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A hallmark of animals is the coordination of whole-body move-
ment. Neurons and muscles are central to this, yet coordi-
nated movements also exist in sponges that lack these cell types.
Sponges are sessile animals with a complex canal system for
filter-feeding. They undergo whole-body movements resembling
“contractions' that lead to canal closure and water expulsion.
Here, we combine 3D optical coherence microscopy, pharma-
cology, and functional proteomics to elucidate anatomy, molec-
ular physiology, and control of these movements. We find them
driven by the relaxation of actomyosin stress fibers in epithelial
canal cells, which leads to whole-body deflation via collapse of
the incurrent and expansion of the excurrent system, controlled
by an Akt/NO/PKG/A pathway. A concomitant increase in re-
active oxygen species and secretion of proteinases and cytokines
indicate an inflammation-like state reminiscent of vascular en-
dothelial cells experiencing oscillatory shear stress. This sug-
gests an ancient relaxant-inflammatory response of perturbed
fluid-carrying systems in animals.
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Highlights

» Sponge deflation is driven by tension release in acto-
myosin stress fibers of epithelial pinacocytes

» Akt kinase/Nitric oxide/Protein kinase G/A regulate
actomyosin relaxation

» Agitation-induced deflation coincides with an inflam-
matory state

* The sponge relaxant-inflammatory response is evolu-
tionary related to similar responses in the vertebrate
vascular system

Introduction

The evolution of multicellularity in animals triggered the
emergence of spatially and temporally coordinated responses
across different cells and tissues driving shape changes and
body movements (1). In most animals, whole-body reactions
are orchestrated by the nervous system and implemented by
musculature and glands. Sponges (Porifera) are an early-
branching lineage of animals that lack neurons and muscle
cells (Figure 1A), yet display simple forms of coordinated
physiology and movement, offering a unique window into
how simple animals regulate multicellular responses.

Sponges are composed of an aquiferous canal system lined
by epithelial cells called pinacocytes and a collagenous mes-
enchyme termed mesohyl (Figure 1B) (2). In the freshwater
sponge Spongilla lacustris the canal system comprises incur-
rent and excurrent canals, interconnected via spherical pump-
ing, filtering and digestive chambers (3). These are lined by
the choanocytes with a motile cilium propelling the water
flow and a microvillar collar for food capture and ingestion.
Water initially enters through openings (ostia) in an outer
tent-like epithelial cover into incurrent lacunae and canals.
It then passes through the choanocyte chambers and into the
excurrent canals before exiting via a chimney-like osculum
(Figure 1B).

The sessile sponges close and flush their canal system via a
spatially and temporally coordinated whole-body movement,
previously termed "contraction" or "sneezing" (Figure 1C)
(4-6), which is thought to remove obstructions in their canal
system or regulate gas and nutrient exchange (7). In freshwa-
ter sponges this behavior occurs endogenously or upon phys-
ical agitation, often as a peristaltic-like wave that initiates at
the sponge periphery and spreads centrally in two stages (8—
13). First, closure of ostia, collapse of the tent and incurrent
canals, as well as expansion of the excurrent canals can be ob-
served. From a lateral view, the collapse of incurrent lacunae
gives the impression of a deflation of the sponge body (8, 13),
prompting us to relate to the movement as "sponge defla-
tion", independent of the underlying cellular behavior (see
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also Supplemental Note). In the second phase, the sponge
inflates by reopening the ostia and returning incurrent canals
and excurrent canals to their original state.

In recent years, various studies have investigated the cellu-
lar and molecular underpinnings of sponge deflation (4, 7—
9, 12, 14-17) . Current models propose cellular contrac-
tion of incurrent pinacocytes (8, 9, 12). Supporting this,
pinacocytes have been shown to express genes involved in
smooth and non-muscle actomyosin contractility (13, 18)
and contain actin stress fibers that traverse the cytoplasm
(Figure 1D, J), connecting neighboring cells via mixed fo-
cal adhesion/adherens-like junctions (8, 19). Treatment with
selected pharmacological compounds has indicated involve-
ment of myosin light chain kinase (MYLK), cGMP, and ni-
tric oxide (NO) signaling (13, 18); and a variety of other
paracrine signals and second messengers have been shown
to initiate, inhibit, or alter these deflations in other sponges
(8-11, 13, 20). Yet, the exact cellular processes and physi-
ological changes driving and accompanying these processes
have largely remained obscure.

Here, we report a detailed characterization of coordinated
whole-body deflations in the freshwater sponge Spongilla la-
custris - taking advantage of live 3D imaging with a custom
optical coherence microscope, pharmacological assays, and
functional proteomics applied for the first time in sponges.
We show that contrary to current models, the deflation of the
sponge body does not involve cellular-level actomyosin con-
traction. Instead, it is driven by the simultaneous isometric
relaxation of both incurrent and excurrent pinacocytes from
a default tense state. Functional profiling with quantitative
phosphoproteomics (21), thermal proteome profiling (TPP)
(22, 23), and secretomics identify a pathway involving Akt
kinase, nitric oxide and protein kinase G and A that regulate
actomyosin stress fiber tension. Concomitant with deflation,
sponges activate an inflammatory state highly reminiscent of
the response of the vertebrate vascular system to oscillatory
shear stress. Our study indicates evolutionary conservation of
an ancient relaxant-inflammatory module in perturbed fluid-
carrying epithelial systems that was active in the last common
ancestor of sponges and other animals.

Results

Optical coherence microscopy (OCM) reveals unchanged
or expanding epithelial surfaces during sponge deflation

Wholemount in vivo 3D-imaging of mesoscale animals at
cellular resolution poses numerous challenges due to their
size, the lack of specific (fluorescence) labeling or radiation
damage (e.g. in X-ray based approaches). We reasoned that
near-infrared Optical Coherence Microscopy (OCM) would
provide strong, label-free contrast between the tissue and
water-filled cavities, while ensuring overall low phototoxic-
ity, a large field of view and fast imaging speed. We therefore
customized an OCM system for three-dimensional morpho-
logical imaging of whole juvenile S. lacustris during defla-
tion (Figure 1E) (24). To facilitate quantitative 3D image
analysis we developed a self-supervised denoising approach
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that suppressed dominant OCM noise sources (Figure S1A,
B) for subsequent high-quality segmentation of the S. lacus-
tris’ aquiferous system (Figure S1C). Together, this enabled
non-invasive volume imaging of whole juvenile Spongilla
specimens up to 2-3 mm size at an isotropic optical resolu-
tion of ~2.5 um and at a time resolution of up to 1 Volume /s,
which is unprecedented for sponges and thus allow a unique
insight into their internal anatomy before and during defla-
tion.

OCM imaging and segmentation of 8-day old juvenile, in-
flated sponges (n=5) revealed an intricate connection be-
tween vertical incurrent canals and the horizontal excurrent
system, which together represent approximately 49 + 9% of
the total sponge volume (Figure 1F, Table S1, Figure S1D,
Video S1). The epithelial tent is pitched across the whole
sponge surface using megascleres as "tent poles" and cov-
ers the incurrent lacunae (Figure 1F, G and J, Video S1).
3D reconstruction of the excurrent canal system revealed
a self-similar, fractal organization maximizing surface area
and providing equal volumes for the outflow from individual
choanocyte chambers (Figure 1G).

We next performed overnight time-lapse OCM imaging to
capture endogenous deflations. During these events we ob-
served an overall reduction in sponge volume of approxi-
mately 40%, fully consistent with a deflation. Closure of os-
tia and collapse of the tent and incurrent canals resulted in
near total loss (~96%) of incurrent volume, with simultane-
ous 108% volume and 36% surface area increase in the excur-
rent system (Video S2 and S3; Figure 1G, H; Figure S1E).
Subsequently, sponges returned to their inflated state by re-
stricting excurrent canals and reopening the incurrent system,
including a short "overshoot" period before canals returned
to their original volume. Strikingly, the tent surface area re-
mained more or less constant, and we did not observe a reduc-
tion in area as would be expected if the tent was contracting
(Figure 1H). In contrast, mesenchymal tissue became con-
densed, contributing to the reduction in overall sponge vol-
ume, supporting previous observations that water completely
evacuates intercellular spaces in the mesenchyme during de-
flation (25). Similar volume and surface area changes were
measured when we induced deflation through oscillatory cir-
cular agitation on a plate shaker (5 min, 500 rpm, 1.25 cm/s)
(Figure 11) or through treatment with the NO donor NOC-12
(Figure S1F) (13).

An Akt kinase/NO/PKG/PKA pathway triggers tension
release in epithelial stress fibers

To explore the molecular nature of cellular shape changes
driving sponge deflation we next investigated pathways reg-
ulating actomyosin contractility in the sponge pinacocytes.
We identified a near-complete set of genes regulating smooth
and non-muscle actomyosin contractility in Spongilla, con-
gruent with surveys in other sponge species (26, 27). This
included orthologs of smooth muscle myosin heavy chain
(MYHY9/10/11/14) and light chain (essential and regulatory
MYL), and their direct regulators myosin light chain ki-
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Figure 1. 3D in vivo optical coherence microscopy (OCM) of juvenile Spongilla. (A) Animal phylogeny marking proposed origin of neurons and myocytes. (B) lllustration
of juvenile Spongilla lacustris specimen showing incurrent (blue) and excurrent (red) canal systems. Epithelial pinacocytes are highlighted by darker color tones. CC:
Choanocyte chamber. (C) Photograph and illustration of endogenous deflation of S. lacustris highlighting incurrent (blue) and excurrent (red) systems. G: Gemmule. (D)
Confocal max intensity projection of actomyosin stress fibers of the tent pinacocytes stained for F-actin (phalloidin, red) and DNA (DAPI, cyan). White arrowheads depict
the cell-cell junctions connecting neighboring stress fibers. Scale bar, 30 um. (E) Schematic of the microscope body part of the optical coherence microscope (OCM). (F)
OCM volumes showing orthogonal views of S. lacustris in inflated state. Segmented incurrent (blue), excurrent (red) systems, mesohyl/tent (yellow) and gemmule (dark blue).
Scale bar, 500 um. See also Table S1. (G) 3D reconstruction of inflated and deflated states. 2D Scale bar, 500 pm. 3D Scale bar, 1000 um. See also Figure S1. (H) Volume
and surface area changes measured from segmented OCM volumes during two cycles of endogenous sponge whole-body deflations over 6 hours (f = 1/3 min-1). Excurrent
system (red), incurrent system (blue), total sponge (purple), tent (turquoise). (I) Relative volume and surface area changes measured from segmented OCM volumes during
one cycle of whole-body deflation induced by mechanical agitation (f = 1/30 s-1). (J) lllustration of epithelial tent collapse and tent pinacocytes highlighting cell traversing
actomyosin stress fibers.

nase (MYLK) and phosphatase (MLCP), which alter con-
tractile state via phosphorylation and dephosphorylation of
MYL (Figure 2A, B; Figure S2A). Confocal imaging of
phalloidin-stained sponges consistently identified prominent
epithelial stress fibers as major phenotypic manifestations
of actomyosin bundles (Figure 1D, J) (12, 19). Phyloge-
netic analysis of the MYLK kinase domain revealed the ex-
istence of a MYLK/SPEG/TTN/Twitchin kinase ortholog in
Spongilla, as well as an ortholog of the related STK17A/B
kinase (Figure S2B). Spongilla also possesses an ortholog
of striated muscle myosin heavy chain (MYH1-8/13/15), al-
though other genes specific to vertebrate striated muscles
such as the troponin complex and z-disk proteins are absent.
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Taking advantage of our recent Spongilla cell expression at-
las (13), expression of striated Myh, Mylk, and the Ppla sub-
unit of Mylp was shown to be differentially upregulated in
pinacocytes, whereas other actomyosin components are more
broadly expressed (Figure S2A).

We also identified orthologs for members of key signal-
ing pathways that regulate MYLK and MLCP (Figure 2A).
Calmodulin, a calcium-dependent activator of MYLK, and
Protein kinase A (PKA), which inhibits MYLK and activates
MLCP, are broadly expressed across Spongilla cell types
(13). Other pathways exhibited also specific upregulation
of expression in pinacocytes, including key members of the
Akt/NO/Protein kinase G (PKG) pathway, nitric oxide syn-
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Figure 2. Pharmacological perturbation of actomyosin activity. (A) Smooth/non-muscle actomyosin regulatory pathways with pharmacological compounds highlighted
in red. MYL: myosin light chain, MYH: myosin heavy chain, MYLK: myosin light chain kinase, MYLP: myosin light chain phosphatase, NOS: nitric oxide synthase, NO: nitric
oxide, GUCY: guanylate cyclase, PKG: protein kinase G, ROCK: RhoA/Rho-associated protein kinase, PKA: protein kinase A, CaM: calmodulin. Background colors relate to
Figure S2A. See also Figure S2B. (B) Actomyosin cross-bridge cycle showing states of myosin conformation and actin binding. N-ethylmaleimide (NEM) treatment blocks ATP
binding and myosin release, stabilizing a rigor state. (C-M) Time-lapse imaging (f = 1/30 s-1) of S. lacustris during the treatment with pharmacological compounds. Overhead
images show sponges 5 min pre-treatment (left) and during respective behavior (right). Plots show average change in relative areas across replicates of segmented incurrent
(dark blue) and excurrent (dark red) canal areas. See also Figure S2C-N. Dashed line marks application of compound. Individual replicates shown in light tones. (N) Confocal
max intensity projections of actomyosin stress fibers of the tent pinacocytes stained for F-actin (red, phalloidin) and DNA (cyan, DAPI) in an untreated sponge, NOC-12
treated sponge (deflated) and sponge after NOC-12 washout and return to inflated state. Scale bars, 30 um. See also Figure S20. (O) Ostia closure during agitation induced
deflation. Simultaneous tent collapse and ostia closure is visible in the overlay section (blue square). Annotated tent colors correspond to time points in upper panels. Ostium:
yellow arrow head. See also Figure S2.
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thase (NOS1/2/3) and the nitric oxide receptor guanylate cy-
clase (GUCY1B3), known to regulate relaxation of vascular
endothelial cells in vertebrate blood vessels (Figure 2A) (28).
Lastly, we found orthologs of RhoA and ROCK1/2 enriched
in pinacocytes, whose activation in other systems leads to in-
hibition of MLCP causing relaxation of smooth/non-muscle
actomyosin fibers (29).

