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Abstract 

The ability of eukaryotic cells to orchestrate mechanical interactions from the subcellular to the organismal le v els is mediated by their cytoskele- 
ton. One of the k e y components of the eukaryotic cytoskeleton is actin, a highly conserved building block of the actin filaments, which interact 
with many other proteins and underlie diverse cell str uct ures, necessary for organizing intracellular transport, phagocytosis and cell mo v ement. 
Man y organisms ha v e e v olv ed multiple actin v ariants, which share similar amino acid sequences but differ more dramatically at the gene le v el, 
including the presence and number of introns. In the current study, we show that the intron-containing and intronless actin genes are present in 
the poriferan Halisarca dujardini and that the encoded actins can perform different functions . These actins differ in the gene expression profiles, 
post-translational modifications, cellular, and subcellular localizations. The intronless actin genes of H. dujardini , HdA1 / 2 / 3 , are products of re- 
cent duplications, exhibit low divergence between paralogs, and serve as the primary cytoskeletal actins. The divergent intron-containing actin 
gene, HdA6 , is differentially expressed in a specific cell lineage and its expression is dependent on the state of cell aggregation, which indicates 
its unique functions in the morphogenetic processes of the sponge. 
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he evolutionary development of multicellularity is inextri-
ably linked with the processes of cell adhesion and cooper-
tion. Re-aggregation of separate cells has retained key im-
ortance in the embryonic development and regeneration in
etazoa. Assembly of a functional organism from a suspen-

ion of dissociated cells does not normally occur in animals
n vivo , but some metazoans do possess this remarkable abil-
ty [ 1 , 2 ]. The sponges (Porifera) are an evolutionarily an-
ient phylum of multicellular organisms that can regenerate
uvenile-like individuals from dissociated cells [ 3 ], and the rate
f cell reaggregation varies among the sponge species and de-
ends on the sponge reproduction period [ 4–6 ]. The sponge
ody does not contain well-defined tissues, but it comprises
arious cell types characterized by distinct structures, func-
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tions, or unique expression profiles [ 7 ]. The Cnidaria (e.g. hy-
dras), Platyhelminthes (e.g. planarians), and Tunicata (e.g. as-
cidians) are more complex organisms with tissues, yet they
also display a remarkable ability to regenerate tissues or whole
organisms from some types of dissociated cells [ 8 , 9 ]. Inter-
estingly, dissociated embryonic cells of Danio rerio, Tritu-
rus alpestris , and Xenopus leavis can aggregate and reorga-
nize into structures resembling early embryonic stages [ 10–
12 ]. The re-aggregation and self-organization of dissociated
mammalian stem and embryonic cells are fundamental in the
de novo reconstruction of organ o ids from cell suspensions
by tissue engineering techniques [ 13–15 ]. Mechanical signals
for cell communication, perception, and response, mediated
by their cytoskeleton, are regulated in space and time, ensur-
ing the integrity of the organism during periods of growth,
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development, and reproduction. The key component of the cy-
toskeleton is actin, a biopolymer, playing a pivotal role in these
processes. Diversity and adaptability of actin-based mecha-
nisms underscore their significance in both unicellular and
multicellular states [ 16 ]. Actin was first isolated from mam-
malian skeletal muscle and named as α-actin because of its in-
volvement in myosin contraction (activation) [ 17 , 18 ]. Further
studies revealed other actins in mammalian cells, which were
named β- and γ-isoforms of actin, correspondently. Sequenc-
ing have confirmed six different actin genes in mammals, each
encodes one protein: αskeletal -actin, αcardiac -actin, αsmooth -actin,
γsmooth -actin, βcyto -actin, and γcyto -actin. Actin as a single copy
gene occurs in yeast, but actin isoforms are present as multi-
gene families in protists, plants, and animals [ 19 ]. Heterolo-
gous actin variants specialized in assembling various networks
enable the cytoskeleton to respond dynamically to external
influences, preserving cell viability [ 20 , 21 ]. The expression
of actin isoforms at the protein level in mammals is tissue-
specific. Non-muscle mammalian cells express β- and γ-actin,
which are almost identical (99%), but are localized in different
cellular compartments [ 22–25 ]. Disturbance in the expression
of β-actin gene causes embryonic death in mice, while γ-actin
expression disturbances are not lethal [ 26 , 27 ]. It is believed
that there is a code in the structure of actin genes that con-
trols the functional diversity of actin isoforms [ 28 ]. The eu-
karyotic actins share very similar amino acid sequences and
differ at the nucleotide level, especially in their exon / intron
organization. Most genes encoding actins have introns, but
intronless actin genes also appear in the evolutionarily distant
animals [ 29–31 ]. The β-actin encoding gene is regulated by
several cis -acting regulatory elements including the evolution-
arily conserved CC (A / T) 6 GG (serum-response element (SRE)
or CArG box) sequences positioned in the promoter region
between the CAAT and TATA boxes [ 32 , 33 ]. The proximal
CArG motif is required for actin expression in developing ani-
mals, and interactions between the promoter and intron CArG
motifs are important for its regulation [ 34 ]. Actin has the abil-
ity to transition between monomeric (G-actin) and filamen-
tous (F-actin) states under the control of adenosine triphos-
phate (ATP) hydrolysis, presence of ions, and various actin-
binding proteins. Nuclear actin is represented predominantly
by G-actin monomers, but it forms F-actin filaments in repro-
grammed or stimulated cells [ 35–37 ]. The motile cells, as well
as cells with increased adhesive properties, differ by the level
of reactive oxygen species (ROS) and the state of actin poly-
merization [ 38 , 39 ]. All actin isoforms undergo N -terminal
processing and post-translational modifications (PTMs) af-
fecting their biochemical and functional properties [ 40 ]. Actin
filaments can promote the formation of cellular protrusions
that allow cells to migrate toward each other and establish
stable contacts. Moreover, actin interacts with various pro-
teins, including cell adhesion molecules (CAMs) and extra-
cellular matrix (ECM) components, to modulate cell-to-cell
interactions. These actin-dependent processes are important
in coordinating cell behavior during re-aggregation. Cells of
the same type may use different movement modes mediated
by the coordinated activity of actin-associated proteins and
RhoA-signaling and Hippo / YAP-signaling pathways [ 41–47 ]
and can be modulated by the Merlin protein [ 48 ], as well
as Rho-GTPases [ 49 , 50 ]. Interestingly, macrolides (latrun-
culin A and jasplakinolide) that have been isolated from some
marine sponges inhibit actin depolymerization, causing cell
lethality in a wide range of organisms [ 51–53 ]. Information
on the structural and functional features of actin in basal an- 
imals remains limited. Studying actin in cell re-aggregation of 
sponges provides deep insights into the fundamental princi- 
ples governing tissue formation and regeneration. 

The sponges are filtrators, and their aquiferous system un- 
dergoes numerous rearrangements throughout the life cycle 
and in response to environmental changes [ 54 , 55 ]. Redox 

and metabolic cycle phases stimulate sponge cell movement 
and transformation, allowing some cells to transition between 

multiple cell types [ 6 , 56 , 57 ]. Sponge cell movements are sim- 
ilar to amoeboid ones and are carried out via the actin dy- 
namics [ 58 ]. In order to migrate within the sponge body, cells 
must be able to invade and adhere to the mesohyl (sponge 
ECM with embedded collagen fibers, various cell types, and 

symbiotic microbial community), and perform chemotaxis—
all of which are enabled by rapid actin cytoskeleton reorga- 
nization. Colgren & Nichols, studying the aquifer system of 
the juvenile freshwater sponge Ephydatia muelleri , found that 
its contractile module consists of myosin II and transgelin,
regulated by Ca 2+ ions and biochemical pathways involving 
myosin light chain kinase (MyHC II) and myocardin-related 

transcription factor (MRTF) [ 59 ]. In addition, sponges coex- 
ist with algae and symbiotic microorganisms, with some intra- 
cellular symbionts shown to persist through reproduction and 

be crucial for sponge survival [ 60 ]. Internal cytoskeletal archi- 
tecture likely ensures the coexistence of sponge cells and sym- 
bionts since the eukaryotic actin is a target for uptake and dis- 
posal by pathogens [ 61 , 62 ]. Recent data indicate that the ax- 
ial filament formed by actin initiates and defines the zones of 
biomineralization, while actin elongation and branching de- 
termine the shapes and sizes of sponge spicules [ 63 ]. Intertidal 
sea sponges are unique models for studying cellular plasticity,
as they experience daily mechanical stress from tidal waves,
along with seasonal fluctuations in oxygenation and salinity.
Previously, we identified iron-metabolic pathways associated 

with the cell reaggregation in the cold-water sea sponge Hal- 
isarca dujardini [ 64 , 65 ] and demonstrated that cytoplasmic 
microtubule networks arise during activation of sponge cell 
transdifferentiation processes [ 58 ]. It is still unclear whether 
the cytoskeleton is rearranged in a cell type-specific manner 
during reaggregation of sponge cells after mechanical disso- 
ciation of the sponge body. The aim of this article is to ex- 
plore the multifaceted roles of actin during morphogenetic 
processes of cold seawater sponge H. dujardini . The actin 

genes of sponges H. dujardini and Halichondria panicea (cl.
Demospongia) were recovered and their structures were deter- 
mined. To identify the features of signaling pathways that pro- 
mote cytoskeleton remodeling during sponge cell reaggrega- 
tion, the expression of actin and actin-related proteins (ARPs),
tubulins, and RhoA-signaling and Hippo / YAP signaling path- 
ways of sponge H. dujardini was assessed using RNAseq of the 
intact body, dissociated cells and cell aggregates of sponges 
collected during different seasons, and, accordingly, in differ- 
ent periods of its annual reproduction cycle. The single cell 
RNAseq was performed to find the specific cell clusters with 

differential expression of actin. PTMs of actin were detected 

in the cells of mature species and larvae, as well as in differ- 
ent cell fractions. In addition, we revealed the role of actin 

dynamics in morphogenetic processes of the sponge by using 
a specific inhibitor of actin depolymerization jasplakinolide.
The expression patterns of fibrillar actin in sponge body cells,
dissociated cells, and cell aggregates, as well as in sponge lar- 
val cells, were assessed using immunofluorescent labeling of 
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brillar actin and linked to the functional state of the cells. By
nraveling the complexities of actin dynamics during sponge
ell re-aggregation, we can better understand the remarkable
egenerative capacities of some metazoans and potentially ex-
loit these mechanisms for human. 

aterials and methods 

pecimen collection 

pecimens of the two cold-water sea sponges Halichondria
anicea and H. dujardini (cl. Demospongia) were collected
t the White sea subtidal zone near the N.A. Pertsov White
ea Biological Station of Lomonosov Moscow State Univer-
ity (66 

◦340 N 33 

◦080 E) as described earlier [ 64 ]. No specific
ermissions were required for sampling according to the local
uidelines. 

ponge body dissociation / reaggregation 

rocedures and live imaging 

he dissociation / reaggregation experiments were carried out
ith H. dujardini in different periods of its life cycle [ 66 ], as
escribed earlier [ 64 ]. 
Imaging of live sponge cells was performed by Zeiss

SM880 confocal microscope, equipped with Zeiss Plan-
POCHROMAT 63 h / 1.4 Oil DIC objective lens (Zeiss,
berkochen, Germany) combined with the Okolab system for

emperature control of the experimental dish with cells, as de-
cribed previously [ 58 ]. 

