
(cell—cell and cell-matrix adhesion, presence/absence of
central cavity). The experiments were at least repeated
3 times for each time-points with at least 3 buds. The
integrity of the choanoderm, according to the previously
defined criteria, was observed by counting the choano-
cyte chambers on two distinct part of the buds (1hD:
3 x4 buds, 178 choanocyte chambers counted; 4hD: 6x
2/3 buds; 216 choanocyte chambers counted; 24hR: 3 x 3
buds; 94 choanocyte chambers counted) (Additional
file 3: Table S1). A Wilcoxon test was preformed using R
[123].
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RNA-sequencing

Biological triplicates of NSW control buds, 1hD, 4hD,
1hR and 3hR were collected and RNA was directly
extracted with the RNAeasy Mini Kit (Quiagen). For
each replicate, 40 clonal stage 3 buds per condition were
pooled to perform RNA extraction. Sequencing was
realized by the Transcriptomic Genomic platform of
Marseille Luminy (TGML), using the Illumina Truseq
stranded mRNA kit for library preparation and 75 nt
single-end sequencing with the Illumina NextSeq 500
instrument, and 400 million reads per run. Raw sequenc-
ing data were submitted to the Submission Raw Archives

(SRA) (SRR12538867, SRR12538868, SRR12538869,
SRR12538870, SRR12538871, SRR12538872,
SRR12538873, SRR12538874, SRR12538875,
SRR12538876, SRR12538877, SRR12538878,
SRR12538879, SRR12538880, SRR12538881,
SRR12538882).

De novo assembly of the O. lobularis transcriptome

The de novo transcriptome assembly strategy is shown in
Fig. 5. In brief, 454 sequencing data from the adult in sex-
ual reproduction with embryos and larvae [124] and illu-
mine sequencing data from O. lobularis buds were first
assembled individually and then combined to obtained a
transcriptome containing transcripts from all life stages.
The 454 dataset of adult O. lobularis was assembled with
the Staden package and GAP4 [13] (v1.7.0) by Eurofins.
[lumina reads were first quality filtered using FASTQC
(v 0.11.8, available at http://www.bioinformatics.babra
ham.ac.uk/projects/fastqc/) and trimmed using TrimGa-
lore (v0.6.4, available at https://github.com/FelixKrueger/
TrimGalore). Trimmed sequences were de novo assem-
bled using Trinity (v2.9.1, [57]). The two datasets were
concatenated and clustered using CD-HIT EST (v4.8.1,
[87]), whereby all sequences with 80% sequence identity
were clustered together and the longest transcript was
kept. We also used GMAP (v2019.12.01, [141]) to remove
all shorter sequences that were 100% identical to a long-
est sequence. Vector contamination were removed with
Vecscreen ([61], available at https://www.ncbi.nlm.nih.
gov/tools/vecscreen/) using default parameters: this tool
performs a BLAST + (BlastN [23]) search against the
UniVec database. To remove sequences that might have
contaminated our biological specimen, we performed
BlastN searches against a custom database composed of
Archaea, Bacteria, Viridiplantae, Fungi and Dinoflagel-
lata (e-value 107® and a percentage of identity of 80%).
Protein coding sequences were predicted using Trans-
decoder (v5.5.0, available at https://github.com/Trans
Decoder). By default, Transdecoder will identify ORFs
that are at least 100 amino acids long. We cross-vali-
dated Transdecoder results with results from HMMscan

Page 19 of 24

([33], available at http://hmmer.org/) against the PFAM
database ([35], available at http://pfam.xfam.org/) for
predicting the most likely coding regions. The complete-
ness of the transcriptome was evaluated by BUSCO
(v4.1.2, [130]). BUSCO scores were calculated based on
the BUSCO Metazoan gene set. In addition we tested the
completeness of conserved domain arrangements with
DOGMA ([29], https://domainworld-services.uni-muens
ter.de/dogma/) (Additional file 7: Table S4 and Additional
file 8: Table S5).