To gain insight into the function of these molecules and
pathways, we perturbed the activity of actomyosin machin-
ery and of the upstream regulatory pathways using a diverse
set of pharmacological compounds (red in Figure 2A, B)
and assessed sponge responses using 2D time-lapse imaging
(Figure 2C-M; Figures S2C and S2D-N). Treatment with
NOC-12 induced deflation within 5 min after administration
(Figure 2D, and see above). Treating Spongilla with the Akt
kinase activator SC79 (30) likewise caused deflation, con-
firming the involvement of Akt activity (Figure 2E). Akt ki-
nase is one of the main activators of NOS in endothelial cells
(31, 32). Conversely, NO-induced Akt kinase activation has
been reported (33) and offers a straightforward explanation
for the self-propagation through positive feedback of a defla-
tion wave spreading across the sponge body despite the short
diffusion potential of NO. Consistent with this, the average
NO diffusion rate (~44 um/s) (34) is similar to the measured
wave propagation in Ephydatia muelleri (~0.5 - 70 um/s
(8)). Sildenafil as well as IBMX, both phosphodiesterase in-
hibitors that increase the concentration of cGMP and cAMP,
leading to activation of PKG and PKA (35, 36), induced de-
flation within 5-10 min (Figure 2F, G). Direct usage of cell-
permeable 8-Br-cAMP showed the same effect (Figure 2H).
These results indicated that PKG, as well as PKA, both be-
longing to the AGC family of protein kinases (37), trigger
deflation. Inhibiting the RhoA/ROCK pathway with the se-
lective RhoA inhibitor Rhosin induced deflation (Figure 2I),
suggesting an additional layer of regulation (38). Direct in-
hibition of MYLK with ML-7 (39) consistently induced de-
flation within 20 min after application (Figure 2J). Likewise,
treatment of the freshwater sponge Ephydatia muelleri with
the MYH inhibitor para-Aminoblebbistatin had been shown
to induce deflation within two hours of application (12).

These observations strongly suggested that Spongilla defla-
tion is initiated by a reduction of actomyosin crossbridge
cycling through MLCP activation which equals actomyosin
relaxation - either via activation of Akt kinase/NO/PKG or
PKA or via inhibition of RhoA/ROCK, and subsequent de-
phosphorylation of the MYL. Corroborating this further, cut-
ting locally into the epithelial tent of the sponge periphery
via laser-microdissection led to immediate recoil of the tissue
towards the center of the sponge, affirming that the sponge
tent is under constant tension in the inflated state (Video
S4). Strengthening this new paradigm, we treated sponges
with Cytochalasin D, an actin depolymerizing agent. In these
cases, sponges consistently but more gradually went into the
deflated state, providing further evidence for a tension reduc-
tion/relaxation of actin fibers as the driver for the deflation
(Figure 2K). Finally, confocal imaging of the tent pinacocyte
actin bundles revealed that NOC-12 (NO donor) treatment
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leads to a degradation of the actin fibers (Figure 2N), mak-
ing a clear case that they are dispensable for the deflation and
strengthening their role as primarily supportive structures in
the inflated state. Removal of NO via the washout of NOC-
12 leads to a return of the sponge to the inflated state, co-
inciding with the repolymerization of the pinacocyte stress
fibers within about 15 min (Figure 2N, Figure S2D). NO
treatment is known to reverse stress fiber formation, e.g. in
human umbilical vein endothelial cells (40) or platelets me-
diated by RhoA inhibition (41).

Our pharmacological data implies isometric tension release
in tent pinacocytes (42) as shown in non-muscle cells such as
fibroblasts (43), impacting mechanical stability without con-
siderable length changes (44), consistent with our OCM ob-
servations of a constant tent surface area. For the epithelial
lining of the excurrent system (showing expanded surface,
see above) our data is consistent with pinacocytes able to
stretch due to stress fiber tension release. Furthermore, the
tense state of the pinacocyte actin fibers through continuous
crossbridge cycling is consistent with the detection of phos-
phorylated MYL in the actin bundles of an inflated sponge
via a specific antibody (12) (Figure S20).

Additional evidence corroborated the importance of stress
fibers for keeping the pinacocyte tent pitched in the inflated
state. N-ethylmaleimide (NEM) is an inhibitor of actomyosin
tension release, as it irreversibly inhibits ATP binding to
the myosin II ATPase domain and thus prohibits the detach-
ment of myosin heads from the actin filaments, which freezes
crossbridge cycling ("rigor mortis") (Figure 2B) (45). Treat-
ment of the sponge with NEM accordingly "froze" the tent
and entire canal system in its tense state and completely abol-
ished deflation even after NO treatment (Figure 2L). Ad-
ditionally, NEM treatment led to an immediate cessation of
cell crawling throughout the sponge. Finally, we treated the
sponge with the pan-formin inhibitor SMIFH2 (46). Formins
control actin fiber assembly, degradation and nucleation (47)
and have been implicated in stress fiber formation (44). Af-
ter treatment with SMIFH2, the sponges showed an immedi-
ate widening of the incurrent canals (Figure 2M), in striking
contrast to normal deflation, indicating likely increased ten-
sion in the actin stress fibers of the epithelial tent, similar to
inhibition of the formin DIAPH1 in other studies (48). Taken
together, our pharmacological agonist and antagonist treat-
ments make a strong case that actin stress fibers are key to
withholding a tensional state in the pinacocyte tent and canals
in the inflated state, and that this state is relaxed during defla-
tion.

Active pumping continues during actomyosin relaxation

To investigate the role of water flow during Spongilla in-
flation, we applied non-digestible ink particles followed by
time-lapse imaging. Previous studies had reported that dur-
ing deflation the sponge continues to pump water through
the canal system (49), although reduces exhalant jet speed
from the osculum (20). We reproduced these results, observ-
ing a pronounced and continuous expansion of the osculum
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during deflation (Figure S3A). These observations can only
be explained by unceased pumping of the choanocyte cham-
bers, even in the fully deflated state. The resulting hydro-
dynamic forces and gauge pressure differences (50) offer an
elegant explanation of all observed phenotypes under full re-
laxation, i.e. total tent and incurrent canal collapse, excur-
rent canal expansion and osculum widening. The collapse of
the tent also involves simultaneous (not preceding) ostia clo-
sure (Figure 20), comparable to the actin depolymerization-
induced closure of plant stomata (51-53) or relaxation in-
duced chromatophore closure in cuttlefish skin (54). Simi-
larly, pre-tensile forces in the tent may be responsible for an
open ostia state. The closure of ostia combined with con-
tinuous choanocyte pumping creates a low pressure situation
in the incurrent system leading to its further collapse while
water is actively pumped into the relaxed excurrent canal sys-
tem (Figure S3B). Due to the tight spatial interconnectedness
of both systems and relatively high pressure in the excurrent
system (55), this allows for the concurrent expansion of the
excurrent canals and eventual water release once full expan-
sion is reached (Figure S3A).

Quantitative Phosphoproteomics and Thermal Pro-
teome Profiling of sponge deflation identify Akt Ki-
nase/NO/PKG/PKA, MAPK/ERK, and cell-cell junctions
as important players

Since our pharmacological assays indicated tension that re-
lease in pinacocytes was broadly regulated by diverse path-
ways we set out to further investigate the molecular mech-
anisms and physiological reactions underlying sponge de-
flation with functional proteomics. We used quantitative
phosphoproteomics (56-58) and Thermal Proteome Profil-
ing (TPP) (22, 23, 59-62) to detect post-translational, func-
tional changes between sponges in inflated and deflated state
(Figure 3A). Quantitative phosphoproteomics identified sig-
nificantly altered, site-specific phosphorylation states of pro-
teins. TPP measured proteome-wide changes in protein abun-
dance and thermal stability, which has been shown to reflect
protein state changes such as binding or dissociation of small
molecules, the formation or loss of protein-protein interac-
tions, a change in post-translational modifications, or differ-
ences in subcellular localization (22, 23, 59, 60, 62).

We profiled proteomic changes following NO- and agitation-
induced deflation (Figure 3A). In total, we measured rela-
tive thermal stability and abundance changes of 5595 and
3331 proteins for NO-treated and agitated sponges, respec-
tively. Quantitative phosphoproteomics identified and quan-
tified 12165 unique phosphopeptides in the sponge. NO treat-
ment resulted in quantitative changes of phosphorylation lev-
els on 390 unique phosphopeptides mapping to 270 unique
proteins and stability and abundance changes of 106 and 23
proteins, respectively (Figure 3B) (Full lists as Files S1, 2).
In turn, agitation led to quantitative changes of phosphory-
lation levels on 303 unique phosphopeptides (229 proteins)
and stability and abundance changes of 40 and 22 proteins,
respectively (Figure 3B).
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Corroborating the role of stress fibers, we found signif-
icant changes in phosphorylation state, stability or abun-
dance for proteins involved in the regulation of actomyosin
contractility (MYH, STK17A/B, Akt kinase, NOS1/2/3,
GUCYs, phosphodiesterases (PDEs)), actin dynamics (gel-
solin (GSN)), bundling (plastin (PLS1), filamin, LIMA1) and
cell to cell or cytoskeleton to membrane adhesion (integrin
alpha (ITGA), talin (TLN1/2), supervillin (SVIL), protocad-
herin 12 (PCDH15)) (Figure 3B, C). Some of these pro-
teins are highly and specifically expressed in the pinacocyte
family, supporting their role during relaxation (Figure S4A).
Actin crosslinkers such as filamins, LIMA1 and PLS1 are
known to play a central role in tension creation and are nec-
essary for stress fiber bundling and stability (64-67), and
phosphorylation of MYH and LIMA1 has been associated
with the disassembly of contractile actin fibers (68, 69) (see
above).

We also detected significant phosphorylation changes in
members of the Akt/NO/PKG pathway proteins during de-
flation. Both agitation and NO treated sponges led to an in-
crease in phosphorylation of a conserved Akt kinase phos-
phosite (T443 in human Aktl) necessary for Akt kinase ac-
tivity (70) and an Akt kinase specific phosphorylation site in
the transcription factor FOXO1/2/3 (S253 in human FOXO3)
(71, 72), a marker of apendopinacocytes (Figure 3D). Phos-
phorylation of this site in H. sapiens has been shown to in-
hibit its transcriptional activity, promoting cell survival (73).
In NO-treated sponges we observed significant changes in
phosphorylation state of NOS, GUCY and pinacocyte spe-
cific PDEs, and measured a stability change of Akt kinase,
corroborating their involvement (Figure 3B). In general,
phosphorylation events of NO-treated and agitated sponges
were positively correlated (Figure 3E), particularly in pro-
teins related to actomyosin contractility. Whereas NO treat-
ment led to a stronger upregulation of the phosphorylation
signal in the Akt/NO/PKG signaling pathway, agitation and
the apparent mechanical stress favored phosphorylation of
cell adhesion proteins, suggesting a mechanosensitive role of
the stress fiber adjacent cell-cell junctions (74).

To further elucidate kinase activity in NO and agitation treat-
ments, we predicted all potential kinase-specific phosphory-
lation sites of proteins detected in the phosphoproteomic ex-
periments using GPS 5.0 (63). Comparing predicted phos-
phorylation sites with experimentally detected upregulated
phosphorylation sites of NO treated sponges (with logFC >
0.25) showed enrichment of sites that are predicted to be
phosphorylated by the AGC family kinases PKG, PKA, Akt
kinase and the closely related serum/glucocorticoid kinase
SGK (Figure 3F), consistent with the activation of these
pathways in NO-induced deflation of Spongilla. The cell
type-specific expression of PKG and the expression of ex-
perimentally detected PKG targets revealed a positive cor-
relation with cell types of the pinacocyte family exhibiting
highest expression of PKG and PKG targets (Figure S4B).
Predicted kinase activity of agitated sponges strengthened the
close connection of sponge deflation and the Akt/NO/PKG
pathway (Figure 3F). Additionally, agitated sponges showed
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Figure 3. Phosphoproteomics and thermal proteome profiling of sponge deflation. (A) Experimental setup of sponge functional proteomics. S. lacustris deflation
was induced by circular agitation or NO treatment. (B) Volcano plots of TPP and quantitative phosphoproteomic results of NO treated and agitated sponges. TPP results
show individual protein changes in stability and abundance. Phosphorylation differences are quantified by unique phosphopeptides. Proteins related to stress fibers with
significant changes are individually colored: actomyosin contractility (red), actin (rose), actin bundling (green), actin dynamics (blue), membrane attachment or cell junction
(yellow). FLNA/B/C: filamin. GSN: gelsolin. ITGA/B: integrin alpha/beta. LIMA1: LIM-domain and actin-binding protein 1. PDEs: phosphodiesterases. PLS: plastin. PCDH15:
protocadherin 15. SVIL: supervillin. TLN: talin. (C) lllustration of actomyosin proteins significantly changing stability, abundance or phosphorylation state. Colors relate to (B).
Proteins with asterisk relate to Figure S4A. (D) Quantification of S. lacustris Akt kinase 1/2/3 phosphopeptide corresponding to H. sapiens Akt1 T443. Quantification of S.
lacustris FOXO 1/2/3 phosphopeptide with phosphorylated serine corresponding to H. sapiens FOXO3 S253. The barplot shows normalized single-cell RNAseq expression
of Spongilla Foxo1/2/3. Incurrent pinacocytes 1 (incPin1) and 2 (incPin2) are highlighted in blue. Excurrent/Apendopinacocytes 1 (apnPin1) and 2 (apnPin2) are highlighted
in red. Lph: Lophocytes, basPin: Basopinacocytes, Scp: Sclerophorocytes, Met1: Metabolocytes 1, Met2: Metabolocytes 2, Chb1: Choanoblasts 1, Chb2: Choanoblasts 2,
Cho: Choanocytes, Apo: Apopylar cells, Myp1: Myopeptidocytes 1, Myp2: Myopeptidocytes 2, Amb: Amoebocytes, Grl: Granulocytes, Nrd: Neuroid cells, Mes1: Mesocytes
1, Mes2: Mesocytes 2, Mes3: Mesocytes 3, Arc: Archaeocytes, Scl: Sclerocytes. (E) Correlation of phosphopeptide fold changes of NO treated and agitated sponges.
Peptides of proteins highlighted in (B) and (C) are highlighted in the same colors. (F) Enrichment of kinase family activity after NO treatment and agitation (prediction by GPS
5.0 (63)). (G) Correlation of kinase activity enrichment between agitated and NO-treated sponges.

higher predicted phosphorylation by kinases of the GMGC
family, especially MAPK/ERK (Figure 3G). Although ERK
has been shown to activate NOS (75), their primary role is
the uptake of a broad spectrum of external stimuli, such as
mechanical stress and stretch of actin stress fibers (76), and
the translation into intracellular biochemical and physiologi-
cal responses.