ROS were detected using 2 

′ ,7 

′ -dichlorodihydrofluorescein
iacetate (H 2 DCFDA, “Lumiprobe,” Russia) in living cells
mmediately after sponge body dissociation at +6 +8 

◦C. The
ponge was incubated with H 2 DCFDA (1 μM) for 30 min be-
ore dissociation. ROS were recorded by the live cell imaging
ith confocal laser scanning microscope Carl Zeiss LSM 880.
he excitation and emission parameters were 511 and 533
m, respectively. 
Jasplakinolide at doses of 1–4 μM, or vehicle, was added

nto the incubation medium (filtered sea water, FSW) to find
ut whether actin depolymerization affects H. dujardini cell
ovement and re-aggregation. 

enomic analyses 

enomic features analysis 
he data from our previously published transcriptomes for
. dujardini and H. panicea (NCBI project numbers PR-

NA594150 and PRJNA594151) were combined with the
raft genome of H. dujardini [ 65 ] and the recently published
enome of H. panicea (GCF_963675165.1). We searched core
romoter elements and the most extensively characterized up-
tream DNA regulatory elements of metazoan actins [ 32 , 67–
1 ] and CpG islands. The CpG islands were detected using the
pgplot program of the EMBOSS suite v. 6.5.7 [ 72 ] (detailed

eferences are listed in Supplementary Table S1 ). 

hylogenetic analysis of actin sequences 
he dataset for the phylogenetic analysis of actins and
RPs was prepared using the orthology inference of Or-

hoFinder [ 73 ]. The orthogroups containing actin homologs
ere merged, and the sequences were aligned using MAFFT
.525 [ 74 ] with the L-INS-i algorithm. For phylogenetic in-
erence the alignment was processed with trimAl 1.5 [ 75 ] to
emove regions with over 90% gaps. The tree reconstruc-
tion was conducted using the Bayesian inference approach
of PhyloBayes-MPI 1.9 [ 76 ] employing the site-heterogeneous
model LG-CAT-G4. Four independent chains were run for
20 000 cycles each, and summarized with a 10% burn-in.
The consensus tree was visualized and examined using the
MEGA software [ 77 ] and the iTOL v7 online tool [ 78 ]. The
Ka and Ks values were estimated using the KaKs_Calculator
2.0 and the model averaging method. The nucleotide align-
ments of actin gene sequences were generated using the Trans-
latorX program [ 79 ] employing MAFFT with the L-INS-i al-
gorithm for the guiding amino acid alignment. Identity scores
between the actin sequences were computed using the Se-
quence Identities and Similarities online tool: http://imed.med.
ucm.es/ Tools/ sias.html . 

Transcriptomic analyses 

RN A isolation, cDN A libr ary construction and bulk RNA se-
quencing 
The bulk RNA sequencing for H. dujardinii samples collected
in Spring (NCBI Bioproject ID: PRJNA594150, Biosamples
S AMN43567536, S AMN43567537, S AMN43567538) was
performed as described previously [ 64 ] and added to the
dataset containing previously sequenced samples from Sum-
mer, Autumn, and Winter seasons (NCBI Bioproject ID: PR-
JNA594150). 

Single cell RNA sequencing 
For scRNA sequencing, two individuals of the cold-water sea
sponge H. dujardini were collected at the end of august 2021
( Supplementary Fig. S1 ). We verified their osculum filtration
functionality and then placed the specimen in a 50 ml Falcon
tube filled with FSW and then dissociated by homogeniza-
tion in a 5 ml Dounce homogenizer (Cat #D9063, Kimble)
with 10 strokes using a loose pestle followed by 10 strokes
with a tight pestle. To obtain a single-cell suspension, the ho-
mogenate was passed through a syringe with an 18G needle
diameter. Then, the suspension was centrifuged (5 min, 1000
g, +4 

◦C), and the pellet was resuspended in 1 ml of FSW with
0.5% BSA. Cells were passed through a 40 μm mesh filter
and collected in a low-bind 1.5 ml Eppendorf tube. Cells were
washed twice by centrifuging at 1000 g followed by resuspen-
sion in a small volume of FSW. Cell count and viability were
assessed using trypan blue and automated cell counter (TC20,
Cat #1 450 102, Bio-Rad) and the cell concentration was ad-
justed to 2000 cells / μl. 

Cells isolated from sponges were encapsulated in droplet
emulsions using a Chromium Single-Cell instrument (10x Ge-
nomics), and libraries were prepared with the 10x Genomics
Chromium Controller and Chromium Single Cell 3 

′ Kit v3
(Cat #PN-1000121, 10x Genomics, USA). cDNA synthesis
and library construction were performed according to the
manufacturer’s recommendations. Single-cell libraries were
sequenced on an Illumina HiSeq 2500 using the following
read parameters: 26 cycles for Read 1 (cell barcode and UMI),
8 cycles for the i7 sample index, and 98 cycles for Read
2 (transcript). Raw scRNA-seq data were deposited in the
NCBI SRA database under BioSamples SAMN42483027 and
SAMN42483028. Single-cell RNA-seq reads were aligned to
the reference genome with CellRanger v6.1.2. [ 80 ]. The mito-
chondrial genome from [ 81 ] was added to the reference. To
improve the fraction of successfully aligned reads, we used
the first alignment attempt to extend the 3 

′ -UTR annota-

https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
http://imed.med.ucm.es/Tools/sias.html
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
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tions with peaks2utr [ 82 ] and then realigned all reads. Read
count normalization, variable feature selection, scaling, and
dimension reduction were initially performed independently
for each replicate using Seurat v.5 (for details see Supplemen-
tary Text) The SAMap algorithm [ 83 ] was used to compare
the obtained H. dujardini cell clusters with the cell types from
scRNA-seq dataset of other sponges ( Spongilla lacustris [ 7 ]
and Amphimedon queenslandica [ 84 ]). 

To trace the dynamics of cell types by re-aggregation
stages, the scRNA-seq and bulk was integrated with RNA-seq
datasets. Bulk RNA-seq reads were aligned to the reference
genome and read counts were calculated using STAR [ 85 ]. To
estimate cell type proportions in bulk RNA-seq samples, cell
type deconvolution was performed using MuSiC [ 86 ]. In this
analysis, clusters 0 and 2 were combined into the ‘cluster0 + 2’
category due to their similar expression patterns, which made
the predicted proportions of cluster0 and cluster2 cells unsta-
ble and highly dependent on the gene set used in the decon-
volution analysis. Clusters 19 and 20 were excluded due to
the small number of reliable marker genes. To obtain a single
prediction for each combination of factors (Season and Reag-
gregation stage) a mixed linear model was built with the lme4
R package [ 87 ] using the following formula: 

MusicEst = CT : Stage + (1 | CT : Season ) , 

where MusicEst is a MuSiC cell type abundancy prediction,
CT is cell type, Season is one of four seasons, and Stage is one
of three reaggregation stages. Focusing on the effect of reag-
gregation stage, it was treated as a fixed effect, while Season
is a random effect. We believe that the reaggregation stage
has some effect independent of the season. The Season and
Stage were considered as factors nested within Cell type to al-
low Season and Stage to have different effects on different cell
types. It is worth noting that MuSiC results are constrained
such that the sum of all cluster abundances is 1, whereas
such a condition cannot be imposed artificially on the mixed
linear model. Though the sum of all predictions for a given
season / stage combination remains close to 1. 

Bulk RNA-seq differential expression analysis 
Single-end reads from samples collected at four time points
over an annual cycle (Winter, Spring, Summer, and Autumn)
and from three re-aggregation stages (sponge body, a cell sus-
pension 30 min after dissociation, and cell aggregates 24 h af-
ter dissociation) were mapped to the genomic assembly using
STAR v.2.7.11 [ 85 ]. Read counts were quantified with feature-
Counts v.2.14.2 [ 88 ] using the parameters “-s 2 -M –fraction.”
Differential expression was then analyzed using the R pack-
age edgeR v.3.42.4 [ 89 ] by fitting a GLM Quasi-Likelihood
model with the contrasts “cell suspension – intact body” and
“cell aggregates – intact body” for each season. P -values from
all contrasts were pooled and adjusted collectively using the
Benjamini–Hochberg procedure to control the overall false
discovery rate. The DE thresholds were set at FDR = 0.001
and an absolute fold change of 1.5. Finally, curated gene sets
were visualized using the R package ComplexHeatmap v.2.7.7
[ 90 ]. 

RACE analysis 

Full-length H. dujardini HdA1 / 2 / 3 cDNA flanked by adapter
sequences was obtained using the Mint technology with the
Mint RACE cDNA amplification set (Eurogen, Moscow, Rus-
sia) [ 91 ]. The first cDNA strand was amplified by Step-Out 
PCR [ 92 ] using a specific primer and the Step-Out primer 
mix kit (Eurogen, Moscow, Russia). The resulting PCR prod- 
ucts were cloned into the pAL2-T plasmid (Eurogen, Moscow,
Russia) and sequenced. 

mRNA fluorescence in situ hybridization of H. dujardini cells 
H. dujardini cells or body tissue on coverslips were fixed at 
10 

◦C in 4% paraformaldehyde in FSW for 20 min (for cells) 
or 1 h (for body tissue). Specimens were washed in phosphate- 
buffered saline (PBS), dehydrated and stored in 50% ethanol.
The specimens were brought to room temperature (RT) and 

rehydrated through serial dilution in PBS. For H. dujardini 
actin isoform labeling, single-stranded DNA oligos labeled 

with Cy3 or Cy5 were used ( Supplementary Fig. S2 ). Each 

actin isoform was detected using at least two oligonucleotide 
probes, one of which was isoform-specific, containing a se- 
quence of 30–35 nucleotides complementary to the mRNA 

of HdA1 / 2 / 3 , HdA6 , or HdA7 ( Supplementary Fig. S2 , for
details see Supplementary Text). Images were acquired with 

a Zeiss LSM 800 laser scanning confocal microscope us- 
ing Airyscan technology [ 93 ]. High-precision layered images 
( Supplementary Fig. S3 ) were analyzed using the FISH-quant 
v3 program designed for smFISH image analysis and imple- 
mented in the MatLab R2022a platform. Comparisons be- 
tween the H. dujardini actins were performed using ANOVA,
followed by Tukey’s test. The level of significance was set to 

1%. 

Proteomic analyses 

Comparati ve anal ysis of sponge actin sequences 
Amino acid sequences of invertebrate and human actins were 
downloaded from the NCBI protein database. Additional 
sponge genomic and transcriptomic assemblies (listed in [ 65 ]) 
were screened for actin sequences using blastp from the NCBI 
BLAST + package v2.13.0+ [ 94 ] and exonerate v2.4.0 [ 95 ].
Domain architecture and similarity with human β-actin were 
assessed using InterPro v.99.0 [ 96 ], the CD-search against the 
CDD v.3.21 database [ 97 ], and the Needle global alignment 
tool from the EMBOSS suite v .6.5.7 [ 72 ]. Partial, low-quality ,
and prokaryotic sequences, as well as centractins and other 
ARPs, were removed. Unannotated sequences with less than 

70% identity to the human β-actin were designated as “actin- 
like.”The sequences were aligned using Clustal Omega v.1.2.4 

[ 98 ] with default settings and visualized alongside the sec- 
ondary structure of human β-actin (PDB ID: 6NBW) using 
the ESPript web-server v.3.0 [ 99 ] and Jalview v.2.11.2 [ 100 ].
The list of functional and inhibitor-binding residues of the hu- 
man β-actin was obtained from literature [ 101–103 ], while 
the heme-binding residues were predicted using the HeMo- 
Quest web-server [ 104 ]. 