Gene functional annotation of the de novo assembled O.
lobularis transcriptome
We annotated gene functions by information trans-
fer from orthologous sequences. Orthologous groups
were identified with eggNOG mapper (v5.0, [65]).
The percentage of orthologous groups that O. lobula-
ris has in common with other metazoans species was
inferred by Orthofinder searches (v2.2.7, [37]) against
a set of selected species: Homo sapiens (GRCh38.pep
from ENSEMBL), Drosophila melanogaster (BDGP6.28.
pep from ENSEMBL), Nemastostella vectensis
(ASM20922v1.pep from ENSEMBL), Trichoplax adhae-
rens (ASM15027v1.pep from ENSEMBL), Sycon ciliatum
(SCIL_T-PEP_130802 from COMPAGEN), Oscarella
pearsei (OCAR_T-PEP_130911 from COMPAGEN)
Amphimedon queenslandica (Aqul.pep from ENSEMBL)
and Aphrocallistes vastus (AV4_1_Trinity from ERA
archive of Alberta university) and Salpingoeca rosetta
(UP000007799 from Uniprot). Functional annotation
with GO terms was done using eggNOG and InterProS-
can (v5.40, [69]). Identification of conserved domains was
done using CD-search (CDD-database version 3.18, [93]).
Identification of Aggregation Factors from the
Oscarella lobularis transcriptome Oscarella lobula-
ris aggregation factors were identified using BlastP
(e-value=10) with Oscarella carmela aggregation factor
candidates from group 3 identified in the study of Grice
[59] as queries. Protein domain predictions were done
using Interproscan online with default parameters for
each sequence (Additional file 16: Figure S5 and Addi-
tional file 17: Table S12).

Differential and time-series analysis of RNA-seq data

[llumina sequences were mapped using Kallisto (v0.46.2,
[18]) and Tximport [134] to resolve ambiguities in read
mapping. Detection of differentially expressed genes was
performed with DESeq2 [90]. Lowly expressed genes,
defined by having less than 10 read counts across all
samples, were excluded. Genes with padj<0.05 and log2
fold change (log2|FC|) of at least 1.5 were defined as dif-
ferentially expressed. Pairwise comparisons were done
as follows: dissociation time-points 1hD and 4hD were
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compared to NSW control and reaggregation time-points
1hR and 3hR were compared to the last time-point of dis-
sociation, 4hD.

Soft clustering of time-course data was performed in R
with Mfuzz [51], using the transcripts per million (TPM)
count table (Additional file 19: Table S13) after a stand-
ardization. Hierarchical clustering, using the hclust func-
tion in R (Additional file 20: Figure S7), was performed
to evaluate the number of clusters parameter needed as
input for the Mfuzz clustering. By inspecting the den-
drogram, 15 clusters showed to well discriminated the
data. The fuzzifier value m prevents clustering of ran-
dom data, is the second parameter needed for the algo-
rithm, was calculated with the function mestimate. This
value has been estimated at 1.99. Mfuzz clustering was
repeated 10 times to test the clusters stability by calculat-
ing the Jaccard index to evaluate the similarity of the core
cluster between each run (Additional file 21: Table S14).
Mfuzz core clusters were restricted to genes with a mem-
bership value (o greater or equal to 0.7; to visualize the
relationship between clusters (Fig. 8), average expression
profiles of member genes were calculated as the average
standard-normal expression and then were clustered in R
using Euclidean distance and complete linkage.

Enrichment analysis

Enrichment analysis was performed with the TopGO
package in R (available at https://bioconductor.org/packa
ges/release/bioc/html/topGO.html) using the weight 01
algorithm, a classic Fisher’s exact test on the Biological
Process GO category with the annotated transcriptome
as background. Enrichment of Conserved Domains was
done with the clusterProfileR package on custom made
Conserved Domain IDs [142] using a Fisher’s exact test.
Full results and gene lists are available in the (Additional
file 11: Table S8).

Phylostratigraphy analysis of the O. lobularis transcriptome
and differentially expressed genes during dissociation

and reaggregation

The evolutionary emergence of genes of the transcrip-
tome and those regulated during the dissociation and
reaggregation of O. lobularis, was estimated using the
method proposed by [133] with a custom database con-
taining 27 transcriptomes and proteomes (Additional
file 10: Table S7). Identification of orthologous groups
with eggNOG [65] and BlastP [23] searches was per-
formed for every coding sequence of O. lobularis against
this custom database, and its evolutionary age was
inferred based on the oldest Blast hit relative to the pre-
determined phylogenetic classification of all 27 species
(Additional file 12: Table S9).
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Data availability

This Transcriptome Shotgun Assembly project has been
deposited at DDBJ/EMBL/GenBank under the Bioproject
PRJNA659410. The version described in this paper is the
first version publicly available. Additional file 5: Table S2
contains all the information available for the transcrip-
tome. Translated version of the transcriptome is available
in Additional file 22: File S1.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512862-021-01866-x.