Oscillatory shear stress induces an inflammatory-like re-
sponse through proteinase and cytokine secretion and up-
regulation of reactive oxygen species (ROS)

Circular agitation of Spongilla induces deflation and ex-
erts oscillatory shear stress and mechanical strain, disturb-
ing laminar water flow. Phosphoproteomics and TPP ex-
periments performed after circular agitation revealed a dis-
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tinct signature for secretory activity. Protein hits were en-
riched for endo/exocytosis gene ontology terms (Figure 4A),
and included changes in stability and abundance of secretory
vesicle proteins VAMP4, SCAMP2/3/4/5 and DNAJC5/B
(Figure 4A). To explore this further, we performed TMT-
based quantitative proteomics on the surrounding medium
of agitated, deflated sponges compared against an untreated
control (Figure 4B). In total, 146 proteins were detected, 47
of which were significantly upregulated in the deflated state
(Figure 4C) (full list as File S3). These proteins are enriched
in bearing an N-terminal signal sequence (p=4E-09, 13.7-
fold enrichment, prediction by SignalP 6.0 (77, 78)), con-
sistent with secretion rather than cell necrosis and spilling.

Following agitation, we detect a significant increase of
secreted proteases in the medium (Cathepsin, TPPI,
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CPA1/2/3/4, NPEPPS, CNDP1, PREP, PEPD, NPEPLI,
LAP3) (Figure 4C, D, I), coinciding with a significant de-
crease of the proteinase inhibitor PI16 (Figure 4E, I), in-
dicative of the establishment of a proteolytic extracellular
environment. PI16 is highly and specifically expressed in
the pinacocyte family (Figure 4F), whereas the proteases
are more broadly expressed (Figure S5A). Some of these
proteases have been shown to be secreted in other organ-
isms, exhibiting diverse extracellular roles (8§1-83) including
ECM remodeling, regulation of inflammation (84), digestion
of specific protein targets or aggregates and the processing
of proteins to produce biologically active peptides (85). TPP
of agitated sponges showed significant changes in stability of
two neuropeptide processing proteinases, endothelin convert-
ing enzyme (ECE) and an ortholog of thyrotropin-releasing
hormone degrading enzyme (TRHDE) (Figure S5F). To de-
tect secreted, potentially biologically active peptides, we con-
ducted a peptide-centric, semi-tryptic search of the secretome
data. We only considered enriched peptides stemming from
full-length precursors that are predicted to bear an N-terminal
signal sequence. SMART domain search (86) suggested the
secretion of a granulin, whose identity we confirmed via
structural similarity (80). The additional validation was nec-
essary given that the sequences of biologically active peptides
such as neuropeptides are often poorly conserved in evolu-
tion (87) (Figure 4G). Granulin is highly expressed in the
peptidocyte cell type family, including choanocyte chambers
and myopeptidocytes and in the archaeocyte family (Figure
S5B). Granulins are secreted glycoproteins that play an im-
portant role in inflammation responses and are processed
from pro-granulin by lysosomal cathepsins (88) which are
highly secreted by the sponge (Figure 4C, D, I). An extra-
cellular ER multiprotein chaperone complex has been shown
to be necessary for granulin secretion as well (89). We
detected six proteins (HSP90B1, P4HB, HYOU1, PDIA3,
PPIB/C, HSPAS) that are part of this complex in the medium
(90) (Figure S5SD, E) as well as six subunits of the chap-
eronin containing CCT/TRiC complex (T-complex protein
Ring Complex) (CCT2, 3, 5, 6, 7, 8) (Figure S5D, E). Gran-
ulins and their precursor are able to activate Akt/NOS (91)
as well as MAPK kinases in endothelial cells (92), which
makes them prime candidates to be upstream of Akt/NO sig-
naling in sponge relaxation (Figure 4I). As a further indica-
tion of an inflammatory-like response, we detected the secre-
tion of the pro-inflammatory cytokine macrophage migration
inhibitory factor (MIF) (MIF is a short protein (120 aa) and
was identified with one semi-tryptic peptide) (Figure 4E). In
Spongilla we found MIF to be highly expressed across almost
all sponge cell types (Figure S5B). Intriguingly, MIF is also
known to activate Akt kinase (93) as well as ERK/MAPK
(94) (Figure 4I). Additionally, it has been shown to be up-
regulated by increased reactive oxygen species (ROS) (95)
(Figure 4I).

The production of reactive oxygen (ROS) or nitrogen (RNS)
species such as NO are protective responses of the innate
immune system (96, 97). We observed a decrease of ROS
catabolizing, antioxidant enzymes in the medium after agita-
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tion (Figure 4C, D) including catalase, superoxide dismutase
1 and 2, peroxiredoxin, peroxidasin, two members of alde-
hyde dehydrogenases as well as an unspecified peroxidase
(all showing broad expression, Figure S5C). Extracellular
ROS and their catabolizing enzymes are well documented in
model species (98). A reduction of these proteins in the su-
pernatant could be a direct consequence of the increased pro-
teinase activity (Figure 4I). In M. musculus, SOD has been
shown to be a direct target of NPEPPS (99), which is also
secreted by Spongilla. A decrease in ROS catabolizing en-
zymes could indicate an increase in ROS (Figure 4I). To test
this, we applied an untargeted metabolomics approach which
is able to detect metabolites that are differentially regulated
in the sponge body due to agitation induced relaxation. ROS
themselves are short lived, highly reactive molecules that are
difficult to detect and quantify. However, we found two an-
tioxidants, hypotaurine (100) as well as pyridoxamine (101)
decreased after agitation, which likely reflects their depletion
by the increase of ROS (Figure 4H, I). Additionally, cata-
lase is a prominent target gene of FOXO transcription fac-
tors (102, 103). Inactivation of FOXO by phosphorylation of
S253 by Akt kinase (see above) is shown to increase ROS
concentration by the downregulation of ROS degrading en-
zymes such as catalase (104) (Figure 3D, 4I).

We thus show that oscillatory shear stress activates an inflam-
matory state characterized by the upregulation of ROS and
the secretion of proteinases, MIF and granulin. These pro-
cesses have been shown to be closely interconnected in var-
ious model systems (Figure 4I). Additionally, the Akt/NO
pathway offers a potential intersection between inflammation
and tension release of stress fibers (Figure 4I).

Discussion

Sponge deflation vs ‘“‘contraction”

Our results suggest a new model for coordinated whole-body
sponge movement. It posits that sponge pinacocytes are,
by default, in a tensional state, manifested in the pinacocyte
stress fibers which respond to oscillatory shear stress by re-
laxation. It follows that what was traditionally described as
sponge “contraction” is instead initiated by a release of pina-
cocyte tension. To introduce a consistent naming convention,
we propose the term "sponge contraction” to be omitted in
the future and replaced by “sponge deflation” for the entire
process of bodily volume reduction (see also Supplemental
Note). The continued pumping of the choanocyte chambers
concomitant with tent and ostia collapse creates low pressure
and thus leads to a collapse of the incurrent canals and a
sneeze-like expansion of the excurrent system. Supporting
our new model, rheological measurement on marine sponges
revealed initial tissue softening upon application of oscilla-
tory shear stress (105). Actomyosin-mediated tension is en-
ergetically expensive to build up (requiring ATP hydrolysis)
but can be efficient to uphold (106, 107), resulting in an en-
ergetically favorable inflated state. Many metazoans make
use of similar mechanisms, most impressively the mollusc
"catch" muscle, which passively sustains a tense state but
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can be relaxed rapidly by cAMP (108). The evolution of di-
rected motion through isotonically contracting myocytes in
Cnidaria and Bilateria from originally formgiving and stabi-
lizing isometric stress fibers is a tantalizing scenario for the
evolution of myocytes in Metazoa.

Our observation of morphological changes during the defla-
tion of S. lacustris are in accordance with other related fresh-
water sponges such as Ephydatia muelleri (8, 9, 12, 14) and
marine sponges such as Halichondria panicea (4, 7). The
collapse of the incurrent and expansion of the excurrent sys-
tem is a shared feature of these demosponges. As an excep-
tion, Tethya wilhelma shows similarities in that the pinaco-
derm is responsible for the deflation (17) but also differences
in that both incurrent and excurrent systems show reduced
volumes and only mesohyl tissue is visible during the defla-
tion. Also, the apparent narrowing of the osculum tip re-
ported in H. panicea and E. muelleri (8) is not conclusively
resolved. Although the upright, inflated state of the oscu-
lum seems to be accomplished by the pressure of passing wa-
ter (112), circumferential actin fibers might induce an active
closure of the osculum tip leading to pressure buildup and
expansion of the excurrent system (4).

Signal transduction in cellular sponges - in contrast to syn-
cytial glass sponges - has been attributed to paracrine, dif-
fusible small molecules (49, 113) or mechanotransduction
through cell tugging (114). Several agents such as cAMP,
caffeine, glycine, serotonin, glutamine or GABA are able to
induce or modulate the deflation in E. muelleri, T. wilhelma
or H. panicea (4, 8—10). The importance of nitric oxide in the
regulation of deflation has been previously highlighted in E.
muelleri (9, 12) as well as T. wilhelma (10). Our work sug-
gests that NO and cAMP both converge in PKG/PKA path-
ways that control tension release of pinacocyte stress fibers.
Significantly, we found no evidence for an involvement of
glutamate or GABA in our unbiased functional proteomics,
nor were we able to reproduce glutamate-induced deflation
in Spongilla. Nevertheless, we can not rule out that multi-
ple pathways feed into deflation control. These may also in-
clude adrenergic or serotonergic pathways, glutamate/GABA
(10) or lipid signaling such as eicosanoid leukotrienes which
regulate both contractility as well as inflammation in innate
immune responses, with their synthesizing enzymes highly
expressed in pinacocytes (13).

A recent study in E. muelleri suggested that NO leads to intra-
cellular Ca®* increase and subsequent cellular "contraction"
through activation of MYLK (12). We show however that p-
MYL staining is already present in the inflated, pre-tensional
state, consistent with our model. Their reported collapse
of the incurrent system after treatment with MYH inhibitor
para-Aminoblebbistatin is also congruent with our relaxation
model. It appears difficult to disentangle direct cellular ef-
fects of Ca®* as it has both been shown to induce a contrac-
tion through MYLK activation in smooth muscles but also to
activate NOS which consequently induces relaxation (115).
NO production in endothelial cells and actomyosin contrac-
tile modules in smooth muscle cells allow spatial separa-
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tion of these processes in the vertebrate vasculature whereas
sponge pinacocytes express both systems (Figure 5). Ca’*-
imaging of the sponge will clarify the role of Ca>*. Finally, in
contrast to our findings, treatment with MYLK inhibitor ML-
7 did not induce a deflation in E. muelleri. Despite our effort
to replicate this result using identical concentrations and sup-
pliers, S. lacustris consistently deflated after treatment. Fur-
ther detailed studies on the molecular physiology of incurrent
and excurrent pinacocytes in both species will be needed to
disentangle these results.

Sponge deflation involves an inflammatory state

Our most intriguing result is the resemblance of the physio-
logical response during Spongilla deflation - with secretion of
proteinases, granulin and MIF and the upregulation of ROS
- to the inflammatory response of the innate immune sys-
tem (116, 117). We show that these responses are regulated
biochemically (via an Akt/NO signaling pathway) and likely
transcriptionally (via FOXO inhibition). Interestingly, nitric
oxide has been shown to play a central role in both the innate
defense against microbial pathogens and the regulation of ac-
tomyosin contractility (118). Consistent with our data, in-
nate immune responses to injury or microbial infection have
been recorded in other sponge species (119-121). Regen-
eration of H. panacea explants suggested ECM remodeling
and differential expression of genes such as cathepsins, fil-
amins, protocadherins and integrins that are important for an-
giogenesis in vertebrates (119). Our work suggests that pina-
cocyte stress fibers take over a stabilizing and mechanosens-
ing role (122). In this "tensegrity" (tensional integrity) model
of mechanosensation (123), the state of pinacoderm tensile
equilibrium would serve as both a sensor and actor (14). Ten-
sional isometric prestress in the actin fibers allows the system
to be stable in equilibrium but responsive to internal and ex-
ternal forces (123). These forces create shear stresses that can
be monitored and - in case of deviations from the equilibrium
state - translated into defense strategies, both of morphologi-
cal as well as physiological nature.

The ocean in me: Evolutionary origin of the verte-
brate vascular system response from an ancient relaxant-
inflammatory module

Strikingly, we found the combined sponge reactions to be
highly reminiscent of those of vascular endothelial cells in
vertebrates experiencing oscillatory shear stress (OSS) (124),
in which atherosclerotic plaques lead to a turbulent, disturbed
flow, different from "healthy" laminar flow (125) (Figure
5). Stress fibers formed in endothelial cells show a remark-
ably similar appearance to the sponge pinacocyte stress fibers
(126). Mechanosensation of OSS in vascular endothelial
cells is carried out by integrins and talin (74, 127, 128) and
hallmark reactions of endothelial cells towards OSS such as
the upregulation of MIF (129), attenuation of PI16 (124),
reduced antioxidant production and increase in ROS (130)
are mirrored in the reaction of the sponge following oscil-
latory agitation (Figure 41 and 5). Interestingly, OSS was
shown to upregulate the expression of NOS in endothelial
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Figure 5. Comparison of oscillatory shear stress reactions in vertebrate vasculature and S. lacustris pinacoderm. Cellular components of the vertebrate vascular
wall include vascular endothelial cells with actomyosin stress fibers (actin: red, myosin: light blue) oriented parallel to blood flow and connected by adherens junctions (green)
(109, 110), smooth myocytes, and fibroblasts. Endothelial cells are connected to the ECM via focal adhesions (111) In the vascular system, endothelial cells adopt a sensory
and signaling role whereas the smooth muscle cells are primarily responsible for the maintenance and regulation of vascular tone. Spongilla pinacoderm apparently assume
both roles. Pinacocytes have actomyosin stress fibers connected by cell-cell junctions composed of focal adhesion and adherens junction proteins (19) Alteration of flow
by oscillatory shear stress leads to Akt kinase activation and NO production, resulting in tension release or relaxation of actin stress fibers and smooth myocytes. In both
systems, pro-inflammatory reactions are mediated by ROS increase and secretion of granulin, proteinases, and MIF.

cells in combination with elevated ROS in the form of hydro-
gen peroxide (131), connecting OSS to NO-induced relax-
ation. Restoring laminar flow in both the vertebrate vascular
and sponge canal system through a relaxant-inflammatory re-
sponse appears indispensable for survival (3, 132). Disturbed
flows in the canal system (e.g. due to mechanical obstruc-
tions, predation or strong currents and waves (119, 121, 133—
136)) otherwise can lead to the sponge’s starvation or in-
fection with pathogens (120, 137). Similar responses are
also found elsewhere, for example in lymphatic endothelial
cells (138-140), the urothelium (141-143), cardiac myocytes
(144), osteoblasts (145) or even respiratory epithelial cells
(146-149). Stress response regulation via Akt/FOXO are
also observed in Cnidaria such as Hydra vulgaris (150). The
detection and evolutionary traceability of such an "relaxant-
inflammatory" module suggests the conservation of an an-
cient response against disturbances in normal, laminar flow
as part of metazoan epithelia.