Protein structure modeling 

The 3D structures of H. dujardini and H. panicea actins were 
modeled using the SWISS-MODEL web server [ 105 ] and the 
AlphaFold v.3.0 web server [ 106 ], and visualized with Py- 
Mol v2.5.2 [ 107 ]. Template structures on the SWISS-MODEL 

server were selected based on Global Model Quality Estimate 
scores, with the Acanthamoeba actin structure (PDB: 4EFH) 
used for H. dujardini actins 1, 2, 3, and H. panicea actin 

models, and the Caenorhabditis elegans actin structure (PDB: 
1D4X) used for the H. dujardini actin 6 model. 

https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
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uclei isolation for electrophoresis and western 

lotting 

he tissue was incubated in 150 μL of Buffer 1 (25 mM Tris-
Cl pH 7.4, 1 mM MgCl 2 , 5 mM KCl, 1 mM DTT, 1% NP-

0, protease inhibitor cocktail) for 15 min at 4 

◦C and vor-
exed to mix and then centrifuged at 3000 rpm for 5 min
t 4 

◦C. The supernatant, containing the cytoplasmic fraction,
as collected. The pellet was resuspended in 1 mL of Buffer
 (25 mM Tris-HCl pH 7.4, 1 mM MgCl 2 , 5 mM KCl, 0.3
 sucrose, protease inhibitor) and was centrifuged at 6000

pm for 5 min at 4 

◦C. Around 50–70 μL of Buffer 3 (20 mM
ris-HCl pH 7.4, 400 mM NaCl, 1.5 mM MgCl 2 , 0.1% NP-
0, 1 mM DTT, protease inhibitor cocktail) was added to the
ellet. The tube was shaken for 30 min in a cold room and
entrifuged at 10 000 rpm for 5 min. The supernatant, con-
aining the nuclear fraction, was transferred to a new tube. 

solation of granulated cells for TEM, 
lectrophoresis, and Western blotting 

o isolate cells with granules from the sponge body tissue, the
ell suspension was fractionated using a Percoll gradient with
utoffs of 30%, 70%, and 90%. Cells with granules were con-
entrated at the 30% / 70% boundary of the Percoll gradient
 Supplementary Fig. S4 A). The isolated cells were pooled in
000 mL of FSW, centrifuged at 300 rpm, and washed three
imes with FSW. Cells with granules confirmed by transmis-
ion electron microscopy (TEM) ( Supplementary Fig. S4 B)
ere used for proteomic analysis. 

EM of sponge body tissue and granulated cells 

or the ultrastructural studies, the sponge body tissues and
he isolated cells on the coverslips were fixed with 2.5% glu-
araldehyde solution in FSW for 24 h and processed as previ-
usly described [ 58 ]. Ultrathin sections with a nominal thick-
ess of 80 nm were prepared using Reichert-Jung Ultracut E
ltramicrotome equipped with a Diatome Ultra 45 diamond
nife. Sections were mounted on formvar-coated copper slot
rids and post-stained with lead citrate for 3 min. Specimens
ere studied and imaged using JEM 1400 electron microscope

JEOL) running at 80 kV and equipped with QUEMESA dig-
tal camera (OSIS). 

lectrophoresis and Western blotting 
he ferritin complex band was isolated from the native gel
s described earlier [ 65 ]. The H . dujardini body tissue, dis-
ociated, aggregated cells, nuclear and cytoplasmic fractions,
nd larvae lysates were separated by sodium dodecyl sulfate-
olyacrylamide gel electrophoresis (SDS-PAGE) electrophore-
is as described earlier [ 64 , 65 ]. The H . dujardini body tissue,
issociated, aggregated cells and larvae lysates containing 80
g of protein were diluted in the sample buffer and maintained

or 3 min in a water bath at 95 

◦C. SDS-PAGE electrophore-
is (160V) in 10% or 12% polyacrylamide gel was performed
ollowed by Coomassie blue staining or protein transfer to a
.45- μm nitrocellulose membrane. The membranes were incu-
ated with rabbit A2066 antibody against the C-terminus of
lpha actin (Sigma, Israel) or mouse ACTBD 11B7 antibody
gainst the C-terminus of beta actin (Santa Cruz Biotechnol-
gy, Santa Cruz, USA) or rabbit pAb antibody to H3 histone
H0164, Sigma-Aldrich, USA). 
LC-MS / MS analysis 
Samples were loaded in buffer (2% ACN, 98% H2O, 0.1%
TFA) at a flow rate of 4 mL / min into a custom-made trap col-
umn (50 × 0.1 mm) packed with Reprosil-Pur 200 C18-AQ 5
μm (Dr. Maisch) at RT, then into a home-packed fused-silica
column (300 × 0.1 mm) packed with Reprosil-Pur C18-AQ
1.9 μm (Dr. Maisch) and connected to an emitter prepared
with a P2000 Laser Puller (Sutter, USA). Reverse-phase chro-
matography was performed using an Ultimate 3000 Nano
LC System (Thermo Fisher Scientific) coupled to an Orbitrap
Tribrid Lumos mass spectrometer (Thermo Fisher Scientific)
via a nanoelectrospray source (Thermo Fisher Scientific) (for
details see Supplementary Text). 

MS raw files were analyzed using PEAKS studio 10.0
(Bioinformatics Solutions Inc.) [ 108 ]. Proteins were identi-
fied by searching against the H. dujardini and H. panicea se-
quence databases (NCBI project numbers PRJNA594150 and
PRJNA594151), with carbamidomethylation of cysteine as a
fixed modification, and deamidation of asparagine / glutamine
and methionine oxidation as variable modifications. False dis-
covery rate (FDR) for peptide-spectrum matches as deter-
mined by searching a reverse database was set to 0.01. En-
zyme specificity was set for cleavage at the C-terminal arginine
and lysine, with a maximum of two missed cleavages allowed
in the database search. Peptide identification was performed
with an allowed initial precursor mass deviation of up to 10
ppm and an allowed fragment mass deviation of 0.05 Da. 

Immunofluorescence assay of H. dujardini cells 
Immunofluorescent staining with the actin antibodies and
phalloidin (for F-actin) was performed for H. dujardini sam-
ples to assess actin distribution within the cells. The polyclonal
rabbit A2066 (Sigma, Israel) or monoclonal mouse ACTBD
11B7 (Santa Cruz Biotechnology, Santa Cruz, USA) antibodies
against β-Actin were used for the assessment of the subcellular
localization of protein ( Supplementary Fig. S5 ). Dissociated
cells were incubated for 1 h in FSW in a six-well plate with a
coverslip at the bottom to mount the cells, and then fixed with
3.5% paraformaldehyde solution (in FSW) for 15 min. To re-
veal actin distribution in sponge tissue, individual specimens
were fixed with 3.5% paraformaldehyde solution (in FSW) for
2–6 h at RT, washed in PBS, and embedded in cryoprotectant.
Freezing was carried out at −40 

◦C in hexane. Sections with a
thickness of 12 μm were cut using a Leica CM1950 cryostat
and mounted onto adhesive glass slides. Sections were dried,
rehydrated in PBS and stained as described [ 65 ] with the mon-
oclonal mouse antibody against actin (1:1000) (for details see
Supplementary Text). 

Results 

Structure of H. dujardini and H. panicea actin genes

To investigate the genetic basis of the actin plasticity in
sponges H. dujardini and H. panicea , the actin genes of
both sponges were identified in their genomes and their
exon / intron structures were determined. We analyzed the reg-
ulatory sequences located in the promoter and more distal (en-
hancer) regions of the actin genes. A total of seven actin genes
were identified in the genome of H. dujardini , along with a set
of ARPs and homologs of conserved interaction partners of
actin ( Supplementary Table S2 ). 

https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
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Seven actin genes in H. dujardini (HdA 1–7) and four in
H. panicea (HpA 1–4) have the greatest similarity to typical
cytoplasmic actins of eukaryotes (Fig. 1 ). Genomic data re-
vealed that some of these actin genes are localized in proxim-
ity to each other, with some forming a tandem cluster. In H.
dujardinii , HdA1 and HdA2 are located in one scaffold, while
HdA3 , HdA4 , and HdA7 are in another. HpA1 , HpA2 , and
HpA4 are positioned relatively close within a single scaffold
in H. panicea . The colocalized actin genes of H. dujardini , A.
queenslandica and two actin genes of H. panicea are oriented
in the same direction, with individual promoters. The other
two genes of H. panicea are on opposite DNA strands and can
be regulated by a bidirectional promoter (Fig. 1 ). Interestingly,
the intergenic distances between the pairs HdA1-HdA2 and
HdA3-HdA4 are very similar (around 4500 bp), whereas H.
panicea actin genes are more spread apart. The coding regions
of H. dujardini genes HdA1, HdA2, and HdA3 differ only by
synonymous nucleotide substitutions. Similarly, the coding re-
gions of H. panicea genes HpA1, HpA2, and HpA3 displayed
differences only at the nucleotide level. The coding regions of
HdA6 of H. dujardini and HpA4 of H. panicea are markedly
different from the rest of actin genes in these sponges. All four
actin genes of H. panicea have a single intron at the position
of 86 aa, while the actin gene of A. queenslandica AqAcyt1
has an intron at the position 85 and the AqA85C has two in-
trons at the positions of 75 and 85 aa. In contrast, all actin
genes of H. dujardini, except HdA6, are intronless. HdA6 has
an intron at the position of 89 aa, with the length of 1043
bp – markedly longer than the actin gene introns of the other
sponges (Fig. 1 , Supplementary Table S3 ). The intron of HdA6
contains repeating sequences ( Supplementary Fig. S6 ), with
RepeatMasker identifying four small regions ( < 100 nt) as re-
peat families, in addition to simple repeats. Each of these sec-
tions was defined as a representative of a separate unclassi-
fied repeat family constructed by RepeatModeler using the
whole genome of H. dujardini . RepeatModeler did not re-
veal any full-fledged mobile elements with their own read-
ing frames in the intron of HdA6 . However, mirPara [ 109 ]
predicted two regions that may contain miRNAs in HdA6
( Supplementary Fig. S6 ). 

The Inr and T A T A -box are the most common elements
of the actin core promoter in the studied sponges (Fig. 1 ).
The sponge actin genes HdA2 , HpA2 , and AqAcyt1 have a
CArG motif without the Inr or the T A T A-box. The HdA6
and HdA7 have only the Inr. We did not find any core pro-
moter elements in HpA4 of H. panicea and AqAcyt1 of A.
queenslandica . Sponge HdA1 , HdA5 and human ACTB pos-
sess CCAAT-boxes. E-box1 and E-box2 motifs were found in
the sponge HdA1, HdA3 and the human ACTG2 . The H.
dujardini and H. panicea actin genes have CpG islands of
different lengths. Only HdA1 and HdA3 , as well as the hu-
man ACTB have CpG islands in the upstream regions (Fig.
1 ). Thus, while sponge actin genes share a similar coding se-
quence, their 5 

′ regulatory regions differ, suggesting possible
independent regulation of their expression and binding with
ARPs. 