Additional file 1: Figure S1. Specificity of the PhaE staining.
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choanoderm after (A) 1 h of dissociation (1hD) regarding the aspect of the
microvilli collar, (B) 4 h of dissociation (4hD) and (C) 24 h of reaggregation
(24hR) concerning the shape of the choanocyte chambers. Statistical tests
were performed with Wilcoxon rank sum test with continuity correction.
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Additional file 4: Figure S3. Acetylated tubulin immunostaining of the
choanocyte flagella during dissociation and reaggregation.

Additional file 5: Table S2. Functional transcriptome annotation using
groups of orthologs (eggNOG), gene ontology terms (GO), conserved
domains (CDs) and analyses of gene expression with DeSeq?. Differentially
Expressed Genes (DEG) were identified with a threshold of pvalue <0.05
and with a log2 Fold Change (log2|FC|) of at least 1.5 at different times

of the dissociation/reaggregation process. (A) List of transcripts with
orthologs. (B) List of transcripts with GO terms. (C) List of transcripts with
CDs. (D) List of transcripts without any annotations. Related to Figs. 6, 7
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ments (CDAs) estimated by the proportion of the CDAs found among the
expected conserved CDAs in different metazoan species using DOGMA.
Related to Fig. 6E.

Additional file 9: Table S6. Differential Expressed Genes (DEG) during

(A) Dissociation process (B) dissociation and reaggregation processes and
(C) reaggregation process. DEG extracted from DeSeq?2 analysis with a
threshold of pvalue < 0.05 and log2 |Fold Change] of at least 1.5 at differ-
ent times of dissociation (1hD, 4hD) and reaggregation (1hR, 3hR). Related
to Fig. 7.

Additional file 10: Table S7. Phylostratigraphy analysis. (A) Transcrip-
tomes and Proteomes used in Phylostratigraphy analyses. Each phylostra-
tum represents a node. (B) Accession numbers and links of the different
transcriptomes and proteomes used. (C) Phylostratigraphyanalysis of

the Oscarella lobularis transcriptome and of the differentially expressed
genes during dissociation and reaggregation. (D) Number of genes with
conserved CAMs domains (Cadherin, Integrin, Immunoglobulin) in each
phylogenetic category with common expression profiles (see Fig. 8 for
cluster numbers). Related to Fig. 7 and Additional file 1: Fig. 4.

Additional file 11: Table S8. GO term enrichment analysis. (A) Enriched
categories in Differential Expressed Genes (DEG) during dissociation only,
reaggregation only and both (combined). (B) Enriched categories in the

first 100 DEGs. (C) Enriched categories in each core clusters (see Fig. 8 for
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cluster numbers and Additional file 11: Table S10 for complete list of genes
included in the core cluster). Related to Figs. 7 and 8. Selected GO biologi-
cal processes of interest are highlighted in yellow.

Additional file 12: Table S9. Identification of orthologous groups with
eggNOG and BlastP searches (A) for significantly deregulated transcripts
associated with GO biological processes of interest (complete list of GO
terms in Additional file 9: Table S8) during dissociation, reaggregation and
both (combined) processes shown in Table S6, (B) for the top 100 differen-
tially expressed genes. Related to Fig. 7.

Additional file 13: Table S10. List of genes included in the core clusters
(1 to 15) with orthologs (eggNOG) and gene ontology terms (GO). Related
to Fig. 8.

Additional file 14: Figure S4. Distribution of the transcripts with CAMs
conserved domain during dissociation and reaggregation.

Additional file 15: Table S11: Transcripts Per Million (TPM) standardized
and Log?2 Fold Change values for (A) epithelial genes (see Fig. 1A) and (B)
Aggregation factors (AFs). Related to Fig. 8 and 9.

Additional file 16: Figure S5. Domain composition of putative Aggrega-
tion Factors in Oscarella lobularis.

Additional file 17: Table S12. Domain predictions for putative group 3
Aggregation Factors (AFs) using InterproScan Website (https://www.ebi.
ac.uk/interpro/). Related to Additional file 16: Figure S5.

Additional file 18: Figure S6.Validation of the antibody against O. lobula-
ris type IV Collagen by peptide competition assay.

Additional file 19: Table S13. Raw file including mRNA-Seq Transcript Per
Million count table using Kallisto.

Additional file 20: Figure S7. Hierarchical clustering on TPM values.

Additional file 21: Table S14. Mfuzz clusters stability. For each cluster
the Jaccard index was calculated to evaluate the similarity of each cluster
between each run (10 runs, Run 1 was taken as reference). Related to

Fig. 8.

Additional file 22: File S1. Translated version of the Transcriptome obtain
with Transdecoder (available at https://github.com/TransDecoder).
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