Limiations of the study

In our study the morphological as well as physiological reac-
tions during the deflation of S. lacustris have been profiled us-
ing a variety of advanced tools such as 3D optical coherence

microscopy, functional proteomic profiling or pharmacolog-
ical compound testing. These strategies have advantages but
also certain limitations. Inhibitors or activators of proteins
have been developed and tested largely in model species and
their specific protein orthologs. We can not say with cer-
tainty that each compound functions in an equivalent way
in Spongilla, however the specific reaction of the sponge to-
wards many contractility modulating compounds used speaks
for a more universal applicability. We cannot exclude the
possibility that NEM treatment leads to cell death to some
extent.

Functional proteomics such as TPP and quantitative phospho-
proteomics open a so far unprecedented and unbiased win-
dow in studying sponge behavior and molecular mechanisms.
In this study, we compared the inflated state with a fully de-
flated state but did not consider e.g. dynamic phosphorylation
changes during the deflation. Additionally, interpretation of
the results relies on previous knowledge collected from well-
studied model organisms. This impedes the venture into the
more "hidden" biology of sponges (151). The results of the
unbiased profiling presented in this study should be viewed
as a starting point for further investigation once genetic ma-
nipulations are available and easily deployable in sponges.
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A proximal goal would be the endogenous tagging of pro-
teins for subsequent localization and live imaging. Such tools
would allow, for instance, live imaging of actin fibers in pina-
cocytes, something we were not able to achieve despite mul-
tiple attempts. Likewise, live imaging of NO production or
Ca”*-signaling would benefit from genetically encoded sen-
sors (152, 153). Gene knockdown would additionally help
to differentiate separate pinacocyte cell type populations and
their role in the deflation.
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STAR Methods

Resource availability

Lead contact

Further information and requests for resources and reagents
should be directed to and will be fulfilled by the lead contact,
Detlev Arendt (detlev.arendt@embl.de).

Materials availability
No new unique reagents were generated in this study.

Data and code availability
The code that produced the analysis as well as figures is
available online. In particular:

* SpongeProt

* Project home page:
spongeprot/

https://git.embl.de/grp-arendt/

e Archived version: v1.0, available on Zenodo (https://
doi.org/10.5281/zenodo.8116913)

* Programming language: bash, Python, R, matlab

e License: GPL 3.0
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Supplemental videos, files and data are deposited in a Zen-
odo repository (https://doi.org/10.5281/zenodo.8116913).
The mass spectrometry proteomics data have been deposited
to the ProteomeXchange Consortium via the PRIDE (154)
partner repository with the dataset identifiers PXD044169,
PXD044171 and PXD044175. Raw metabolomics data will
be deposited before publication in the MetaboLights reposi-
tory (155) under the identifier MTBLS8137. Any additional
information required to reanalyze the data reported in this
paper is available from the lead contact upon request.
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Key resources table

Reagent or Resource Source Identifier
Antibodies
pMYL (Ser19) (primary) Cell Signaling Technology #3671

Alexa Fluor 488 Goat, Anti-Rabbit IgG (H+L) (secondary)

Jackson ImmunoResearch

#111-545-144

Chemicals, Peptides and Recombinant Proteins

NOC-12 (3-Ethyl-3-(ethylaminoethyl)-1-hydroxy-2-oxo-

. Santa Cruz Biotechnology #202246
1-triazene)
Sildenafil citrate Sigma Aldrich SML3033
IBMX (3-isobutyl-1-methylxanthine) Sigma Aldrich 15879
8-Br-cAMP Selleckchem S7857
Rhosin Sigma Aldrich 555460
ML-7  (Hexahydro-1-[(5-iodo-1-naphthalenyl)sulfonyl]-
1H-1,4-diazepine hydrochloride) Selleckchem 58388
Cytochalasin D Cayman Chemical #11330
N-ethylmaleimide Sigma Aldrich #04259
SMIFHZ (small molecular inhibitor of formin FH2 do- Sigma Aldrich #344092
mains)
SC79  (2-Amino-6-chloro-a-cyano-3-(ethoxycarbonyl)-
4H-1-benzopyran-4-acetic acid ethyl ester) Hycultec HY-18749
Critial Commercial Assays
TMTo6plex Thermo Scientific #90066
TMT10plex Thermo Scientific #90111
TMT16plex Thermo Scientific #A44522
Deposited Data

. PXD044169, PXD044171,
Raw proteomics MS data PRIDE PXD044175
Raw metabolomics MS data MetaboLights MTBLS8137
. . https://doi.org/10.5281/

Supplemental Videos, Files and Data Zenodo senodo 8116913
Scripts and analysis GitHub hitps://git.embl.de/

grp-arendt/spongeprot

Experimental models

Collection by Fabian Ruperti

Spongilla lacustris and Michael Nickel n/a
Oligonucleotides

Primer COI

For: ATTTGGAGCATTTGCAGG This paper, Sigma Aldrich n/a
Rev: AAGTATGATGAGCTGGAGGA This paper, Sigma Aldrich n/a
Primer 28S

For: GAAAAGAACTTTGRARAGAGAGT This paper, Sigma Aldrich n/a
Rev: TCCGTGTTTCAAGACGGG This paper, Sigma Aldrich n/a
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Software and Algorithms

https://github.com/protcode/

Isobarquant Franken et al. (59) isob

MSConvert Chambers et al. (156) https://prote(')wgard.
sourceforge.io/index.html

Fragpipe Kong et al. (157) https://fragpipe.nesvilab.org/

Mascot search engine

Matrix Science

https://www.matrixscience.
com/

R (v4.2.1)

R core Team (158)

https://www.r-project.org/

Python 3.10

Python Software Foundation

https://www.python.org

Resource website for data analysis

This paper, GitHub

https://git.embl.de/
grp-arendt/spongeprot

Group-based prediction system (GPS) (v5.0)

Wang et al. (63)

https://gps.biocuckoo.cn

IQ-TREE (v2.2.2.5)

Nguyen et al. (159)

http://www.iqtree.org

. . https://github.com/
MMseqs2 (v14-7e284) Steinegger and Soding (160) socdinglab/MMseqs2
. . Mirdita et al. (79), Ruperti et | https://github.com/
Colabfold (v1.4.0) as implemented in MorF al. (80) sokrypton/ColabFold
. . van Kempen et al. (161), Ru- | https://github.com/
Foldseek (v3-915ef7d) as implemented in MorF perti et al. (80) steineggerlab/foldseek
Mafft (v7.520) Katoh and Standley (162) hitps://mafft.cbre.jp/
alignment/software/

Jalview (v2.11.2.6)

Waterhouse et al. (163)

https://www.jalview.org/

EggNOG-mapper (vl and v2.1.9)

Cantalapiedra et al. (166)

iTOL (v6) Letunic and Bork (164) https://itol.embl.de/

. https://services.healthtech.
SignalP (v6.0) Teufel et al. (77) dtu.dk/services/SignalP-6.0/
Pymol (v2.3.5) Schrodinger, Inc. https://pymol.org/2/
GOATOOLS Klopfenstein et al. (165) hitps://github.com/

tanghaibao/goatools
https://github.com/

eggnogdb/eggnog-mapper

MS-DIAL (v4.94)

Tsugawa et al. (167)

http://prime.psc.riken.jp/
compms/msdial/main.html

FreeStyle 1.8 SP2

Thermo Fisher Scientific

n/a

Ilastik (v1.4.0)

Berg et al. (168)

https://www.ilastik.org/

Imagel/Fiji (v2.9.0)

Schindelin et al. (169)

https://fiji.sc/

Napari

Sofroniew et al. (170)

https://napari.org/stable/#

Compass for Simple Western (v5.0.1)

biotechne

https://www.bio-techne.com

Labview 2020

National Instruments

https://www.ni.com/

Matlab R2021a

MathWorks

https:/www.mathworks.com/

Other

Gene ontology resource

Ashburner et al. (171), Gene
Ontology Consortium (172)

http://geneontology.org/
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Experimental models and subject details
Collection and cultivation of sponges

During winter Spongilla lacustris specimens undergo gem-
mulation, a process that produces gemmules, which are pro-
tected packets of stem cells that can be collected and stored
in the lab at 4°C. These gemmules can then be induced to
hatch and form juvenile sponges. Gemmules of S. lacustris
embedded in previous years sponge remains were collected
on 8 March 2018, 24 February 2020, 1 December 2021, 10
January 2022 and 22 February 2023 from Lake Constance,
near Kressbronn, Germany (47°35’09.0"N 9°35°56.4"E). In-
dividual sponge patches, composed of the sponge skeleton
and gemmules, were kept in lake water at 4°C until gem-
mule isolation. The gemmules were extracted from the adult
tissue by gently rubbing the sponge patches over sandpaper
(grit 500) using one finger covered in nitrile gloves. Gem-
mules from different sponge patches were washed and stored
separately at 4°C in Vittel mineral water. Gemmules from in-
dividually cleaned patches were barcoded using 18S and COI
sequences to confirm the species.

To culture the sponges, gemmules were placed in culture
dishes with sterile filtered water collected from Lake Con-
stance and kept at 18°C in the dark. Different numbers of
gemmules were used depending on the experiment. To cul-
ture sponges for OCM, pharmacological testing, or confo-
cal microscopy, 2-4 gemmules were placed in a glass-bottom
culture dish (Greiner Bio-One cat# 627860) containing 5 mL
of filtered lake water. To culture sponges for phosphopro-
teomics, thermal proteome profiling, secretomics and untar-
geted metabolomics, 45 - 50 gemmules were placed in a 55
mm culture dish containing 20 mL of filtered lake water or
M-medium (1 mM CaCl2 x 6 H,0, 0.5 mM MgSO4 x 7 H,0,
0.5 mM NaHCO3, 0.05 mM KCl, 0.25 mM Na;Si03) (details
in the respective Methods sections).

The medium was replaced 7 days after plating when juvenile
sponges adhered strongly to the glass/dish surface. After 8-9
days of growth, the juvenile sponges were sampled or fixed
for experiments. At this stage, they had acquired all major
features of adults, including an osculum, well-developed
canal system, and numerous choanocyte chambers. The
exact time at which this stage occurs can vary greatly, even
for neighboring sponges grown from clonal gemmules that
are present in the same culture dish. In general, only dishes
were sampled or fixed in which all sponges exhibited these
features.

Method details
Protein functional annotation

Annotation of the Spongilla lacustris proteome was adopted
from Musser et al. (13) which followed a multi-step proce-
dure. In short, first priority was given to orthology assign-
ments to human genes inferred from a Spongilla phylome
(accessible at http://spongilla.compgenomics.org/ at which
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all phylome trees can be searched and viewed). In cases
where no human ortholog was detected, names were as-
signed by mapping the longest protein for each gene model to
the eggNOG database (166) (version 4.5.1) using eggNOG-
mapper v1. In the remaining cases, the best blastp hit against
human RefSeq using default parameters was used. All gene
names assigned via this automated pipeline use a similar
nomenclature, beginning with a gene ID (c###_g#i##), fol-
lowed by either the orthology relationship to human genes
inferred from the Spongilla phylome, or the name designed
via emapper or blastp. Gene trees from the Spongilla phy-
lome have been consulted for correct annotation and homol-
ogy relationships.

As an additional method to transfer functional annotations,
we implemented the structure-based homology search
pipeline MorF as described in Ruperti et al. (80). In short,
MorF predicts the structures of all predicted Spongilla
proteins using ColabFold (79), an implementation of Al-
phaFold2 (173), and aligns the structures to available and
annotated protein structures of model species. MorF-based
annotations do not supersede sequence-based annotations
but rather supplement annotations with structural/functional
information. All MorF-based annotations in this manuscript
are signalized by square brackets.

Optical coherence microscopy and data processing
Optical coherence microscopy

We engineered a tailored spectral-domain Optical Coherence
Microscopy (OCM) system optimized for in vivo imaging
and quantitative 3D mapping of S. lacustris at a high and
near-isotropic spatial optical resolution of ~2.5 um with a
4x objective lens (NA=0.13). The optical system schematic
diagram of the OCM system resembles that in (24). Briefly,
the light source is a superluminescent diode module (SLD,
M-T-850-HP-1, Superlum Diodes Ltd, Cork, Ireland) emit-
ting light centered at 850 nm. Its bandwidth is approximately
155 nm corresponding to a theoretical axial resolution of
2.06 pm in air. During our experiment, only the inverted
part of the microscope was utilized. The laser illuminated
samples through the coverslip with a power of about 1.8
mW. To minimize the impact of specular reflectance at the
air-glass and glass-tissue interfaces, the normal direction of
the coverslip surface and the optical axis were slightly tilted
at approximately 8 degrees. This tilt angle, combined with
the scale difference between the axial and lateral directions
in images led to a shear transformation in the raw OCM
images which was corrected in post-processing with a
customized program (see below). The signal light from the
sample interfered with the reference arm light at the fiber
coupler and thereafter was directed to a homemade spec-
trometer by the fiber on the detection arm. The maximum
read-out speed of the camera (EV71YOICCL2010-BA3,
Octoplus, Teledyne e2V, Saint-Egréve, France) used in the
spectrometer is 250 kHz. However, in our experiment we
set the exposure time of each A-line measurement to 20
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ps to achieve higher image contrast, resulting in a reduced
A-line rate of 50 kHz. The magnification factor and NA
of the objective lens (CFI Plan Fluor, Nikon, Japan) in
the microscope was 4x and 0.13, respectively. Lateral
scanning of the laser beam was achieved by a galvo mirror
pair which was synchronized to the camera read-out clock.
Each volume scan contained 512x512 steps along x and y
direction with a step size of 5.05 um, resulting in a field
of view of 2.6 mm. We note that the spatial laser scanning
step resolution was approximately twice as large as the
optical resolution, which we found sufficient for high-quality
segmentation, but kept overall data size of the longitudinal
recordings manageable. Furthermore, the actual measured
axial resolution of the system was around 2.5 um in water,
slightly worse than the theoretical achievable value. This
was attributed to the reduction in effective bandwidth after
apodization of the interference spectra in post-processing.
A wide field microscope was integrated through a dichroic
mirror with cutoff wavelength 662 nm (F38-662_T3, AHF
analysentechnik AG, Tiibingen, Germany), assisting the
sample alignment. The OCM setup has a maximum imaging
speed of 250 k-Alines/s when the exposure time is set to 4
us, resulting in a volumetric imaging speed of ~1 Hz under
512x512 lateral scanning resolution. For the longitudinal
imaging, the speed was set to ~5 s/volume (exposure time
20 ps for each A-line) resulting in higher signal-to-noise
ratio and image contrast.