Next, we analyzed the diversity of H. dujardini actins using
transcriptomes of various sponges and the human actins for
comparison (Fig. 2 ). Comparison of the amino acid sequences
of H. dujardini and H. sapiens actin isoforms revealed that
HdA1 / 2 / 3 are most similar to human β-actin. HdA7 has an
equal level of similarity to all human actin isoforms (Table
1 , Supplementary Table S4 ). The isoforms HdA1 / 2 / 3, HdA4,
and Hd5 differ by a few amino acids: at the positions 3, 4,
and 5 in the N -terminal region and at the positions 54 and 

307, 309, 320, and 355 (Fig. 2 , Supplementary Fig. S7 ). The 
HdA6 and HdA7 differ significantly from the other actins: 
H. dujardini HdA6 experienced a surge of amino acid sub- 
stitutions and shows only 74.06% identity to the conserved 

actin human isoforms at the amino acid level and has multi- 
ple substitutions in the functional domains, HdA7 lacks part 
of the N -terminal region, which forms the second protein sub- 
domain (Fig. 2 , Supplementary Fig. S7 ). It is important to note 
that the missing region in HdA7 carries the binding site for 
DNAse 1, as well as several residues involved in ATP bind- 
ing ( Supplementary Fig. S7 ). The three-dimensional structures 
of H. dujardini HdA1 / 2 / 3, HdA6 and H. panicea HpA1 / 2 / 3
were modeled using a published crystallographic template of 
actin (Fig. 3 , Supplementary Fig. S8 ). Actin subdomains S1, S2,
S3, and S4 were identified. The N -terminal region is located 

in S1 in all actins, but in HdA1 / 2 / 3 it is significantly shorter 
compared to the human actin ( Supplementary Fig. S9 ). 

Ph ylogen y of H. dujardini actin genes 

To analyze the evolutionary history of the actin family mem- 
bers, we built a phylogenetic tree using the amino acid se- 
quences of actins and ARPs, including homologs from sponges 
H. dujardini , H. panicea , and A. queenslandica . In the re- 
constructed phylogeny the intronless actins of H. dujardini ,
HdA1–5 and HdA7 , group inside a cluster of conserved cy- 
toplasmic actins (Fig. 4 ). The intronless actins of H. dujar- 
dini form a single clade, suggesting their relatively recent ori- 
gin from a single ancestral sequence through gene duplica- 
tions, albeit the support values within the group of conserved 

actins are low. The divergent actin HdA6 also falls within 

the group of conserved actins in the consensus phylogeny,
but its exact position is poorly resolved and its branch is no- 
ticeably longer than that of typical actin sequences. To as- 
sess whether the divergence of HdA6 is a consequence of 
gene decay due to complete loss of function, we estimated the 
Ka / Ks ratio among the H. dujardini actins. With over 300 

nucleotide substitutions separating the HdA6 from the con- 
served actin variants HdA1–5 , the overall Ka / Ks ratio was es- 
timated to be approximately 0.03, indicating strong purifying 
selection over the whole sequence ( Supplementary Table S5 ).
A BLAST search in the genome of H. caerulea (GenBank ac- 
cession: GCA_963170055.1), a close relative of H. dujardini,
did not reveal any sequences with high similarity to HdA6,
suggesting that HdA6 is a unique feature of H. dujardini . 

Thus, the conserved Hd1 / 2 / 3 are likely involved in fulfill- 
ing the core cytoskeletal functions of eukaryotic actins in H.
dujardini , while the divergent HdA6 might have acquired a 
separate role. 

Cellular localization of H. dujardini actin mRNAs 

To visualize the distribution of actin mRNAs in sponge cells,
the fluorescence in situ hybridization (FISH) was used with 

five different oligonucleotide probes that were specifically de- 
signed to target the coding sequences of the actin genes of 
H. dujardini ( Supplementary Fig. S2 ). The distinct localiza- 
tion patterns of their mRNAs in cells were revealed by us- 
ing multiple combinations of oligonucleotide probes. Cells 
treated with HdA1 / 2 / 3 and HdA7 probes displayed numer- 
ous discrete spots throughout the cytoplasm, including within 

cellular protrusions (Fig. 5 ). HdA6 mRNA was localized in 

https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
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A

B

C

D

Figure 1. Regulatory elements of actin genes in sponges and humans. (A) H. dijardini ; ( B ) H. panicea ; ( C ) A. queenslandica conserv ativ e ( A qA cyt1 ) and 
non-conserv ativ e actin ( AqA85C) ; ( D ) human β- ( ACTB ) and γ-actin ( ACTG2 ). The figure shows DNA motifs involved in gene regulation, including core 
promoter elements (T A T A box, initiator (Inr), and transcription factor B recognition element (BRE)). Additionally, CpG islands, which can be linked to 
housekeeping gene expression, are present. Besides, the DNA sequences involved in the regulation of actin genes in bilateral animals, such as E-box1, 
E-bo x2, CCAAT-bo x, CArG-bo x are sho wn. T he enhancer A TGGT AA T AA, located in the intron of vertebrate actin genes, is sho wn f or the human gene but 
was not found in sponges. The coordinates of the elements are indicated relative to the transcription start sites of the corresponding genes. The 
transcriptional start site for HdA1, HdA2, and HdA3 of H. dujardini was identified by using RACE. For other actin genes, the start of transcription was 
predicted using transcriptomic data. An alternative 3 ′ splicing site is found in the HpA4 gene ( B ). Arrows, direction of transcription; black numbers, 
dist ances bet w een actin genes located on the same scaff old; orange numbers, start of CpG islands; gre y numbers, lengths of introns. T he position in 
the amino acid sequence is also indicated for introns (more information about intron positions is provided in Supplementary Table S3 ). 

https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
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Figure 2. Functional and inhibitor-binding residues of H. dujardini and H. panicea actins aligned with non-conserved actins from other sponges and H. 
sapiens β-actin (ACTB). The top panel displays the ACTB secondary str uct ure (PDB ID: 6NBW), alignment conservation scores, and residues involved in 
the ATP-binding (orange), DNAse-I binding (pink), and Phalloidin / Jasplakinolide inhibitor binding (cyan). Below, three representative regions of the 
alignment for selected sponge actins are shown (panels A, B, and C; accession numbers in Supplementary Table S12 ). Similar sequences of the same 
species were merged (85–99% identity denoted by “∼,” 100% by “/ ”), showing only one representative sequence, with identity levels to human ACTB 

indicated next to the sequence names. Hd, Halisarca dujardini; Hp, Halichondria panicea; Aq, Amphimedon queenslandica; Em, Ephydatia muelleri; Lb, 
Lubomirskia baikalensis; Sca, Stylissa carteri; Sl, Spongilla lacustris; Xt, Xestospongia testudinaria; Av, Aphrocallistes vastus; Ea, Euplectella aspergillum; 
Om, Oopsacas minuta; Op, Oscarella pearsei; Lc, Leucosolenia complicata; Sci, Sycon ciliatum. 

https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
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Table 1. The percent of identity between H. dujardini actins and H. sapiens 

Percent of identity with H. sapiens homologs (%) 

Protein 
name 

ACTG 

NP_001186883.1 
ACTBM 

Q9BYX7 
ACTB 

NP_001092.1 
ACTBL 

NP_001017992.1 
ACTC 

NP_001393411.1 
ACTS 

NP_001091.1 

HdA1 96.79 89.04 97.33 90.43 93.58 92.84 
HdA2 96.79 89.04 97.33 90.43 93.58 92.84 
HdA3 96.79 89.04 97.33 90.43 93.58 92.84 
HdA4 96.26 88.77 97.33 89.89 92.78 92.25 
HdA5 95.45 87.70 96.26 89.10 92.25 91.71 
HdA6 73.80 69.25 73.53 72.07 73.60 72.53 
HdA7 87.87 83.95 87.87 82.95 87.96 87.29 
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he cytoplasm and perinuclear area, with some cells predom-
nantly expressing HdA6 (Fig. 5 A, C). Notably, the expres-
ion of HdA1 / 2 / 3 was significantly higher compared to HdA6
 Supplementary Fig. S10 B). Thus, the expression of the diver-
ent actin HdA6 is distributed across cells in more specific
anner than the expression of the conserved actins, and their

xpression regions within cells do not overlap completely,
ointing to the separation of their functions in the sponge
ells. 

haracteristics of protein products of H. dujardini 
ctin genes 

o characterize the protein products of different H. dujar-
ini actin genes, homogenates from different sponge sam-
les (body tissue, dissociated cells, cell aggregates, and lar-
ae) were fractionated by electrophoresis in polyacrylamide
els ( Supplementary Fig. S11 ). The proteins were extracted
rom the gels and processed by LC-MS / MS. The H. du-
ardini actin HdA1 / 2 / 3 has 376 amino acids, a predicted
olecular weight (MW) of 41816.41 Da, and an isoelectric
oint (pI) of 5.15. The sequence of the truncated HdA7 iso-
orm has only 311 amino acids, predicted MW of 34 860
a and pI 5.3. The divergent HdA6 has 379 amino acids,
redicted MW of 42038.49 Da and a pI of 4.85, which
s lower than that of HdA1 / 2 / 3. Only two protein prod-
cts of H. dujardini actin genes, along with some ARPs,
ere identified by LC-MS / MS (Table 2 , Supplementary Fig.

12 ). The major HdA1 / 2 / 3 actins and the divergent HdA6
ere present in the native ferritin complex and SDS-PAGE

amples from body tissue, dissociated cells, cell aggregates,
nd larvae (Table 2 ). HdA6 was detected only in the nu-
lei of H. dujardini cells (Table 2 ). LC-MS / MS analysis
evealed multiple PTMs in the HdA1 / 2 / 3 actins: acetyla-
ion, methylation, carbamidomethylation, deamidation, ox-
dation, and ubiquitination ( Supplementary Tables S6 and
7 ). The GQKDSYV GDEA QSK epitope was detected in
dA1 / 2 / 3 actin ( Supplementary Fig. S12 ). The first me-

hionine in HdA1 / 2 / 3 was removed, and the N -terminus
as mainly acetylated at G2, with less frequent acetylation

t A19. Methylation at H73 was observed in about half
f the cases, while oxidation of methionine at M16, M44,
47, and M305 occurred in approximately 75% of the ob-

erved cases ( Supplementary Fig. S12 ). The N -terminus of
dA6 was not detected in the samples studied. PTMs ob-

erved in HdA6 included methylation, carbamidomethyla-
ion, deamidation, and oxidation ( Supplementary Table S6 ).
xidation of methionine in Hd6 was observed at M48 and
51 ( Supplementary Fig. S12 ). In addition, ARPs Arp2,
Arp3, ARPC2, Severin / Fragmin, Profilin 1, and ERM fam-
ily 2-like, which regulate actin dynamics, were identified
( Supplementary Fig. S13 ). 

To investigate the actin dynamics and distribution during
morphogenic processes within H. dujardini sponge cells, we
employed both TEM and confocal fluorescence microscopy,
using antibodies specific to β-actin and phalloidin, which
binds to F-actin (Fig. 6 ). Given the active motility and rapid
changes in the shapes of sponge cells, we expected to find
not only individual microfilaments but also robust bundles re-
sponsible for cellular contractility. Indeed, TEM and ultrathin
section imaging revealed well-defined actin bundles spanning
the cytoplasm, suggesting their role in maintaining cell struc-
ture and motility (Fig. 6 A and B). 

Live-cell imaging of dissociated H. dujardini cells show-
cased a variety of morphologically distinct and motile sponge
cells, with different ROS status, pseudopodia sizes, and in-
tracellular granules ( Supplementary Movie 1 ). Time-lapse mi-
croscopy highlighted the morphological dynamics of stellate
and amoebocyte-like cells, which rapidly adjusted their pseu-
dopodia size and number during phagocytosis of bacteria or
small particles ( Supplementary Movie 2 ), as well as during
cell-to-cell contacts ( Supplementary Movie 3 ). 

Confocal fluorescence imaging further elucidated the dis-
tribution of actin and F-actin-containing microfilaments in
different sponge cells (Fig. 6 ). Cells within the sponge body
tissue exhibited diverse morphological structures and varying
degrees of polarization. Many cells had thin filopodia, while
cells with lamellae stained with phalloidin showed actin-rich
structures. Cell contacts were characterized by dot-like actin
granules (Fig. 6 ). Morphological analysis of the anterior edges
of aggregating cells after sponge body dissociation revealed
various types of protrusions and distinct distributions of poly-
merized F-actin (Fig. 6 , Supplementary Fig. S14 ). Some freely
moving sponge cells adhered to glass surfaces and extended
different projections that facilitated cell-to-cell contact and ag-
gregation ( Supplementary Fig. S14 ). These outgrowths, par-
ticularly in stellate and amoebocyte-like cells, as well as the
lamellae, were enriched in F-actin. Cells migrating on surfaces
or within the mesohyl exhibited a rounded amoeboid shape of
varying sizes, with hemispherical vesicles or an actin-rich lead-
ing edge (Fig. 6 ). Twenty-four hours post-dissociation, the cells
formed aggregates with spherical structures of varying sizes.
These aggregates floated freely in the water column, contacted
each other, and merged ( Supplementary Movie 4 ), but were
easily disintegrated by external influences—unlike the more
stable native sponge body tissues (Fig. 7 ). 

The mobility and direction of sponge cell outgrowths
depend on F-actin turnover, which can be inhibited by

https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
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Figure 3. Predicted 3D str uct ures of H. dujardini (HdA1 / 2 / 3 and HdA6) and H. panacea (HpA1 / 2 / 3) actins. The actin str uct ure of Acanthoamoeba (PDB: 
4EFH) served as a template for modeling H. dujardini HdA1 / 2 / 3 and H. panicea actins, while the str uct ure of C. elegans actin (PDB: 1D4X) was used for 
the H. dujardini HdA6 model. Amino acid numbering corresponds to the human ACTB sequence, starting from the initial methionine. The N -terminus 
and active site models were predicted using the AlphaFold v3 web server, whereas the models shown in the other panels were predicted using the 
SWISS-MODEL server. 
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Halichondria panicea XP_064406301.1 actin-related protein 8-like

Homo sapiens Q9H568 Actin-like protein 8
Amphimedon queenslandica XP_003382936.1 actin-like

Halichondria panicea XP_064390597.1
microtubule-associated protein futsch-like

Halichondria panicea XP_064405706.1 actin clone 302-like
Amphimedon queenslandica XP_003382937.3 actin-5-like

Amphimedon queenslandica XP_019853827.1 actin-85C-like
Amphimedon queenslandica XP_003384376.1 actin-3-like

Drosophila melanogaster NP_477037.2 Actin-related protein 53D
Saccharomyces cerevisiae NP_116614.1 actin

Spizellomyces punctatus KNC96885.1 actin-A3b
Spizellomyces punctatus KNC99042.1 actin-A3b
Halisarca dujardinii MT451957.1 HdA4
Halisarca dujardinii MT451958.1 HdA5

Halisarca dujardinii MT518195.1 HdA7
Halisarca dujardinii MT451954.1 HdA1
Halisarca dujardinii MT451955.1 HdA2
Halisarca dujardinii MT451956.1 HdA3
Amphimedon queenslandica XP_019851846.1 actin cytoplasmic 1

Halichondria panicea XP_064405707.1 LOC135350798 HpA4
Halichondria panicea XP_064405711.1 HpA2
Halichondria panicea XP_064390159.1 HpA3
Halichondria panicea XP_064405712.1 HpA1

Nematostella vectensis XP_001628180.1 actin-5
Halisarca dujardinii MT451959.1 HdA6

Nematostella vectensis XP_001621292.2 actin cytoplasmic
Nematostella vectensis XP_001637076.1 actin cytoplasmic 1
Nematostella vectensis XP_032239983.1 actin non-muscle 6.2-like
Nematostella vectensis XP_001630039.1 actin cytoplasmic 1

Nematostella vectensis XP_032239984.1 actin cytoplasmic 1
Nematostella vectensis XP_001630069.1 actin cytoplasmic 1
Nematostella vectensis XP_001630583.1 actin-2

Capsaspora owczarzaki XP_004345608.1 actin
Capsaspora owczarzaki XP_004365563.1 actin

Homo sapiens P62736 Actin aortic smooth muscle
Homo sapiens P63267 Actin gamma-enteric smooth muscle
Homo sapiens P68032 Actin alpha cardiac muscle 1
Homo sapiens P68133 Actin alpha skeletal muscle

Drosophila melanogaster NP_523800.1 actin 57B
Drosophila melanogaster NP_731812.1 actin 87E
Drosophila melanogaster NP_524210.1 actin 79B
Drosophila melanogaster NP_524367.1 actin 88F

Drosophila melanogaster NP_001014726.1 actin 5C
Drosophila melanogaster NP_523625.1 actin 42A
Homo sapiens P63261 Actin cytoplasmic 2

Homo sapiens Q562R1 Beta-actin-like protein 2
Homo sapiens P60709 Actin cytoplasmic 1

Homo sapiens Q9BYX7 Putative beta-actin-like protein 3
Homo sapiens A5A3E0 POTE ankyrin domain family member F
Homo sapiens Q6S8J3 POTE ankyrin domain family member E
Homo sapiens P0CG38 POTE ankyrin domain family member I
Homo sapiens P0CG39 POTE ankyrin domain family member J

Actin-like protein 6

Actin-related protein 6

Actin-related protein 5

H. sapiens actin-like proteins 7, 9, 10

H. sapiens actin-related proteins T1-3

Actin-related protein 3

Actin-related protein 2

Actin-related protein 1 (centractin)

Actin-related protein 10

conserved actin 
group
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Figure 4. Phylogenetic tree of actins and ARPs. The phylogeny was reconstructed using the Bayesian inference of PhyloBayes with the LG + CAT 
model; branch support values are posterior probabilities estimated using four independent chains; the support values are shown for a selection of 
branc hes; blac k dots at the branc hes indicate nodes with posterior probabilities o v er 0.98; the sequences of H. dujardini are highlighted in red. 
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asplakinolide, a cell-permeable macrocyclic peptide. To deter-
ine whether actin depolymerization affects H. dujardini cell
ovement and reaggregation, we used jasplakinolide to sta-
ilize F-actin. Treatment with jasplakinolide at doses of 1–4
M resulted in a dose-dependent decrease in the formation of
mall cell aggregates attached to surfaces two hours after dis-
ociation, and it reduced the formation of spherical aggregates
4 h after sponge body dissociation ( Supplementary Fig. S15 ).
 low dose (1 μM) reduced cell movement and adhesion in
issociated cells compared to the control group 2 hours af-
er treatment (compare Supplementary Movies 5 and 1 ), with
ost sponge body cells accumulating F-actin ( Supplementary 
ig. S16 ). However, F-actin stabilization was not observed in
ells with long, thin outgrowths, marked by punctate F-actin
( Supplementary Fig. S16 ). After treatment with jasplakinolide
at 1 μM, ubiquitination of HdA1 / 2 / 3 was detected at posi-
tions K239, T280, and T328 ( Supplementary Table S6 ). 

Thus, a ctin in H. dujardini cells exhibited diverse distribu-
tions and varying degrees of polymerization throughout the
reaggregation process. Newly formed elongated outgrowths
were initially stained with phalloidin, indicating the pres-
ence of F-actin, followed by actin accumulation in specific
compartments, eventually leading to the formation of actin
granules. Stabilization of F-actin by jasplakinolide inhibited
reaggregation, reduced intercellular adhesion, and altered the
three-dimensional organization of cell aggregates. Actin dy-
namics reflect a cell-specific functional state and highlight
its crucial role in cellular rearrangements, interactions, and

https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
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Figure 5. FISH images of mRNA distributions of HdA1 / 2 / 3 , HdA6 or HdA7 in H. dujardini cells. The images of H. dujardini cells labeled by oligonucleotide 
probes targeting the coding sequence of the actin genes obtained with a Carl Zeiss LSM 880 confocal microscope using Airyscan technology [ 93 ]. ( A ) 
Confocal image of cells with oligonucleotide probes targeting the coding sequence of the actin HdA1 / 2 / 3 (green) and HdA6 (red); ( B ) Confocal image of 
cells with oligonucleotide probes targeting the coding sequence of the actin HdA7 (green) and HdA6 (red); ( C ). C. R epresentativ e 3D projection of body 
tissue cells labeled with Hd1 / 2 / 3 (green) and HdA6 (red) oligonucleotide probes. Nuclei were stained with Hoechst 33342. Scale bar: 10 μm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

general reorganization of sponge body tissues and during
reaggregation. 