Sample preparation and OCM imaging protocol

For live imaging, individual 8-day old Spongilla specimens
grown in 35 mm glass-bottom culture dishes (Greiner
Bio-One cat# 627860) containing 5 mL of filtered lake water
and positioned on an X, Y, Z manual translation sample
stage. Natural attachment of the Spongilla specimen to the
glass bottom enabled consistent imaging using an inverted
set-up. For the purpose of recording endogenous deflations,
one specimen was imaged for ~6 hours (119 volumes
with ~1 volume/3 min). Within that time, the sponge
underwent 2 deflation cycles, each lasting around 30 min.
For the agitation induced deflation, the sponge specimen was
agitated on a plate shaker (5 min, 500 rpm, 1.25 cm/s) with
subsequent OCM image acquisition (~1 volume / 30 sec).
For nitric oxide induced deflation, 1 mL of NOC-12 (nitric
oxide donor) solution was carefully added to the dish to a
final concentration of 45.5 uM. OCM image acquisition (~1
volume / 15 sec) started before the addition of NOC-12 and
was stopped ~30 min after a deflation was observed.

OCM raw data processing

An intensity profile of depth scan (A-line) was reconstructed
from the interference spectral signal following a regular
OCT postprocessing procedure including dispersion com-
pensation, background subtraction, spectrum reshaping and
inverse fast Fourier transformation (174). The fast scan
along X direction generated a cross-sectional image, i.e.
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B-scan, containing 512 A-lines. Then, the slow scan along
Y direction generated a volumetric image containing 512
B-scans. Finally, the 3D intensity dataset was scaled using a
logarithmic gray scale. The raw volumetric images exhibited
artifacts of distortion, tilt, and anisotropic resolution, caused
by optical distortions in the scanning microscope and the
tilt between the cover-slip and optical axis. These were
corrected by custom post-processing scripts. Finally, the
anisotropic resolution was corrected by a simple rescaling
algorithm.

OCM Denoising

To facilitate the segmentation of the canal systems of
Spongilla lacustris in the OCM recordings, we developed
a custom 3D variant of the Noise2Noise approach based
on a 3D U-net architecture for denoising the data (175).
We chose a self-supervised Noise2Noise approach as it
does not require any clean labels for training (Figure
S1A). Our self-supervised deep learning method markedly
suppressed the OCM image noise by an average 12 dB,
which significantly facilitated down-stream post-processing
and segmentation (Figure S1B). The 3D U-net architecture
consists of an encoder-decoder structure interconnected
by skip connections (176, 177). The encoder network
consists of 5 hierarchically organized encoder blocks, each
containing two successive units: a 3D convolutional layer,
a leaky ReLU activation layer, and a group normaliza-
tion layer. In parallel, the decoder network consists of 5
blocks with similar layer configurations, incorporating a
nearest-neighbor upsampling layer at each level. To create
the training dataset, we utilized the high acquisition rate
of OCM imaging. This allowed us to obtain temporally
consecutive data containing the same structural signal, but
with intrinsically different noise patterns, making these noisy
data pairs fulfill the main requirement of the Noise2Noise
approach. Pairs of recordings with significant structural
differences were removed from the training dataset to ensure
the integrity of the dataset. To train the network effectively,
we further augmented the dataset by randomly cropping the
volume pairs into 16x64x64 patches, and applying random
rotations and flips. A combination of L1 and L2 loss metrics
was used to measure the difference between the prediction
and the noisy target during the training process. We utilized
the ADAM optimizer with hyperparameters 1=0.5, 2=0.99,
and a learning rate of le-3, and trained the network for 300
epochs (178).

Segmentaion

A visual overview of the segmentation pipeline can be found
in Figure S1C. Denoised, rotated, and scaled OCM sponge
images were segmented into foreground (tissue) and back-
ground (water) using a model trained in Ilastik (v1.3.3post3)
(168). Subsequently, the water pixels were divided into
water "inside" and water "outside" the sponge, using a script
in FIJI (v1.53t) (169). The local thickness of the inside water
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pixels was calculated using the LocalThickness function
from the BoneJ FIJI plugin (v7.0.15) (179). Next, the
"inside" water pixels were further subdivided into incurrent
canal, excurrent canal, and gemmule through iterative cycles
of morphological reconstructions using MorpholibJ (v1.6.0)
(180) at decreasing local thickness, until no unassigned
pixels in the connected regions remained. The process
was initiated with manually annotated seeds, serving as
starting points for each label’s reconstruction. Small isolated
regions were assigned to the choanocyte chamber category.
Finally, the resulting label images were manually corrected,
if necessary. In the case of endogenous deflation, choanocyte
chambers were separated from the excurrent canal system
for the quantification of geometrical features (canal volumes
and surface areas) by implementing a cut-off (7) in the local
thickness map. Geometrical features were calculated using
Morpholibj in FIJI. Plots were generated using python (181).
Relative surface and volume changes were calculated by
normalizing the measurements against one representative
frame (per time-lapse) with the sponge in inflated state. Plot
movies were produced from plots generated in RStudio with
ggplot, and concatenated in FIJI. 3D renderings were pro-
duced using napari (v0.4.17) (170). Histogram calculations
of excurrent canal diameters were performed using python
(numpy v1.24.3).

2D Time-lapse imaging, pharmacological testing and
data processing

2D imaging and pharmacological testing

Time-lapse imaging during the testing of pharmacologi-
cal compounds was performed in a modified version from
Musser et al. (13) using a consumer camera Panasonic DMC-
G2 camera attached to a dissecting microscope (Zeiss AXIO)
through a custom-made ocular adapter (MFI-T2, including
an 8x Olympus projective). The camera was connected to a
flash unit (Nikon SB24) using a connector unit (Nikon SC-
17). The flash was covered by a red diffuser foil and set up
next to the dishes containing the sponges. Both, camera and
flash, were connected to a permanent power supply (Pana-
sonic DMW-BLB 13 and custom made). Time-lapse imaging
was triggered by an intervalometer (Hongdak MC-36B) set
to 30 sec intervals. Images were stored on the camera using
a wifi-SDcard (ez Share), which was connected to a PC run-
ning ez Share Windows Client V1.1.0 under Microsoft Win-
dows, transferring Images directly to a network drive after
capture.

For each pharmacological compound tested, triplicate exper-
iments of 2-4 gemmules each were placed in glass-bottom
culture dishes (Greiner Bio-One cat# 627860) containing 5
mL of filtered lake water. Sponges were grown for 8-9 days
before usage with a complete water exchange one day before.
Stock solutions of the compounds were prepared in either
ddH;0 or DMSO, depending on the solubility. Before the
start of the time-lapse, 1 mL filtered lake water was carefully
removed from the plates. Before the addition of the com-
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pounds, sponges were imaged at least for 10 min to ensure
that no endogenous deflation was captured. The compounds
were diluted in 1 mL filtered lake water and carefully added
to the plate to achieve the desired final concentration. We
chose dose concentrations following empirical ICsq values
measured in model systems (NOC-12: 45.5 uM, SC79: 15
uM, Sildenafil: 30 puM, IBMX: 100 pM, 8-Br-cGMP: 30
uM, Rhosin: 3 uM, ML-7: 1 uM, Cytochalasin D: 5 puM,
N-ethylmaleimide: 1 mM, 40 pM SMIFH?2), and also as-
sessed each chemical’s toxicity in Spongilla through washout
experiments (Figure S2D-M). While adding the compound,
we were careful to not directly point towards the sponge
to prevent a deflation induced solely due to mechanical
perturbation. To further exclude the possibility that reactions
evoked by compounds are due to nonspecific chemical
stress, we applied toxic concentrations of hydrogen peroxide
(10 uM), which did not induce the typical deflation (Figure
S2N), as well as DMSO (0.3% (v/v)) as a control (Figure
2C). Exemplary time-lapse videos of each treatment are
deposited in a Zenodo repository (10.5281/zenodo.8116913).

Data processing

The time-lapse image stacks were processed in FIJI (169) to
adjust brightness, contrast, and crop the images around the
sponges. Image sequences were then transferred to Ilastik
(v 1.3.3) (168). Three labels were assigned to distinguish
the sponge’s canal system from the surrounding tissue and
background (1) incurrent canals (yellow), (2) excurrent
canals (blue), and (3) remaining tissue and background (red)
(Figure S2C). 3 - 5 images from each sequence were manu-
ally selected for training until accurate segmentations were
achieved for the entire sequence. Subsequently, the simple
segmentation mask was imported into FIJI and the area
of the incurrent and excurrent canal system segmentations
was measured and exported for plotting. For the plots, the
time of compound addition was set to 0 min. The data was
normalized against the first frame in each sequence (sponges
in inflated state) to plot relative changes.

Immunostaining, confocal imaging and Simple Western
western blot analysis

Immunostaining was performed as described previously (12,
13, 182). For primary antibody incubation, a commer-
cial pMYL antibody was used (1:50 dilution; Cell Signal-
ing Technology #3671). Secondary antibody incubation
was with Alexa Fluor 488 Goat, Anti-Rabbit IgG (H+L;
1:500 dilution; Cat #111-545-144, Jackson ImmunoRe-
search), Phalloidin-Atto 647N (1:40 dilution of 10 nM stock;
Cat #65906, Sigma Aldrich), and DAPI (1 pug/ml). Experi-
ments exclusively using Phalloidin and DAPI as stains only
required fixation of the sponges and treatment with PBST.
Images were taken with a 63x oil immersion or 40x water
immersion objective on a Leica SP8 inverted confocal micro-
scope. Images were processed using ImageJ (169).

To validate the specificity of the pMYL antibody to the
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Spongilla ortholog, we performed a western blot analysis
using the Simple Western platform (ProteinSimple, Jess).
This was performed as described previously (13). In short,
clarified whole cell lysates (lysis buffer: D-PBS, 0.5%
Triton X-100, 0.1% SDS, 0.4% Sodium deoxycholate, | mM
EGTA, 1.5 mM MgCl,, 1 x proteinase inhibitor cocktail
(cOmpleteTM, Roche), 0.26 U/uL benzonase (Millipore)) of
8-day old Spongilla lacustris juveniles were used. pMYL
antibody validation was performed using the automated
capillary-based immunoassay platform Jess (ProteinSimple).
A 12-230 kDa separation module (SM-W004) for anti-rabbit
chemiluminescence detection (DM-001) was prepared
according to the manufacturer’s instructions. The p-MYL
antibody was used at a 1:10 dilution. The run was performed
using default settings and analyzed using the Compass
Software for Simple Western (version 5.0.1, Protein Simple).

Laser microdissection

Laser microdissection of peripheral tissue of inflated
sponges, including the sponge epithelial tent was performed
and recorded on a Leica LMD7 (349 nm laser) equipped
with a 10x objective (settings: laser power: 44, aperture: 10,
speed: 5, head current: 100, pulse frequency: 120 Hz).

Thermal Proteome Profiling and sample preparation for
MS

Thermal protein profiling was done similarly as previously
described (183, 184). TPP for NOC-12 and agitated sponges
were done in slightly different ways.

NOC-12 (45.5 uM) treatment

4 x 45 Spongilla lacustris ggemmules were plated in 20 mL
M-Medium (in 55 mm culture dishes) and kept at 18°C in
the dark. Untreated sponges (2 replicates) were harvested
and dissociated in 1.5 mL M-medium and 10 equal aliquots
of 150 uL were distributed in PCR tubes. Two plates were
treated with 1.5 mL M-medium containing 45.5 uM NOC-
12. 5 min after treatment (deflation validated via brightfield
microscopy), sponges were harvested and distributed in PCR
tubes similarly. Each aliquot was heated for three minutes
to a different temperature (20.0 - 30.4 - 32.6 - 37.0 - 41.0 -
44.8 - 499 - 55.1 - 61.1 - 67.2°C). Lysis buffer (final con-
centration 0.8% NP-40 (Sigma, #276855), 1.5mM MgCl,,
protease inhibitor (Roche), phosphatase inhibitor (Roche),
0.4 U/ml benzonase (Merck, #71206-3)) was added and
cells were incubated at 4°C for one hour. Protein aggregates
were removed by centrifugation (0.45 um filter plate, Merck,
#MSHVN4550). From the soluble fraction the protein
concentration was determined (BCA assay) and for sample
preparation 10 mg protein (based on two lowest tempera-
tures) were taken further. Proteins were reduced, alkylated
and digested with trypsin/Lys-C with the SP3 protocol (185).
Peptides were labeled with TMT10plex (Thermo, #90111).
Pairs of two temperatures for control and treated samples
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were combined in one TMT experiment. Pooled samples
were fractionated on a reversed phase C18 system running
under high pH conditions, resulting in twelve fractions (185).

Agitation

TPP of agitated sponges was part of an extended TPP
experiment including 8 different conditions, six of which are
not included and discussed in this manuscript. Only control
and agitation (5 min, 500 rpm) are used in the manuscript. In
total, 16 x 30 Spongilla lacustris gemmules were plated in
20 mL filtered lake water (collection from Lake Constance,
Germany) (in 55 mm culture dishes) and kept at 18°C in the
dark. Deflation was induced by agitation in two plates and
confirmed via brightfield microscopy. Sponges were har-
vested and distributed in PCR tubes similarly. Each aliquot
was heated for three minutes to a different temperature (30.4
-32.6-37.0-41.0-44.8 -49.4 -49.9 - 50.5 - 52.6 - 57.0
- 61.1 - 64.9 - 69.5°C). Lysis buffer (final concentration
0.8% NP-40 (Sigma, #276855), 1.5mM MgCl,, protease
inhibitor (Roche), phosphatase inhibitor (Roche), 0.4 U/ml
benzonase (Merck, #71206-3)) was added and cells were
incubated at 4°C for one hour. Protein aggregates were
removed by centrifugation (0.45 um filter plate, Merck,
#MSHVN4550). From the soluble fraction the protein
concentration was determined (BCA assay) and for sample
preparation 10 mg protein (based on two lowest tempera-
tures) were taken further. Proteins were reduced, alkylated
and digested with trypsin/Lys-C with the SP3 protocol (185).
Peptides were labeled with TMT16plex (Thermo, A44522).
Pairs of two temperatures for control and treated samples
were combined in one TMT experiment. Pooled samples
were fractionated on a reversed phase C18 system running
under high pH conditions, resulting in twelve fractions (185).