H. dujardini single-cell RNA-seq experiment 

In order to determine a potential role of the divergent HdA6
in the sponge structural organization we unravel the cellular
heterogeneity of H. dujardini and the cell-type-specific expres-
sion patterns of actin genes by the single-cell RNA sequencing
(scRNA-seq) with two independent biological replicates. After
applying quality control and preprocessing, expression data
for 23 720 genes from 22 145 individual cells were obtained.
Following initial clustering, the differential expression mark-
ers were manually inspected and cells expressing multiple or
no marker sets were excluded. Reclustering resulted in 21 dis-
tinct clusters, each defined by a highly distinctive marker gene
set (Fig. 8 A, Supplementary Table S8 A). Notably, some differ-
entially expressed genes marked groups of clusters rather than
individual clusters, suggesting a hierarchical structure within
sponge cell lineages ( Supplementary Fig. S17 ). The most abun-
dant are clusters CL0 and CL2, both forming a large central
cluster (Fig. 8 A). The cluster 0 contains the largest number of
cells of all the clusters in the data set and is represented by cells 
expressing genes for Jacalin-like protein, von Willebrand fac- 
tor type A and Deleted in malignant brain tumors 1 protein- 
like 3, which may be actively involved in regulating the ECM 

and maintaining proper cellular function by inhibiting cell 
growth and inducing apoptosis ( Supplementary Table S8 A).
These genes are also expressed in the cluster 2 that specifi- 
cally marked by genes of histone H3 and the cell proliferation- 
associated Ki-67-like protein. To interpret these cell type re- 
lationships, the self-assembled manifold mapping (SAMap) 
[ 83 ] was applied to align the H. dujardini clusters with an- 
notated cell types from the freshwater juvenile sponge S. la- 
custris [ 7 ] and the adult marine sponge A. queenslandica 
[ 84 ] ( Supplementary Fig. S18 ). The largest cluster 0 maps to 

different cell types, including choanocytes and archaeocytes 
( Supplementary Fig. S18 ). The cluster 2 likely represent pro- 
liferating variants of cluster 0 cells. Interestingly, specific ex- 
pression of the divergent HdA6 was observed in clusters 3,
5, and 8 (Fig. 8 B, C), which, according to SAMap analysis,
corresponded to various pinacocyte subtypes and were adja- 
cent to its main representative, cluster 1 ( Supplementary Fig. 
S18 ). In contrast, other actin forms, including HdA1 / 2 / 3 ,

https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
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Table 2. Extended LC-MS / MS data-summary and supporting peptides 

# Description Protein -10lgP Cov. (%) #Peptides #Unique PTM Avg. Mass 

1 Body tissue HdA1 / 2 / 3 383.99 87 683 5 Carbamidomethylation; 
Oxidation (M); Acetylation 
(Protein N -term); Ubiquitin 

41 817 

HdA6 208.06 32 17 11 Carbamidomethylation; 
Oxidation (M) 

42 039 

2 Dissociated cells HdA1 / 2 / 3 358.69 84 144 22 Carbamidomethylation; 
Oxidation (M); Acetylation 
(Protein N -term); Ubiquitin 

41 817 

3 Cell aggregates HdA1 / 2 / 3 315.22 80 104 99 Carbamidomethylation; 
Oxidation (M); Acetylation 
(Protein N -term); Ubiquitin 

41 817 

HdA6 175.71 28 14 9 Carbamidomethylation; 
Oxidation (M) 

42 039 

4 Granulated cells HdA1 / 2 / 3 80 83 14 Oxidation (M); Deamidation 
(NQ); Carbamidomethylation; 
Acetylation (Protein N -term) 

41 817 

HdA6 36 14 11 Oxidation (M) 42 039 
5 Body tissue, 

Cytoplasm 

HdA1 / 2 / 3 186.08 58 28 11 Oxidation (M); Deamidation 
(NQ); Carbamidomethylation; 
Acetylation (Protein N -term); 
Ubiquitin 

41 817 

6 Body tissue, Nuclei HdA1 / 2 / 3 292.32 69 81 2 Oxidation (M); Deamidation 
(NQ); Carbamidomethylation; 
Acetylation (Protein N -term); 
Ubiquitin 

41 817 

HdA6 106.46 18 10 8 Carbamidomethylation; 
Oxidation (M) 

42 039 

7 Dissociated cells, 
Cytoplasm 

HdA1 / 2 / 3 224.36 44 30 15 Carbamidomethylation; 
Oxidation (M); Deamidation 
(NQ); Acetylation (Protein 
N -term); 

41 817 

8 Larva tissue HdA1 / 2 / 3 657.43 92 302 7 Carbamidomethylation; 
Deamidation (NQ); 
Methylation (KR); Oxidation 
(M); Ubiquitin; Ubiquitination 

41 817 

HdA6 300.13 69 29 24 Carbamidomethylation; 
Deamidation (NQ); 
Methylation (KR); Oxidation 
(M); Ubiquitin; Ubiquitination 

42 039 

9 Native ferritin 
complex of body 
tissue 

HdA1 / 2 / 3 208.5 51 18 8 Carbamidomethylation; 
Oxidation (M); Deamidation 
(NQ) 

41 817 

HdA6 62.62 7 2 2 Oxidation (M); 
Carbamidomethylation 

42 039 
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xhibited uniform expression across all clusters (Fig. 8 B
nd C). 

Among the HdA6 -specific clusters, cluster 5 has the most
biquitous HdA6 expression , along with marker genes of
GFR (Epidermal growth factor receptor-like) and an un-
haracterized protein, which is likely specific to H. dujar-
ini. ( Supplementary Table S8 A; Supplementary Fig. S17 ). Sig-
alP predicted a signal peptide in the uncharacterized protein,
nd TMHMM detected no transmembrane domains, suggest-
ng it is likely secreted. Cluster 5 cells also express a range
f genes involved in signaling and cellular adhesion, includ-
ng haem peroxidase (OR460109), DBH-like monooxygenase
PQ034614.1) and neural CAM L1-like (PQ415654) genes
 Supplementary Table S8 B). Based on the homology with
ther animal peroxidases and the presence of a signal pep-
ide, the H. dujardini haem peroxidase likely functions in the
xtracellular oxidative reactions. Additionally, the DOMON-
ontaining DBH-like monooxygenase (PQ034614.1) is pre-
icted to bind heme at H225 ( Supplementary Table S9 ). Clus-
er 3 is marked by genes encoding a serine protease HTRA1A-
like protein and short-chain collagen C4, as well as by ex-
pression of myophilin-like protein (OR460124.1) and Ras-
related protein Rap-2a (PQ415652) ( Supplementary Tables 
S8 A, S8 B). Cluster 8 is marked by ADP-ribosylation factor
genes and expresses the transcription factor Forkhead box
protein L2-like (PQ415653), which is involved in maintaining
genome stability and regulating gene expression, differentia-
tion and apoptosis ( Supplementary Tables S8 A and B). 

Next, we identified genes coexpressed with HdA6 in the
cells of clusters 3, 5, and 8 ( Supplementary Table S10 ).
The structure-specific endonuclease subunit SLX4-like pro-
tein and protein-tyrosine phosphatase genes were consistently
coexpressed with HdA6 in these clusters. In cluster 5 cells,
HdA6 was also coexpressed with genes associated with EGFR-
dependent pathways, including receptor-type tyrosine-protein
phosphatase delta-like, tyrosine-protein kinase, a Frizzled ho-
mologue HduFzdE, and proteins containing fibronectin type
III, PH, and tenascin-X-like 1 domains. This suggests a poten-
tial role for the divergent HdA6 in mediating cellular signaling
and structural organization. 

https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
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Figure 6. The actin str uct ures and distribution in the sponge H. dujardini body tissue and dissociated cells. ( A ) Endo- / exocytosis captured using TEM, 
demonstrating active actin-dependent processes in sponge cells. The circled area is shown enlarged on the right. Scale bar: 1 μm. ( B ) TEM image 
demonstrating a robust bundle of actin microfilaments in the cytoplasm of a sponge cell (highlighted in y ello w pseudo-color). Serial ultrathin sections 
from the circled area are shown enlarged on the right. Scale bar: 500 nm. ( C ) Fluorescent images demonstrating the actin distribution in H. dujardini 
body tissue. Staining with phalloidin (red) and antibody to β-actin A2066 (green), nuclei were stained with Hoechst 33 342 (blue). The cells without 
protrusions demonstrate pronounced stress fibrils of different sizes [ 2 ], lamellae [ 6 ], diffuse distribution of actin in the cytoplasm [ 3 ], large or small actin 
granules in the cytoplasm [ 4 , 7 , 8 ], or numerous actin bundles and transverse arches [ 5 ]. In the cells with protrusions the actin granules of various sizes 
w ere observ ed both in the cell soma and protrusions; stress fibrils sometimes w ere detected, and the phalloidin staining is more pronounced in 
protrusions [ 1 , 9 ]. ( D ) Staining of dissociated sponge cells with phalloidin (red), antibody to β-actin A2066 (green), and Hoechst 33 342 (blue). From top to 
bottom: non-polarized immotile cell with actin granules stained by antibodies but not phalloidin and vice versa; in the cells with protrusions the phalloidin 
staining pre v ailed in protrusions (as in C), and the β-actin antibody re v eal granules in the soma (third from the top) or both in the soma and protrusions 
(bottom panel). In the latter case, phalloidin staining apparently disappears where antibody staining appears, without showing the slightest colocalization 
(circled and enlarged below). ( E ) Staining of dissociated sponge cells with phalloidin (red). antibody to β-actin ACTB 11B7 (green) and Hoechst 33 342 
(blue). From top to bottom: non-polarized immotile cell demonstrates organized lamella with active ruffling, the cell moving down to the right 
demonstrating active blebbing, the cell moving to the left by the extension of the lamella. All three cells without protrusions have obvious co-localization 
of β-actin antibody staining with phalloidin in the cytoplasm periphery, i.e. in the areas of lamella extension under raffling / blebbing, and do not 
demonstrate colocalization in the central region. In the bottom panel, the cell with protrusions has partial colocalization of β-actin antibody staining with 
phalloidin and demonstrates actin granules both in the soma and protrusions. 
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Figure 7. The distribution of actin forms in H. dujardini cells. Confocal images of body tissue ( A ), cell aggregates ( B ), and larva ( C ). Staining with 
phalloidin (red) and antibody to β-actin (green). Nuclei were stained with Hoechst 33342. Within aggregates, cells were densely packed, and some 
displa y ed long, pronounced filopodia. Immunohistochemical staining re v ealed a decrease of F-actin in small cells within the aggregates, and dot-like actin 
granules were absent in both cytoplasmic and cell contact areas ( B ). F-actin-rich cells, primarily choanoblast clusters, observed in mature sponge body 
and larval tissues, selected area in enlarged image (A, C) . Scale bar is 10 μm. 

Figure 8. Single-cell RNA-seq analysis. ( A ) UMAP projection of H. dujardini cells after reclustering into 21 clusters, each defined by manually inspected 
marker gene sets (detailed in S8A Table); cells expressing multiple or no marker sets are in pale grey color. ( B ) Dotplot illustrating the expression of actin 
variants across single-cell clusters. Color represents the mean value of read count of the gene in particular cluster. Dot size represents fraction of cells 
that ha v e non-z ero le v el of e xpression of this gene. ( C ) Violin plots sho wing distributions of actin e xpression le v el in each single-cell cluster f or HdA3 (as 
a representative of the ubiquitously expressed conserved actin paralogs) and HdA6 . 
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Figure 9. Cell-type decon v olution analy sis. ( A ) Cell type decon v olution of bulk RNA-seq samples using MuSiC [ 86 ], with clusters 0 and 2 combined due 
to similar expression patterns and unstable proportion predictions, and clusters 19 and 20 e x cluded f or insufficient mark er gene st abilit y. Results from 

replicates were integrated using mixed linear modeling with lme4 [ 87 ]. ( B ) Data from the same analysis in the form of separate heatmaps for each 
cluster helps to re v eal three main patterns: only seasonal dynamics, depletion during the aggregate stage, and enrichment in the aggregate stage. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Differential gene expression and cell types 

dynamics during the dissociation / reaggregation 

process 

To determine whether cellular specificity is associated with the
reaggregation of sponge cells, the single-cell RNA-Seq data
were integrated with bulk RNA-Seq data for sponge sam-
ples at different reaggregation states (dissociated and aggre-
gated cells, and intact sponge body tissues). The bulk RNA-
Seq dataset also captured seasonal expression dynamics, with
sponge samples collected across key life cycle stages, hereafter
referred to season for brevity: Winter (beginning of spermato-
genesis and oogenesis), Spring (active spermatogenesis and oo-
genesis), Summer (onset of body tissue growth), and Autumn
(end of body tissue growth). To increase the robustness, simi-
lar scRNA-Seq clusters 0 and 2 were merged, and small clus-
ters 19 and 20 were excluded (see Methods). The integrated
RNA-Seq analysis revealed three main types of composition
dynamics for the cell clusters (Fig. 9 ). 
• Seasonal dynamics only, without substantial reaggrega- 
tion response: clusters 1, 3, 7, 11, 12, 14, and 15. 

• Depletion in reaggregation stages: clusters 0 + 2, 6, 9, 10,
16, and 18, showing pronounced depletion, particularly 
in the aggregate stage. 

• Enrichment in the aggregate stage: clusters 4, 5, 8, 13,
and 17, which are more abundant in the aggregate stage 
than at other stages. 

Deconvolution analysis revealed that, upon sponge 
body dissociation, cell cluster 5 decreased while clus- 
ters 0–2 increased, the opposite trend was observed in 

aggregates. 
To further investigate transcriptional regulation of cy- 

toskeletal plasticity during cell reaggregation in H. dujardini ,
we analyzed bulk RNA-Seq expression of actin and actin- 
interacting genes, including members of the Hippo / YAP and 

RhoA-ROCK-myosin-II pathways that coordinate cytoskele- 
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al responses to mechanical stress ( Supplementary Figs S19 –
21 , Supplementary Table S2 ). HdA1 / 2 / 3 are the most highly
xpressed genes in H. dujardini , maintaining relatively sta-
le levels during reaggregation. Under the chosen thresholds
or differential expression (fold change > 1.5, FDR < 0.001;
ee Materials and methods), no significant changes were ob-
erved except for HdA3 decline in Autumn dissociated cells
 Supplementary Fig. S19 ). Generally, expression of the con-
erved HdA1 / 2 / 3 demonstrated a moderate stability, under-
coring an essential role in cellular maintenance and cytoskele-
on organization. In contrast, divergent HdA6 expression was
n order of magnitude lower than HdA1 / 2 / 3 , further decreas-
ng in dissociated cells and continuing to decline in aggregates
cross all seasonal samples ( Supplementary Fig. S19 ). This
onsistent, season-independent downregulation in aggregates
uggests a specific role of HdA6 in cellular response to me-
hanical stress. 

The actin-associated genes, particularly cytoskeletal regu-
ators, cross-linkers, actin monomer-binding, and nucleation
roteins, demonstrated varying transcriptional responses dur-
ng reaggregation. Among cross-linking proteins, Filamin-like
soforms, showed complex, season-dependent regulation. In
issociated cells from Summer samples, Filamin-like 1, 3, 8,
, and 10 and Spectrin alpha- and beta-chains were upregu-
ated, along with Myosin class I C. In contrast, all Filamin-like
enes decreased their expression in Autumn, while in Winter,
nly the expression of Filamin-like 3 decreased, with Filamin-
ike 1 and 10 increasing. Filamin-like 5, ERM family 3, and
ho2 increased their expression under re-aggregation, while

he expression of Filamin-like 8 and W AVE / W ASF2 decreased
cross all seasons studied. Structural proteins, such as Lamin
, showed increased expression in cell aggregates across all
easons. Cytoskeletal proteins showed isoform-specific down-
egulation in aggregates: tubulins α1–4, α10, and β were re-
uced in Spring and Autumn; spectraplakin and tubulins α6–
, γ1, and γ2 decreased in all seasons except Summer; tubulins
 and α6 – across all seasons. Genes from cytoskeletal reg-
latory pathways exhibited notable transcriptional dynam-
cs during reaggregation. Within the Hippo / YAP pathway,
ATS, SAV1, and TEAD1 consistently increased their expres-
ion across reaggregated samples, with Yes-associated protein
YAP) specifically upregulated in Winter, Spring, and Autumn,
ut remaining stable in Summer. Frizzled signaling compo-
ents additionally exhibited seasonal variation, with Winter
amples showing increased FzdC, SFRPa, SFRPb, and SFRPc
evels after dissociation. In the course of reaggregation, FzdB,
zdC, SFRPa, and SFRPb continued to rise, whereas FzdF lev-
ls decreased. 

Overall, this integrated single-cell and bulk RNA-Seq anal-
sis revealed that H. dujardini sponge plasticity during dis-
ociation and aggregation relies on specific cell types, with
dA6 -specific, pinacocyte-like clusters 5 and 8 expand-

ng notably in cell aggregates. The moderate stability of
ajor intronless HdA1 / 2 / 3 isoforms expression, contrast-

ng with the season-independent downregulation of diver-
ent, intron-having HdA6 , suggests distinct roles for these
ctins in cellular responses to mechanical stress. Seasonal
nd reaggregation-driven regulation of cytoskeletal compo-
ents, actin-binding partners, and Rho- and Hippo / YAP-
ignaling proteins underscores the importance of cytoskele-
al plasticity in sponge environmental adaptation and
orphogenesis. 
 

Discussion 

Sponges are an early-diverging group of animals and their re-
markable regenerative properties are provided by the diver-
sity of actins and actin-associated regulatory proteins. Func-
tional cellular heterogeneity can be determined by the ex-
pression of particular actin isoforms. Each sponge genome
contains both conserved and divergent, species-specific actins
(Fig. 4 ). The unusual actin gene organization in H. panicea
(Fig. 1 ) presumably arose by duplication of an ancestral sin-
gle copy gene to maximize actin synthesis [ 110 ]. A compar-
ative analysis of the position of introns in the different actin
genes of sponges with the intron positions in the actin genes
from lower eukaryotes to higher eukaryotes, as well as the
human actins showed an intron conservation at positions 85,
122, and 204 amino acids Supplementary Table S3 ). The actin
genes of sponges H. panicea , E.muelleri , A. queenslanica , H.
dujardini (all of them cl. Demospongia ), Corticium cande-
labrum (cl. Homoscleromorpha) , and S. ciliatum ( cl. Calcarea )
have introns at the common position, around I85. This intron
position is also characteristic of Trichoplax adhaerens (Tri-
choplax) and Hydra attenuata (Hydra) and human smooth
muscle type actins ( Supplementary Table S3 ). This feature may
contribute to the common function of this actin and the ver-
tebrate smooth muscle-type actins [ 19 ]. Another situation is
found in the Ctenophora actin genes, they do not have con-
served intron at I85, but have introns at G15, G168, G268
and M356. The introns at 268 aa is shared with higher ani-
mal actins, while at 356 aa is plant specific [ 19 ]. Apparently,
Ctenophora represents more ancestral forms of actin genes.
The only sponges H. dujardini ( cl. Demospongia ) and O. min-
uta ( cl. Hexactinellida ) have single intron in one actin gene
( Supplementary Table S3 ), while the rest of their actins are in-
tronless. Since all intronless H. dujardini actin genes except
for HdA5 are located on the same chromosome (Fig. 1 ), they
could arise from gene duplication and / or retrotransposition
events. It is interesting that in social amoeba Dictyostelium
discoideum and protists Cryptosporidium the actin genes are
intronless but have a single intron in Toxoplasma. In Plasmod-
ium falciparum (Apicomplexan), there are two genes encoding
actin, actin I is intronless and expresses throughout the par-
asite life cycle, while the actin II gene has one intron and is
transcribed only at the sexual stages [ 111 , 112 ]. Mammalian
intronless T-ACTINs play an important role in the morpho-
genesis of spermatozoa during spermiogenesis, as well as in
sperm function [ 31 ]. Introns probably disappeared from the
actin gene to speed up the transcript processing and accumu-
lation during differentiation of specific cells, a similar process
has been described for the muscle actin gene in molgulid as-
cidian larvae. [ 110 ]. The functions of actin could be divided
when the cell community arose for organized coexistence [ 56 ].
The divergent intron-containing HdA6 is a more ancient par-
alogue, persisting in the H. dujardini genome despite the nega-
tive selection (Fig. 4 , Supplementary Table S5 ). The first exon
of HdA6 is located mainly in the second subdomain of the
gene. This localization of the exon is important for the proper
folding and function of the actin as a molecular motor and
for the interaction with myosin [ 102 ]. Intron-containing actin
genes of the sponges H. dujardini and O. minuta have only the
metazoan initiator (Inr) element that is required for transcrip-
tion initiation of metazoan genes lacking T A T A boxes. The
Inr is a ubiquitous core promoter element for protein-coding
genes in early eukaryotes. Analyses of the metazoan Inr indi-

https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
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cate the presence of nuclear factors which may be involved in
the recognition of the Inr [ 113 ]. The only genes with CpG is-
lands in the upstream regions were found in HdA1 and HdA3 ,
and in human ACTB. CpG islands are associated with dif-
fuse transcription and regulate the expression of housekeep-
ing genes. Hd1 and Hd3 are expressed in all cell clusters (Fig.
8 B) and can be served as housekeeping. The differences in the
structure of the 5 

′ regulatory sequences of the H. dujardini
actin genes (Fig. 1 ) suggest that actin isoforms may be differ-
entially expressed. Interestingly, the mRNA ratios in the nu-
cleus and cytoplasm areas were different for actin Hd1 / 2 / 3 ,
HdA6 , and HdA7 ( Supplementary Fig. S16 B), which may in-
directly indicate differences in the nuclear import of these mR-
NAs and / or in the intensity of translation of these isoforms.
Although the mRNA expression of conserved HdA1 / 2 / 3 is an
order of magnitude higher than that of the divergent HdA6,
both actins were found in mature and larval sponge cells. The
translation repression for coordination of the different actins
has been demonstrated earlier for β-actin [ 114 ]. 

The conserved HdA1 / 2 / 3 and divergent HdA6 were de-
tected by LC-MS / MS in the nuclear fraction, but HdA6 was
not found in the cytoplasm (Table 2 ). Acetylation, methy-
lation, oxidation and ubiquitination of specific amino acids
have been identified for HdA1 / 2 / 3. Ac-Gly2 amino-terminal
processing and acetylation ( Supplementary Fig. S12 ) can be
involved in the dynamics of HdA1 / 2 / 3 similar to found in
unicellular eukaryote actins [ 115–118 ]. The N -terminus of
HdA6 was not identified in any of the samples examined,
possibly due to its processing or detection failure. However,
the N -termini of actin HdA1 / 2 / 3 and other proteins were
found. It should be clarified in future experiments. The ox-
idation of methionine at M16, M44, M47, and M305 posi-
tions suggests that HdA1 / 2 / 3 actin dynamics is highly sen-
sitive to the oxidative stress ( Supplementary Fig. S12 ). The
reversible oxidation of methionine in actin serves as a reg-
ulatory mechanism of cell adaptations [ 119 , 120 ]. The ox-
idation of actin in endothelial cells appears to be essential
for proper cell-to-cell adhesion and migration [ 121 , 122 ].
The found epitope GQKDSYV GDEA QSK, the proteasome
product of HdA1 / 2 / 3 actin, can be involved in the anti-
gen presentation and important for cell-to-cell communica-
tion [ 123 ]. LC-MS / MS analysis revealed the ubiquitin (U)
binding to Jasplakinolide-binding sites in HdA1 / 2 / 3 actin
( Supplementary Table S6 ) that can stabilizes it. Jasplakinolide
is a naturally occurring compound produced by symbionts
of the marine sponge Jaspis sp , and its binding sites may be
shared by other microorganisms. The same peptide sequence,
SYELPDGQVIT, corresponding to the human actin at posi-
tions 241–251 aa of the unprocessed sequence has been found
in prolyl isomerases (immunophilins) PIN1 of HIV-1 virions
[ 124 ]. The HdA1 / 2 / 3 and HdA6 have been detected in cell
ferritin complexes and granulated cells. In the previous work,
we showed that the H. dujardini ferritin complex includes
actin, tubulin, and neuroglobin [ 65 ]. Actin and tubulin are
heme-binding proteins [ 125 ], and heme-binding residues were
predicted in H. dujardini HdA1 / 2 / 3 and HdA6 and tubulin
( Supplementary Table S9 ). The reaggregation of H. dujardini
cells depends on the iron metabolism and is accompanied by
the activation of heme biosynthesis pathway and mitochon-
drial activity [ 64 , 65 , 126 , 127 ]. It is possible that these factors
can regulate actin network remodeling under sponge reaggre-
gation. The heme induces actin polymerization and promotes
mammalian intestinal cell migration and proliferation regu-
lated by NADPHox-derived ROS. The intronless HdA1 // 2 / 3 