Quantitative phosphoproteomics and sample preparation
for MS

9 x 50 Spongilla lacustris gemmules were plated in 20 mL fil-
tered lake water (in 55 mm culture dishes) and kept at 18°C
in the dark. Due to the fact that phosphorylation cascades
often occur rapidly, treatment times for agitation and NOC-
12 were shortened compared to the TPP experiment. Three
plates were agitated (2 min, 500 rpm) and three were treated
with 45.5 uM NOC-12 for 2 min. The induction of deflation
was monitored via brightfield microscopy. For all plates (in-
cluding 3 plates as control), the medium was discarded and
sponges were immediately flash-frozen by dipping the bot-
tom of the culture dishes into liquid nitrogen. This ensured
immediate stop of cellular function and ensured that mea-
sured phosphorylation events are solely attributed to the treat-
ments. The plates were thawed at 16°C for about 30 seconds
before addition of 300 uL of lysis buffer (4 M guanidinium
isothiocyanate, 50 mM 2-[4-(2-hydroxyethyl)piperazin-1-
yl]ethanesulfonic acid (HEPES), 10 mM magnesium chlo-
ride, 10 mM tris(2-carboxyethyl)phosphine (TCEP), 1% N-
lauroylsarcosine, 5% isoamyl alcohol and 40% acetonitrile
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adjusted to pH 8.5 with 10 M sodium hydroxide). Sponges
were scraped off the culture dish surface using a cell scraper
and transferred to 1.5 mL reaction cups with the lysis buffer.
Samples were centrifuged at 16,000 x g for 10 minutes at
room temperature to remove cell debris and nucleic acid pre-
cipitates. Three volumes of ice-cold isopropanol were then
added to one volume of supernatant to induce protein precip-
itation, and the protein precipitates were washed 4 times with
80% isopropanol. Next, proteins were digested overnight
by adding trypsin (TPCK-Trypsin, Pierce) at a ratio of 1:25
w/w trypsin:protein in 100 pL of digestion buffer (30 mM
chloroacetamide, 5 mM TCEP, 100 mM HEPES, pH 8.5).
After digestion, peptides were acidified with trifluoroacetic
acid (TFA, final concentration of 1%) and desalted with solid-
phase extraction by loading the samples onto a Waters tC18
Sep-Pak 50-mg column. Samples were washed twice with 1
ml 0.1% TFA and eluted with 400 pl 50% acetonitrile acidi-
fied with 0.1% TFA before lyophilization.

For phosphopeptide enrichment, lyophilized peptides were
resuspended in buffer A (70% ACN, 0.07% TFA), cen-
trifuged at 16,000 x g, and the supernatant was added to
Fe-NTA agarose beads (PureCube) on a multiscreenHTS-HV
0.45 pm 96 well filter plate (Merck Millipore). After load-
ing, beads were washed 6 times with 200 uL buffer A, each
time followed by centrifugation at 250 x g for 1 minute at
room temperature. Phosphopeptides were eluted by addi-
tion of 0.2% diethylamine in 80% ACN (2 x 50 pL), be-
fore lyophilization. For TMT labeling, dried phosphopep-
tides were dissolved in 10 uL 100 mM HEPES pH 8.5 before
addition of 4 uL of TMT reagent at a concentration of 20 pg/
uL in acetonitrile. After 1h at room temperature, the labeling
reaction was quenched for 15 minutes by addition of 5 uL of
5% hydroxylamine. Labeled peptides were then pooled and
subsequently lyophilized.

Labeled phosphopeptides were dissolved into 50 pL of
buffer A (20 mM ammonium formate at pH 10) and loaded
onto a C18 microcolumn made in-house and packed with
1 mg of C18 bulk material (ReproSil-Pur 120 C18-AQ 5
um, Dr. Maisch) on top of the C18 resin disk (AttractSPE
disks bio - C18, Affinisep). The microcolumn was first
washed twice with 20 pL buffer A before phosphopeptides
fractionation. The different fractions were collected after
addition and elution of 10 pL of the following solutions:
3%, 5%, 1%, 9%, 11%, 13%, 15%, 17%, 19%, 21%, 23%,
25%, 27%, 29%, 31%, 33%, 35% and 40% ACN in buffer
A. The fractionation was carried out in a benchtop centrifuge
at room temperature and with centrifugation speed matching
flow rates of approximately 10 pL/min. Each fraction was
pooled with the n + 6 and n + 12 fractions, resulting in 6
fractions. The different fractions were finally lyophilized
before LC-MS/MS analysis.

Secretomic experiment and sample preparation for MS
6 x 25 Spongilla lacustris gemmules were plated in 20 mL

M-Medium (in 55 mm culture dishes) and grown at 18°C in
the dark until usage. The medium in all plates was discarded
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and 500 uL of fresh filtered lake water was added. For
the controls (3 replicates), the water was transferred to 1.5
mL reaction cups. Three plates were agitated (5 min, 500
rpm), deflation confirmed on a brightfield microscope and
the medium was transferred to reaction cups afterwards. All
samples were incubated at 70 °C for 20 min to inhibit protein
degradation. Samples were dried in a vacuum concentrator
(eppendorf, Concentrator Plus) at 30 °C and kept at - 20 °C
for further processing. Proteins were reduced, alkylated and
digested with trypsin/Lys-C with the SP3 protocol (185).
Peptides were labeled with TMT6plex (Thermo, #90066).

Proteomics LC-MS/MS measurements

Measurements were performed similarly described as in
Becher et al. (184). Details of chromatography and mass
spectrometry runs can be found in Table S2.

Untargeted Metabolomics sample preparation and LC-
MS/MS measurement

Sample preparation

10 x 40 Spongilla lacustris gemmules were plated in 20 mL
filtered lake water (in 55 mm culture dishes) and kept at 18°C
in the dark until usage. For controls, the medium of 5 plates
was discarded and the sponges were immediately flash frozen
by dipping the bottom of the culture dishes into liquid ni-
trogen. To prevent thawing and potential metabolic activ-
ity, the dishes were put on metal blocks cooled to about - 80
°C by dry ice. Metal spatulas were used to scrape off the
sponges and transfer into pre-cooled 2 mL cryotubes. Agi-
tated sponges (5 replicates) (5 min, 500 rpm) were processed
identically after agitation. The samples were stored at - 80
°C until further processing.

Metabolites were extracted via addition of 500 pL acetoni-
trile:methanol:water (2:2:1, v/v) and homogenized on dry
ice with a bead beater (FastPrep-24; MP Biomedicals, CA,
USA) at 6.0 m/s (3 x 30 s, 5 min pause time) using 1.0
mm zirconia/glass beads (Biospec Products, OK, USA).
After centrifugation for 10 min at 15,000 x g and 4 °C with
a 5415R benchtop microcentrifuge (Eppendorf, Hamburg,
Germany), the supernatants were collected and residual
sample pellets were reextracted with a 200 pL aliquot of the
previously used extraction solvent mixture. Corresponding
supernatants were combined after another centrifugation step
and dried under a stream of nitrogen. Dried samples were
reconstituted in 80 uL. of 80% methanol, vortexed for 5 min,
and transferred to analytical glass vials. The LC-MS/MS
analysis was initiated within one hour after the completion
of the sample preparation.

LC-MS/MS analysis
LC-MS/MS analysis was performed on a Vanquish UHPLC

system coupled to an Orbitrap Exploris 240 high-resolution
mass spectrometer (Thermo Fisher Scientific, MA, USA) in
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positive and negative ESI (electrospray ionization) mode.
Chromatographic separation was carried out on an Atlantis
Premier BEH Z-HILIC column (Waters, MA, USA; 2.1 mm
x 100 mm, 1.7 um) at a flow rate of 0.25 mL/min. The mobile
phase consisted of water:acetonitrile (9:1, v/v; mobile phase
phase A) and acetonitrile:water (9:1, v/v; mobile phase B),
which were modified with a total buffer concentration of 10
mM ammonium acetate (negative mode) and 10 mM ammo-
nium formate (positive mode), respectively. The aqueous
portion of each mobile phase was pH-adjusted (negative
mode: pH 9.0 via addition of ammonium hydroxide; positive
mode: pH 3.0 via addition of formic acid). The following
gradient (20 min total run time including re-equilibration)
was applied (time [min]/%B): 0/95, 2/95, 14.5/60, 16/60,
16.5/95, 20/95. Column temperature was maintained at
40°C, the autosampler was set to 4°C and sample injection
volume was 5 pL. Analytes were recorded via a full scan
with a mass resolving power of 120,000 over a mass range
from 60 — 900 m/z (scan time: 100 ms, RF lens: 70%). To
obtain MS/MS fragment spectra, data-dependant acquisition
was carried out (resolving power: 15,000; scan time: 22 ms;
stepped collision energies [%]: 30/50/70; cycle time: 900
ms). lon source parameters were set to the following values:
spray voltage: 4100 V (positive mode) / -3500 V (negative
mode), sheath gas: 30 psi, auxiliary gas: 5 psi, sweep gas: 0
psi, ion transfer tube temperature: 350°C, vaporizer temper-
ature: 300°C. All experimental samples were measured in a
randomized manner. Pooled quality control (QC) samples
were prepared by mixing equal aliquots from each processed
sample. Multiple QCs were injected at the beginning of
the analysis in order to equilibrate the analytical system.
A QC sample was analyzed after every 5th experimental
sample to monitor instrument performance throughout the
sequence. For determination of background signals and
subsequent background subtraction, an additional processed
blank sample was recorded.

Quantification and Statistical analyses
Proteomics quantification and statistical analysis
2D Thermal proteome profiling (2D TPP) analysis

Raw MS data was processed with IsobarQuant (59) and
peptide and protein identification was performed with the
Mascot 2.4 (Matrix Science) search engine. Data was
searched against a custom Spongilla lacustris proteome
(proteins with minimal length of 70 aa identified from
transcriptome with TransDecoder (version 3.0.1)) including
known contaminants and the reversed protein sequences.
Search parameters: trypsin, missed cleavages 3, peptide
tolerance 10ppm, 0.02 Da for MS/MS tolerance. Fixed
modifications were carbamidomethyl on cysteines and
TMT10plex (NOC12 treatment) or TMT16plex (agitation)
on lysine. Variable modifications included acetylation
on protein N terminus, oxidation of methionine, and
TMT10plex or TMTl16plex on peptide N-termini. The
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raw output files of IsobarQuant (protein.txt — files) were
processed using the R programming language. Only proteins
that were quantified with at least two unique peptides were
considered for the analysis. Moreover, only proteins that
were identified in at least two mass spec runs in one of the
lowest temperatures (23 °C or 30.4 °C for NOC12-treatment,
23 °C or 30.9 °C for agitation treatment) and identified in
at least 2 mass spec runs (NOCI12-treatment) or 5 mass
spec runs (agitation; part of a larger experiment comparing
8 different treatments) over all temperatures were kept for
the analysis. 6314 proteins passed the quality control filters
in the NOC12-treatment experiment. 3363 proteins passed
the quality control filters in the agitation experiment. Raw
TMT reporter ion intensities ("signal_sum" columns) were
first cleaned for batch effects using limma (186) and further
normalized using vsn (variance stabilization normalization
(187)). Different normalization coefficients were estimated
for each temperature. Abundance and stability scores were
calculated as indicated in Mateus et al. (23). A treatment
/ control ratio was calculated for each temperature and
replicate separately. The abundance score was estimated
by calculating an average ratio of the first two temperatures
(23 °C and 30.4 °C (NOC-12) / 30.9 °C (agitation)) for
each replicate. The remaining ratios were then divided
by the respective abundance average and summed up to
calculate the stability score. Abundance and stability scores
were transformed into a z-distribution using the "scale"
function in R. The R package limma was used to estimate
the significance of abundance and stability score differences
for each replicate. The number of identifications in the
different temperatures for each replicate has been used as a
weight. The t-values (output of limma) were analyzed with
the "fdrtool" function of the fdrtool package (188) in order to
extract p-values and false discovery rates (fdr - g-values). A
protein was annotated as a hit with an absolute score above
3 and a fdr below 0.01 and as a candidate with an absolute
score above 2 and a below 0.05.

Quantitative phosphoproteomics analysis

Mass spectrometry raw files were converted to mzmL
format using MSConvert from Proteowizard (156) using
peak picking from the vendor algorithm and keeping the
200 most intense peaks. Files were then searched using
MSFragger v3.4 in Fragpipe v17 against the Spongilla
lacustris proteome (proteins with minimal length of 70 aa
identified from transcriptome with TransDecoder version
3.0.1) including known contaminants and the reversed
protein sequences. The search parameters were as followed:
tryptic digestion with a maximum of 2 missed cleavages,
peptide length = 7-50, peptide tolerance = 20 ppm; MS/MS
tolerance = 10 ppm; topN peaks = 200; fixed modifications
= carbamidomethyl on cysteine and TMT10plex on lysine;
variable modifications = acetylation on protein N termini,
oxidation of methionine and TMT10plex on peptide N
termini, as well as variable phosphorylation of serine,
threonine and tyrosine residues with a maximum of 4
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phosphorylations per peptides. Peptide Spectrum Matches
(PSMs) validation was performed by philosopher version
4.1.0 and the false discovery rate was fixed at 1% at the
PSMs, peptides and proteins level. TMT quantification was
performed by TMT-Integrator using default settings. The
raw output files of FragPipe (psm.tsv — files) (157) were
processed using the R programming language (158). Only
peptide spectral matches (PSMs) with a phosphorylation
probability greater than 0.75 were considered for the anal-
ysis. Phosphorylated amino acids were marked with a (P)
in the amino acid sequences behind the phosphorylated
amino acid and concatenated with the protein ID in order
to create a unique ID for each phospho peptide. Raw TMT
reporter ion intensities were summed for all PSMs with the
same phosphopeptide ID. Log2 transformed summed TMT
reporter ion intensities were first cleaned for batch effects
using the "removeBatchEffects" function of the limma
package (186) and further normalized using the vsn package
(variance stabilization normalization (187)). Proteins were
tested for differential expression using the limma package.
The replicate information was added as a factor in the design
matrix given as an argument to the "lmFit" function of
limma. A phosphopeptide was annotated as a "hit" with a
false discovery rate (fdr) smaller than 5% and a fold-change
of at least 100%; we annotated phosphopeptides as a "candi-
date" with a fdr below 20% and a fold-change of at least 50%.

Secretomics analysis

Raw MS files were converted to mzmL format using
MSConvert from Proteowizard Chambers2012-yy, using
peak picking from the vendor algorithm and keeping the
300 most intense peaks. Files were then searched using
MSFragger v3.4 and philosopher (4.2.1) in Fragpipe v17.1
against the custom Spongilla lacustris proteome (proteins
with minimal length of 70 aa identified from transcrip-
tome with TransDecoder version 3.0.1) including known
contaminants and the reversed protein sequences. For the
semi-tryptic search the number of enzyme termini was set
to 1, whereas for tryptic search this was set to 2. Fixed
modifications were carbamidomethyl on cysteines and
TMT6plex on lysine.  Variable modifications included
acetylation on protein N terminus, oxidation of methionine
and TMT6plex on peptide N-termini. The raw output files of
FragPipe (157) (protein.tsv — files) were processed using the
R programming language (158). Contaminants were filtered
out and only proteins that were quantified with at least two
unique peptides were considered for the analysis. For the
detection of potential secreted biologically active peptides,
we also considered proteins that were quantified with one
unique peptide. Granulin and MIF (total length 120 aa) were
both quantified by one unique semi-tryptic peptide. Log2
transformed raw TMT reporter ion intensities were first
cleaned for batch effects using the "removeBatchEffects"
function of the limma package (186) and further normalized
using the vsn package (variance stabilization normalization
(187)). Proteins were tested for differential detection using
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the limma package. The replicate information was added
as a factor in the design matrix given as an argument to
the "ImFit" function of limma. A protein was annotated
as a hit with a false discovery rate (fdr) smaller 5% and a
fold-change of at least 100% and as a candidate with a fdr
below 20% and a fold-change of at least 50%.

Gene ontology (GO) enrichment analysis

Gene ontology enrichment analysis on proteins significantly
affected in abundance or stability (Thermal proteome profil-
ing) due to agitation of the sponges has been performed with
GOATOOLS (165), based on GO terms "Biological Pro-
cess", "Molecular Function" and "Cellular Compartment".
GOATOOLS allowed the input of custom gene-to-GO-term
mappings. For S. lacustris proteins, GO terms were mapped
to genes by EggNOG-mapper (emapper v2.1.9, MMSeqs2
default search against eggNOG 5.0 database) (166, 189, 190).
The basic version of the GO (go-basic.obo) was downloaded
from http://geneontology.org/. All quantified proteins in the
experiment represented the corresponding background. Due
to the low number of hits and statistical power, no p-value
correction was conducted. For visualization purposes only
GO-hits with a p-value < 0.005 and GO terms containing >
2 hits were taken into account. Results for “Cellular Com-
partment” are shown in Figure 3A. Further GO enrichment
analysis for functional proteomic results can be found in the
respective python notebook (78).

Protein structure prediction and visualization

Structures of all Spongilla lacustris proteins were pre-
dicted in Ruperti et al. (80) using Colabfold (79). In
this work, homologs with low sequence identity were
detected by searching for structurally similar proteins
using Foldseek (161). The predicted structure of Spongilla
granulin (c100456_g4_i1_m.44114) was retrieved from
ModelArchive  (https://dx.doi.org/10.5452/ma-coffe-slac).
Visualization and superposition of Spongilla granulin with
its best Foldseek hit (Danio rerio granulin, UniprotID:
Q7T3M4) was done in Pymol (v2.3.5) using the "super"”
command.

Prediction of N-terminal signal sequences

For the prediction of N-terminal signal sequences in the
proteome of S. lacustris, we used the web server for SignalP
6.0 (77). We submitted 12 jobs with approximately 3.500
sequences each (Organism: Eukarya, Model mode: fast).
Prediction probability > 0.9 was chosen as the cut-off to
call the presence of a signal peptide, returning 840 unique
genes. Gene ontology term enrichment of these genes was
conducted in the respective jupyter notebook (78).

Prediction and enrichment of phosphosites and kinases

For the prediction of phosphosites and kinases, we used the
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GUI version of Group-based prediction system GPS v5.0
(63). Sequences of all proteins detected in NOC12-treated
as well as agitated phosphoproteomic experiments were
used as an input. All possible kinases were selected for the
prediction, with the threshold set to "High". Results were
imported to python for further enrichment analysis (191).
Enrichment of kinase activity due to NOCI2-treatment
or agitation was calculated by comparing all predicted
phosphosites (and responsible kinases) with experimentally
detected phosphosites. All phosphopeptides with a logFC >
0.25 were considered. Enrichments were calculated using
a hypergeometric test/contingency table with all predicted
phosphosites as a background. Adjusted p-values were
calculated using the Benjamini/Hochberg correction.

Calculation of maximum likelihood phylogenetic trees
for MYLK kinase domain

For the calculation of the MYLK kinase domain phyloge-
netic tree, we used a representative selection of 15 animal
proteomes, as well as the proteome of the choanoflagel-
late Monosiga brevicollis. To detect MYLK kinase domain
homologs in the respective proteomes, H. sapiens MYLKI1
(Uniprot accession number: Q15746) protein kinase domain
(Pfam PF00069) (aa 1464 - 1719) was used as a query (MM-
seqs2 (version 14-7e284 (160) default easy-search). Result
domains were filtered (bit score > 130) and an MSA was built
(domain sequences only) using Mafft (162) in default mode
as implemented in Jalview web service (163, 192). The MSA
was manually trimmed by removing extended (> 10 aa) gaps
created by single or few sequences in the MSA.

The resulting MSA was used to calculate a maximum
likelihood tree using IQ-TREE (v2.2.2.5) with the automatic
phylogenetic model finder option (159, 193) (selected
model: Q.insect+I+R9 according to the Bayesian Informa-
tion Criterion). Ultrafast bootstrap approximation (UFBoot)
(194) with 1000 bootstrap replicates was performed. Tree
visualization was done using the iTOL v6 webserver (164).
For visualization purposes, branches with bootstrap values <
70 were deleted.

Untargeted Metabolomics data analysis

Data was processed using MS-DIAL (167) and FreeStyle 1.8
SP2 (Thermo Fisher Scientific) and raw peak area data was
normalized via total ion count (TIC) for metabolite quantifi-
cation. Feature identification was based on accurate mass,
isotope pattern, MS/MS fragment scoring and retention time
matching to an in-house library. Quantification of detected
metabolites in the sponge body after agitation-induced re-
laxation was done by manual integration of TIC normalized
areas. P-values were calculated after log-transformation
using two-tailed Student’s t tests. Precision was calcu-
lated as the coefficient of variation in quality control
(QC) measurements (n = 5). Power was calculated via stan-
dardized effect size (Cohen’s d) at significance level o= 0.05.
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Differential gene expression in Spongilla lacustris single-
cell transcriptomics data

Processed single-cell RNA sequencing data was obtained
from (13, 80). Expression of genes of interest in terminally
differentiated cell types was explored using scanpy (195).
Code and detailed explanations for visualizing cell-type
specific expression of genes (via bar plots and dotplots) are
available in the corresponding jupyter notebooks (196—198).
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Supplement Figure 1. OCM morphometrics and NOC12 measurements, related to Figure 1. (A) Schematic representation of the custom 3D-Noise2Noise pipeline for
OCM denoising, showing the 3D U-net model that is trained to minimize the discrepancy between the raw and predicted OCM images. (B) Histogram of OCM image SNR
improvement due to denoising, calculated over 143.000 OCM image pairs (i.e. raw vs. denoised). (C) Schematic representation of OCM image segmentation pipeline. (D)
Pearson correlation of morphometrics of 8-day old Spongilla specimens (n=5) in the inflated state. Incurrent, excurrent and total volume as well as gemmule diameter show
positive correlation. With growing gemmule size (corresponding to a larger quantity of undifferentiated stem cells), the bigger the sponge and its canal system will grow
under equal conditions. (E) Histogram of voxel counts per canal diameter in the excurrent canal system of a sponge in inflated state (blue) vs. deflated state (green). In
the deflated state, excurrent canals shift to larger diameters, equivalent to an expansion of the excurrent system. (F) OCM measurements of NOC-12 (Nitric oxide donor)
treated Spongilla specimen. Relative volume (incurrent (red), excurrent (blue) system and total sponge (purple)) and surface area (incurrent (red), excurrent (blue) and tent
(turquoise)) changes from a single Spongilla specimen during NOC-12 (45.5 um) induced deflation. Dashed line highlights compound addition.
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Supplement Figure 2. (Single cell expression) survey of contractile genes and quantification and reversibility of pharmacological treatments, related to Figure 2.
(A) Normalized single-cell RNAseq expression of actomyosin activity and regulatory genes. Background colors refer to pathways depicted in Figure 2A. Incurrent pinacocytes
1 (incPin1) and 2 (incPin2) are shown in blue. Excurrent/Apendopinacocytes 1 (apnPin1) and 2 (apnPin2) are shown in red. Lph: Lophocytes, basPin: Basopinacocytes,
Scp: Sclerophorocytes, Met1: Metabolocytes 1, Met2: Metabolocytes 2, Chb1: Choanoblasts 1, Chb2: Choanoblasts 2, Cho: Choanocytes, Apo: Apopylar cells, Myp1:
Myopeptidocytes 1, Myp2: Myopeptidocytes 2, Amb: Amoebocytes, Grl: Granulocytes, Nrd: Neuroid cells, Mes1: Mesocytes 1, Mes2: Mesocytes 2, Mes3: Mesocytes 3,
Arc: Archaeocytes, Scl: Sclerocytes. (B) Maximum likelihood phylogeny of MYLK kinase domain. The tree was built using H. sapiens MYLK1 (Uniprot accession number:
Q15746) protein kinase domain (Pfam PF00069) (aa 1464 - 1719) as a query against representative animal proteomes and the proteome of the choanoflagellate M. brevicollis.
Branches were collapsed according to gene orthogroups. The color of branches indicate the existence of members from across Bilateria (blue), Metazoa (red) or Cnidaria
only (yellow). Spongilla lacustris genes are highlighted in green. The tree was rooted using kinase domains outside of the MYLK kinase family as an outgroup. Ultrafast
bootstrapping results are depicted as the size of the circles sitting on the branches. The analysis showed that sponges, including Spongilla, possess one ortholog of the
MYLK/TTN/twichin/SPEG kinase family. Additionally, Spongilla has a STK17A/B ortholog. Tree visualization was done using the iTOL v6 webserver (164). (C) 2D time-lapse
image segmentation and analysis. Exemplary 2D brightfield microscopy images of a juvenile S. lacustris specimen before and after treatment with MYLK inhibitor ML-7 (1
uM). Pixels of raw brightfield images were classified using the pixel classification workflow in llastik (v1.4.0) (168) Labels used are incurrent canal system (yellow), excurrent
canal system (blue) and background (red). Segmentation masks were exported and the areas of incurrent and excurrent canal system were measured in Fiji (169) and
analyzed in R. (D)-(N) Washout/toxicity experiments of pharmacological compound treatments on S. lacustris. Brightfield images of juvenile S. lacustris specimens treated
with pharmacological compounds before and after treatment as well as after washout. (D: Nitric oxide donor NOC-12 (45.5 uM), E: Sildenafil (30 uM), F: IBMX (100 pM),
G: 8-Br-cAMP (30 uM), H: Rhosin (3 uM), I: ML-7 (1 uM), J: Cytochalasin D (5 uM), K: SC79 (15 uM), L: SMIFH2 (40 uM)). After application and induction of the respective
behavior, filtered lake water was replaced twice and the health of sponges was monitored by observing their capability to return to their original state without apparent toxic
effects. For (D) - (L), images on the left side show the sponge 5 min before application of the compound. Images in the center show the sponge reacting to the compound
as described in Figure 2. Images on the right side show the sponge after water exchange (after the indicated time). For treatment with N-ethylmaleimide (NEM) (1 mM)
(M), the center image shows the sponge 62 min after washout (after 10 min incubation in NEM). The right image shows the sponge 10 min after treatment with 45.5 pM
NOC-12. NEM irreversibly forms covalent bonds with cysteine residues and is not expected to lose its capability to block NO-induced movement after washout. Treatment
with toxic concentrations of hydrogen peroxide (H202) (10 uM) (N) leads to clearly observable cell and tissue necrosis, including formation of gas bubbles due to endogenous
catalase presence. This contrasts an endogenous deflation (center image) of the same sponge before treatment with H,O,. (O) Immunostaining of tent pinacocyte actin fibers
with p-MYL antibody. Confocal images of tent pinacocytes immunostained for phosphorylated myosin light chain (MYL, p-Ser19) (green, Cell Signaling Technology 3671),
phalloidin (red), and Hoechst (cyan), reproducing the results of (12) The left image shows localization of p-MYL signal to the actin fibers of sponges in the inflated (tense)
state as highlighted by the illustration in the right top corner (incurrent system: blue, excurrent system: red). p-MYL signal often shows localization close to cell-cell junctions
points. The right image shows the same staining of a second specimen after treatment with 45.5 uM NOC-12. Actin fibers and p-MYL signals are concurrently absent. Scale
bars, 30 um. Antibody specificity was determined using Simple Western western blot analysis of p-MYL antibody with S. lacustris protein lysate as input. Chemiluminescent
signal plot (and virtual gel representation) of the Simple Western results show signals at 26 and 43 kDa. The theoretical mass of S. lacustris regulatory p-MYL is 19.4 kDa.
The western blot signals likely are showing the monomeric regulatory p-MYL and a potential dimeric form or the interaction with the essential MYL (16.7 kDa).
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Supplement Figure 3. Time-lapse imaging of a juvenile S. lacustris after application of inedible ink particles, related to Figure 2. (A) Frame 1 shows the application
of ink particles on the right side of the sponge. Incurrent canals (blue) are open and the osculum (red) is visible. The green square is magnified in (B). After 9 min (Frame
2), some of the ink has been ingested by the sponge which in turn reacts with the collapse and closure of the incurrent canal system and the simultaneous expansion of
the excurrent system. In this state, the sponge choanocyte chambers continue to pump, leading to the growth and extreme dilation of the osculum in Frame 3 and 4 filling
with water and ink particles. During this time, ink particles are visibly accumulating in the osculum. Only after about 20 min (Frame 5 and 6), the incurrent canal system
opens again, concurrent with a size reduction of the osculum, the expulsion of ink particles and the return of the sponge in the inflated state (Video available in the Zenodo
repository). (B) Expansion of peripheral excurrent canals of the same sponge. Between 0 and 17 min, excurrent canals are visibly expanding outwards, only possible through
passive expansion. Contraction of excurrent canals at 26 min leads to a return in the original state.