of H. dujardini has features of unicellular and multicellular 
actin. PTMs of HdA1 / 2 / 3 actin and predicted heme-binding 
residues can be responsible for cell flexibility and proliferation 

regulated by ROS. 
The cells of H. dujardini differ in their ROS status, F- 

actin distribution and sensitivity to Jasplakinolide. F-actin sta- 
bilization was observed in stellate cells and amoeboid cells 
with pseudopodia and active ROS states, whereas cells with 

long, thin outgrowths marked by punctuated F-actin did not 
show such stabilization. These changes may be linked to the 
influence of ROS on actin and suggest a potential role of 
this interaction in cell transformations. The diverse cell types 
of sponges move on different substrates using a variety of 
actin-dependent mechanisms controlled by actin regulators.
Amoeboid-shaped cells in the sponge body or in an isolated 

state crawl with the help of lamellipodial protrusions formed 

by a branched actin network, pushing the leading edge for- 
ward, with contractility dependent on the actin and myosin 

regulators [ 128 , 129 ]. The presence of key regulators that ac- 
celerate or inhibit the growth of actin filaments in the sponge,
as well as proteins involved in the adhesion and contractil- 
ity was confirmed by LC-MS / MS ( Supplementary Fig. S13 ,
Supplementary Table S2 ). Sponge cells can also push their 
leading edges of the membrane forward due to the directed 

flow of cytoplasm, as has been shown for some unicellular eu- 
karyotes [ 130 ]. The motility of individual sponge cells is me- 
diated by filopodia, linear projections filled with actin, the ac- 
tivity of which may be regulated in a manner similar to that of 
unicellular eukaryotes [ 131 , 132 ]. It has been shown that dif- 
ferent cytoplasmic actin isoforms have different distribution 

in mammalian cells: beta-actin was located mainly in the con- 
tractile ring, stress fibers, filopodia, and cell-cell contacts, but 
gamma-actin localized primarily in the cortex and lamellipo- 
dia [ 22 , 24 ]. Immunofluorescence imaging revealed a magnif- 
icent F-actin staining within choanoblast clusters, which can 

be connected to their functional state. 
Single cell profiling revealed three cell clusters in H. dujar- 

dini that are enriched with the expression of divergent actin 

gene HdA6 (Fig. 8 ). Interestingly, almost all cells of the cluster 
5 express HdA6 . SAMap comparisons with the other sponges 
suggest these cells have expression patterns similar to those of 
pinacocytes. Yet, in the freshwater sponge S. lacustris [ 7 ] and 

the marine A. queenslandica [ 84 ] (cl. Demospongia), no clus- 
ters with differentially expressed actins were found. The coex- 
pression of the key components of the actin-based contractile 
apparatus in pinacocytes was found in ScSeq of A. queens- 
landica [ 84 ]. The intriguing fact is that these cells are marked 

by the expression of EGFR and the EGFR-dependent pathway 
proteins (receptor-type tyrosine-protein phosphatase delta- 
like and tyrosine-protein kinase, HduFzdE) and DOMON- 
containing DBH-like protein. The EGFR-dependent signaling 
regulates differentiation of fibrocytes into a-smooth muscle 
actin (a-SMA)–positive myofibroblasts in the human lungs 
[ 133 ] and mediates Wnt-Fzd endocytosis required for intercel- 
lular communication during hematopoietic stem cell develop- 
ment in zebrafish [ 134 ]. The activation of the Wnt-signaling 
pathway associated with Frizzled proteins has been demon- 
strated during the development of primmorphs of sponge H.
dujardini [ 135 ]. DOMON of DBH-like contains a conven- 
tional heme-binding pocket that functions as a cytochrome,
allowing electron transfer in redox reactions. In addition,
DOMON is required for noncovalent tetramerization or for 

https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
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https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf071#supplementary-data
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nteractions with specific proteins in the secretion-associated
omplexes. This is extremely important for the function of ad-
esion proteins such as EGFR [ 136 ]. It has been shown that
BH also plays a crucial regulating role in larval metamor-
hosis and juvenile growth in Sinonovacula constricta [ 137 ].
uch efficient energy machinery ensures the function of spe-
ific cells to establish new contacts, which are important for
orphogenetic processes in sponges. 
Deconvolution analysis of scRNA-seq data and bulk se-

uencing data from samples collected in different seasons re-
ealed opposite trends in the abundance of cluster 5 (pinaco-
ytes) and clusters 0–2 (archaeocytes / choanocytes) under dis-
ociation. Clusters 5 and 8, expressing HdA6 , do not have pro-
ounced seasonal dynamics, but the aggregates are enriched
ith these cell types (Fig. 9 ). Thus, mechanical dissociation in-
uces cell dedifferentiation and changes the expression profile.
revious studies have demonstrated the dedifferentiation pro-
ess in dissociated sponge cells [ 6 , 57 , 58 , 138 ]. Notably, the
egulation of actin-binding partners, actin cytoskeleton orga-
ization, and Rho- and Hippo / YAP-signaling pathways may
iffer in dissociated cells and aggregates. Interestingly, during
he transition from adaptive multicellularity to the vegetative
tage in Dictyostelium discoideum , genes involved in actin fil-
ment processes, actin cytoskeleton organization, and redox
rocesses are misregulated via transcription factors and chro-
atin remodeling [ 16 ]. A similar strategy might also be used
y multicellular organisms in relation to specific cell lineages.
echanical dissociation of the sponge body has been shown

o induce changes in the gene expression of actin-binding pro-
eins ( Supplementary Fig. S19 ). This may be due to the dif-
erences in cell polarization and the position of the nucleus,
hich involve actin-binding proteins and crosslinker Filamin

 139 ], and the initiation of processes of temporary dedifferen-
iation of cells before their assembly into aggregates. Expres-
ion of the HdA3 isoform decreased in the dissociated cells of
utumn samples, but HdA6 expression decreased and Lamin
 increased during sponge cell reaggregation in samples of all
tudied periods ( Supplementary Fig. S19 ). The increased ex-
ression of Lamin B can accelerate cell migration by inhibit-
ng the association of the nuclear actin with the envelope to
educe nuclear movement and deformability [ 140 ]. It is pos-
ible that HdA6 can modulate the subcellular nuclear activ-
ty of MRTF and the serum response factor (SRF). The ex-
ression of these factors is increased in cellular aggregates of
ponges collected during all periods of the annual cycle stud-
ed ( Supplementary Fig. S19 ). It is known that MRTF is a key
actor determining regeneration in multicellular animals, in-
luding sponges [ 141 , 142 ]. The cofactor SRF binds to the
RE in the promoter region of actin genes in vertebrates [ 143 ],
nd recent studies have revealed similar phenomena in inver-
ebrates [ 144–146 ]. 

We observed overexpression of FzdB, FzdC, FzdE, and
oluble Frizzled–related proteins SFRPa, SFRPb, SFRPc,
nd SFRPd that correlated with an increase of expres-
ion of Hippo / YAP-pathway proteins in cell aggregates
upplementary Fig. S20 ). The HippoIPPO / YAP pathway is
ctivated under mechanotransduction [ 46 ] and is involved
n angiogenesis in different animals [ 147 ], lamellipodia and
lopodia formation and neuritogenesis [ 148 ]. On the other
and, the downstream effectors of Hippo / Y AP signaling, Y AP,
re activated at a high cell density and activate TEAD expres-
ion, which activates genes promoting ferroptosis [ 149 ]. Fzd9
verexpression activates YAP and facilitates cell adhesion un-
der stimulated osteogenesis in mammals. The 24-h spherical
cell aggregates of H. dujardini are densely packed with cells,
in which the adjustment of signaling pathways promotes their
mutual retention for subsequent transformation, protecting
cells from premature apoptosis. We previously found that the
antiapoptotic protein BCL2 (B-Cell Leukemia / Lymphoma 2)
gene expression is upregulated in H. dujardini cell aggregates
[ 64 , 65 ]. It has been shown that the BCL2 expression is ac-
tivated by nuclear actin, as well as Wnt-signaling in human
keratinocytes [ 150 ]. Interestingly, that mRNAs of Hd6 and
tubulins are reduced in aggregates. Studies have demonstrated
a specific interaction between tubulin and γ-actin in mam-
malian epithelial cells [ 151 ]. The mRNA expression of talin,
filamin 2 and 3, small GTPases Rho, and myosin regulatory
light chain MYL12 increased in sponge aggregates. The iden-
tified changes in the mRNA expression of genes for various
actin-binding proteins and regulators can modulate the dy-
namics of cell motility and the process of establishing inter-
cellular contacts during the formation of multicellular aggre-
gates. Rho GTPase regulators regulate YAP [ 152 ] and F-actin
depolymerization [ 48 ]. Some data defining actin network po-
larity and growth indicated the interplay between Arp2 / 3
complex (an actin polymerization nucleator) and capping
protein [ 20 ]. Lamellipodia and filopodia are actin-dependent
membrane protrusions at the front of the cell implicated in
mesenchymal cell motility [ 20 , 153 , 154 ]. 

Thus, we discovered in sponge H. dujardini divergent
intron-containing and conserved intronless actins that differ
in gene expression profiles, PTMs, cellular and subcellular lo-
calizations, which are associated presumably with their dif-
ferent functions. The divergent intron-containing actin HdA6
is differentially expressed in a specific sponge cell lineage, in-
creasing in cell aggregates thus indicating its unique functions
in the morphogenetic processes of H. dujardini . The molecular
mechanisms governing cytoskeleton control and the presence
of divergent actin in sponges can facilitate the preservation
of cellular potential within aggregates, which is essential for
subsequent transformations into a new integrated organism.
Identifying these unique mechanisms presents an intriguing
challenge for future research. 

Conclusion 

Although sponges lack true tissues, their bodies comprise var-
ious cell types, each characterized by unique structures and
functions, which require specific actin cytoskeletal architec-
tures. We identified both conserved and divergent actin iso-
forms in the spiculeless sponge H. dujardini , each with distinct
cellular functions. The intronless HdA1 / 2 / 3 isoform serves as
the primary actin, while the HdA6 is a differentially expressed
divergent paralog that likely plays a unique role in morpho-
genesis. These findings highlight the complexity of the actin
cytoskeleton in sponges and its significance in the evolution
and determination of cell types. 
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