26 | bioRxiv Ruperti etal. | Molecular profiling of sponge deflation reveals an ancient relaxant-inflammatory response


https://doi.org/10.1101/2023.08.02.551666
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.02.551666; this version posted August 2, 2023. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

A

9 025 Pis| 5 ltga
=
D
§ 0.00 0
= Limal Tin1/2 A
o4 25 2.5
(%)
[)]
3 00 0.0
< FInA/B/C| 5 TIn1/2 B
E 5
5 0 0
o Stk17A/B (Mylk) Svil
g 1
X
= 0

AR SRS

Predicted PKG targets
(NO treatment) expression z-score

w

N

-

r=0.54

Apendopinacocytes
°® o/ncurrent pi:acocyte

0.5 1.0 15 2.0 25 3.0 35
PKG mean expression

4.0

Supplement Figure 4. Single cell RNAseq expression of stress fiber genes showing significant differential phosphorylation and/or changes in stability and
abundance due to deflation of the sponge, related to Figure 3. (A) Scaled single cell RNAseq expression of selected genes from Figure 3B and C. Incurrent pinacocytes
1 (incPin1) and 2 (incPin2) are shown in blue. Excurrent/Apendopinacocytes 1 (apnPin1) and 2 (apnPin2) are shown in red. Lph: Lophocytes, basPin: Basopinacocytes,
Scp: Sclerophorocytes, Met1: Metabolocytes 1, Met2: Metabolocytes 2, Chb1: Choanoblasts 1, Chb2: Choanoblasts 2, Cho: Choanocytes, Apo: Apopylar cells, Myp1:
Myopeptidocytes 1, Myp2: Myopeptidocytes 2, Amb: Amoebocytes, Grl: Granulocytes, Nrd: Neuroid cells, Mes1: Mesocytes 1, Mes2: Mesocytes 2, Mes3: Mesocytes 3,
Arc: Archaeocytes, Scl: Sclerocytes. (B) Correlation (r=0.54, Pearson) of mean cell-type specific PKG (protein kinase G) expression and cell-type specific z-scores of GPS
5.0 predicted and experimentally confirmed (with log fold change > 0.25) PKG phosphorylation events after NOC-12 treatment. Cell types of the pinacocyte family show both

high PKG as well as PKG target gene expression.
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Supplement Figure 5. Protein quantification and scRNA-seq expression of secreted proteinases, ROS catabolizing enzymes, MIF, granulin and chaperon com-
plexes, related to Figure 4. (A, C) Dotplots showing the expression of (A) secreted proteinases and (C) ROS catabolizing enzymes. Gene names in square brackets are
annotated by structural alignment via MorF (80). (B) Scaled single cell RNAseq expression values of MIF and granulin. Incurrent pinacocytes 1 (incPin1) and 2 (incPin2)
are shown in blue. Excurrent/Apendopinacocytes 1 (apnPin1) and 2 (apnPin2) are shown in red. Lph: Lophocytes, basPin: Basopinacocytes, Scp: Sclerophorocytes, Met1:
Metabolocytes 1, Met2: Metabolocytes 2, Chb1: Choanoblasts 1, Chb2: Choanoblasts 2, Cho: Choanocytes, Apo: Apopylar cells, Myp1: Myopeptidocytes 1, Myp2: Myopep-
tidocytes 2, Amb: Amoebocytes, Grl: Granulocytes, Nrd: Neuroid cells, Mes1: Mesocytes 1, Mes2: Mesocytes 2, Mes3: Mesocytes 3, Arc: Archaeocytes, Scl: Sclerocytes.
(D) Quantification of secreted chaperon complexes (ER chaperon complex, TRiC chaperon complex) after agitation-induced deflation. P-values were calculated using the
Wilcox rank sum test. Chaperon complexes were detected in the medium but did not change concentration significantly due to agitation. (E) Dotplots showing the expression
of components from the ER chaperon and TRiC chaperon complexes. Gene names in square brackets are annotated by structural alignment via MorF (80). (F) Peptide
hormone processing enzymes in TPP experiment of agitated sponges. The volcano plot shows the stability changes of Endothelin-converting enzyme (ECE) and thyrotropin
releasing hormone degrading enzyme (TRHDE) after agitation. Single cell expression of the corresponding transcripts is shown in the bar plots (cell type description identical
to (B)).
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Morphometric Value

Total volume 0.47 4 0.08 mm?
Incurrent canal system volume 0.13 £ 0.04 mm?
Excurrent canal system volume 0.077 £ 0.029 mm?3

Incurrent canal system surface area | 10.54 & 2.20 mm?

Excurrent canal system surface area | 3.95 + 1.13 mm?

Tent surface area 5.54 + 0.70 mm?2

Supplement Table 1. Morphometrics of juvenile Spongilla lacustris specimens (n=5) in inflated state, related to Figure 1. Mean values and respective standard
deviation of incurrent and excurrent system volume/surface area, total sponge volume as well as tent surface area were measured using the segmented OCM images
(Morpholibj in FIJI). Measurement of excurrent canal system volume/surface area as well as tent surface area excluded the upper osculum portion owed to decreasing
resolution along the z-axis. The volume of the incurrent canal system is between 1.6 and 2.2 times larger than that of the excurrent system. Morphometric correlations are
shown in Figure S1D.
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Parameter

TPP

Phosphoproteomics

Secretomics

LC equipment

UltiMate 3000 RSLC nano LC system (Thermo Fisher Scientific) equipped with a trapping
cartridge (Precolumn C18 PepMap 100, 5 mm, 300 mm i.d. x 5 mm, 100 A) and an analytical
column (Acclaim PepMap 100, 75 mm x 50 cm C18, 3 mm, 100 A). Solvent A 99.9% LC-
MS grade water (Thermo Scientific) with 0.1% formic acid, solvent B 99.9% acetonitrile
(Thermo Scientific) with 0.1% formic acid. Flow rate loading 30 pl/min, separation at 0.3
mL/min. Pico-Tip Emitter 360 mm OD x 20 mm ID; 10 mm tip (New Objective).

LC settings

Gradient length [min]

120

120

60

Gradient

2% to 4% B in 4 min, from
4% to 8% in 2 min, 8% to
28% in 96 min, and from
28% to 40% in another 10
min. A column cleaning
step using 80% B for 3 min
was applied before the sys-
tem was set again to its ini-
tial conditions (2% B) for re-
equilibration for 10 minutes

2% to 6% B in 4 min, from
6% to 8% in 2 min, 8% to
26% in 94 min, and from
28% to 40% in another 12
min. A column cleaning
step using 80% B for 3 min
was applied before the sys-
tem was set again to its ini-
tial conditions (2% B) for re-
equilibration for 10 minutes

2% to 4% B in 4 min, from
4% to 8% in 2 min, 8% to
28% in 42 min, and from
28% to 40% in another 4
min. A column cleaning
step using 80% B for 4 min
was applied before the sys-
tem was set again to its ini-
tial conditions (2% B) for re-
equilibration for 4 minutes

MS equipment and settings

MS equipment

Q Exactive Plus (Thermo
Fisher Scientific) using a
Nanospray-Flex ion source

Orbitrap Fusion Lumos
(Thermo Fisher Scientific)
using a Nanospray-Flex ion
source

Orbitrap Fusion Lumos
(Thermo Fisher Scientific)
using a Nanospray-Flex ion
source

Spray voltage [kV] 2.3 24 24
Capillary temperature [C] 275 275 275
Full scan mass range [m/z] | 375-1200 375-1400 375-1500
MS1 Orbitrap resolution 70000 120000 60000
MS1 Maximum IT [ms] 10 50 50
MS1 AGC target 3e6 4e5 4e5
MS?2 resolution 35000 30000 15000
MS2 AGC target 2e5 le5 le5
MS2 maximum IT [ms] 120 110 54
TopN 10 Top 3s 10
MS?2 isolation window 0.7 0.7 0.7
MS?2 fixed first mass 100 110 110
MS2 nCE 32 36 36
MS2 dynamic exclusion [s] | 30 20 60

Supplement Table 2. LC-MS/MS Parameters used for TPP, Phosphoproteomics and Secretomics experiments, related to STAR Methods.
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Supplemental Video Descriptions

Video S1: Animation of OCM 3D reconstruction of a Spongilla specimen in inflated state, related to Figure
1.

Video S2: Time-lapse of a segmented sponge specimen (orthogonal view) during endogenous sponge deflation, related
to Figure 1.

Video S3: 3D time-lapse video of segmented excurrent and incurrent canal systems during endogenous sponge deflation,
related to Figure 1.

Video S4: Laser microdissection of peripheral tent regions of a sponge in inflated state, related to Figure 2.

Supplemental Files Descriptions
Suppl. File 1: TPP result tables
Suppl. File 2: Quantitative phosphorylation result tables

Suppl. File 3: Secretomics result tables

Ruperti etal. | Molecular profiling of sponge deflation reveals an ancient relaxant-inflammatory response bioRxiv | 31


https://doi.org/10.1101/2023.08.02.551666
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.02.551666; this version posted August 2, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Supplemental Note: Terminology of the sponge ''movement"

The specific "movement"” of sponges discussed in this article has fascinated humans throughout millennia, dating back to de-
scriptions of Aristotle in his History of Animals, written around 350 B.C. There, Aristotle notes that sponges are known to
sense their surroundings and as evidence ("onuewv") he provides the fact that the sponge "collects himself” ("cuvayel cautv")
when disturbed, indicating an inward movement (“cuvayel”) by the organism itself (“eautv”), i.e. as a clear intrinsic behav-
ior, as opposed to something facilitated by external forces. A sponge “collects himself if it perceives any purpose of tearing
it up, and renders the task more difficult. The sponge does the same thing when the winds and waves are violent [...]”. In-
terestingly, even then, this movement appeared to be debated, as “there are some persons who dispute this, as the natives of
Torona”. Almost identical to Aristotle, Plinius the Elder (The Natural History, 77 B.C.) describes how sponges "contract"
when strong waves are hitting them (“Intellectum inesse iis apparet, quia, ubi avulsorem sensere, contractae multo difficilius
abstrahuntur; hoc idem fluctu pulsante faciunt.””). The term "contraction" (from Latin “con-"" meaning “together” and “trahere”
meaning “to pull”) has survived the centuries and can be found in Ellis and Knight (1765) (199), describing the contraction
of “fecal orifices” (ostia) on the surface of the sponge. For this, they use the pairs “contraction” and “dilation” as well as
“systole” and “diastole”. In the 19th and 20th century many authors described their observations using the antonyms ‘“‘contrac-
tion” and “relaxation” (Lieberkiihn (1859) (200): “Contractionszustant”, McNair (1923) (112): “Contraction/Constriction”
vs “Relaxation” in Ephydatia muelleri, Pavans de Ceccatty (1960) (201): “Contraction” in Tethya lyncurium, Prosser (1962)
(202): “Contraction” vs “Relaxation” in multiple marine and freshwater species, Emson (1966) (114): “Contraction” vs “Re-
laxation in Cliona celata, De Vos, Van de Vyver (1981) (203): “Contraction spontanée” in E. fluviatilis). Parker (1910)
(204) used slightly different descriptions for the different states such as “shriveled, rugose” vs. “filled out” or “contraction” vs
“expansion” when he worked on Stylotella heliophila. In the late 20th century, Weissenfels (1984, 1990) worked extensively
on freshwater sponges such as E. muelleri and S. lacustris. Whereas in earlier publications, he describes his observations as
“endogene Kontraktionsrhythmik” (“endogenous contraction rhythm”) (205), at later stages he uses the term “condensation
rhythm” (Latin “con-" meaning “together”, “densus” meaning “dense”) to potentially avoid the implication of active processes
(25). He states that the condensation of the mesohyle “giv[es] the impression of a contraction” and that “rhythmic changes [...]
at first glance appear to be contractions [...]. [Alctually however, the process is a condensation initiated by [...] a rapid swelling
of all mesenchymal cells” (25). Despite this, Nickel (2006, 2007, 2011), Leys (2007, 2010) and Nichols (2021) used different
descriptors for different phases of the behavior. In general, Nickel used the terms “contraction” vs. “expansion” in Tethya
wilhelma (10, 11). In the expanded state, all canal systems are “inflated” (17). Leys introduced the term “inflation-contraction”
response in E. muelleri (8, 9). “Inflation” suddenly described the "contraction" of McNair, De Vos and Weissenfels in which the
excurrent canal system of freshwater sponges is expanding and the top view gives the impression of an "inflation". In contrast,
“contraction” describes the return into the default state. At the same time, this return is called “relaxation”. Most recently,
Nichols returned to "contraction cycle" describing the whole-body volume reduction in E. muelleri (12).

This list gives an account of the complication regarding the consistent and precise terminology of the observation of sponge
movement. We devised a straightforward naming convention, taking the history of this field into account and combining it
with new insights from this study. For this, we recognized the importance of separating different levels of organization: (1)
organismal (whole-body) changes, (2) canal changes and (3) cellular changes (see Table below). On an organismal level (1),
we decided for a terminology agnostic to the cellular processes and would therefore abstain from the usage of "contraction" as
it suggests an active process, commonly through actomyosin activity. We decided to use the term "deflation" to describe the
process in which the sponge is reducing its body volume, irrespective of the individual tissue changes. The colloquial usage of
"sneezing" fits well and is warranted. In contrast, we call the expansion of body volume "inflation". As noted by Weissenfels,
Leys, Nickel and Nichols, incurrent canal systems together with the epithelial tent and the excurrent canal system behave
antagonistically (2). During deflation, the incurrent canal system and the tent are "collapsing” (also (12)) while the excurrent
system is "expanding”. Only on the level of individual cells (3), such as pinacocytes, we decided to utilize "contraction" vs.
"relaxation” because it directly relates to the cellular process of actomyosin contraction vs. relaxation. Since contraction equals
increased tension in actomyosin stress fibers, we also use the phrase "tension increase" for contraction and opposing "tension
decrease" for relaxation. Notably actomyosin contraction can be isometric, i.e. involving tension increase without length
changes, which is assumed here for the epithelial tent during the re-establishment of the inflated default state.
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Level of Organization

Organismal level Deflation (overall volume reduction) Inflation (overall volume increase)
Excurrent system: expansion Excurrent system: constriction
System level Incurrent system: collapse Incurrent system: opening
Tent: collapse Tent: pitching
Ostia: collapse or closure Ostia: opening
Cellular level (pinacocytes) Tension decrease or relaxation Tension increase or contraction
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