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Independent origins of spicules reconcile 
paleontological and molecular evidence of sponge 
evolutionary history
Maria Eleonora Rossi1,2,3, Joseph N. Keating1, Nathan J. Kenny3,4, Mattia Giacomelli1,5,  
Sandra Álvarez-Carretero1, Astrid Schuster6, Paco Cárdenas7,8, Sergi Taboada3,9,10,11,  
Vasiliki Koutsouveli3,12, Philip C. J. Donoghue1*, Ana Riesgo3,9,10*, Davide Pisani1,13*

Sponges (Porifera) are ecosystem engineers that play a critical role in global biogeochemical processes. Their evo-
lution is key to understanding Neoproterozoic paleoecology but remains mired in controversy. Molecular times-
cales suggest a Tonian or Cryogenian origin, while their oldest unequivocal fossils consist of disarticulated siliceous 
spicules from the Late Ediacaran. We derived a new, dated sponge phylogeny and tested whether ancestral spong-
es had mineralized skeletons. We resolve the sponge phylogeny in good agreement with current knowledge and 
date their origin to the early Ediacaran. Our results suggest that early sponges were not biomineralized and that 
both biosilicification and biocalcification evolved independently multiple times across Porifera. We reconcile fossil 
evidence and molecular estimates of sponge evolution by showing that the Neoproterozoic history of Porifera is 
limited to the Ediacaran and providing evidence suggesting that sponges are largely absent from the Ediacaran 
record because they were yet to evolve biomineralized skeletons.

INTRODUCTION
The sponge animal phylum, Porifera, is composed of four extant lin-
eages (Calcarea, Homoscleromopha, Demospongiae, and Hexacti-
nellida) sharing a body plan characterized by a system of pores (ostia) 
and channels that allow water to circulate through them. Sponges 
provide key ecosystem services, from habitat formation to nutrient 
and silica cycling, water filtering, and substrate stabilization (1). Phy-
logenetically, sponges are either the sister group of all the other animals 
or else the second phylum to branch from the animal crown-ancestor 
(2–8). As such, sponges are key to understanding the time of emer-
gence, body plan, and ecology of the ancestral animal. However, 
early sponge evolution is the subject of controversy. Molecular di-
vergence time and fossil biomarker studies have long suggested that 
sponges diverged in the Tonian or Cryogenian (9–13) anticipating a 
deep Neoproterozoic appearance of sponge fossils. Although there 
are Tonian, Cryogenian, and early Ediacaran fossils with claims on 
sponge affinity, their interpretations as such range from speculative 
to contentious (14, 15). For example, anastomosing pores within 
Tonian carbonates have been interpreted as keratose sponges (16) 

but corroborative anatomical evidence and a preservational model 
are lacking, and these structures are more readily interpreted as abi-
otic sedimentary artifacts (17). Late Cryogenian C30 steranes (fossil 
biomarkers) interpreted as evidence for Cryogenian demosponges 
[24-ipc and 26-mes; (11)] have also been interpreted as diageneti-
cally altered C29 sterols from chlorophyte algae (18). Pores in skele-
tal fragments from the Cryogenian of South Australia have been 
interpreted as sponge-like ostia (19) but again lack corroborating 
anatomical evidence, while the middle Ediacaran Eocyathispongia 
qiania, originally interpreted as an adult asconoid sponge (20), ap-
pears to lack the expected internal structure (21, 22). Last, arsenopy-
rite crystal aggregates from the latest Ediacaran of Mongolia (23) 
have been misinterpreted as siliceous sponge spicules (24). There is 
therefore a minimal mismatch of 150 Myr between most molecular 
estimates for the time of origin of crown sponges and their first un-
ambiguous fossil evidence, represented by disarticulated siliceous spic-
ules from the latest Ediacaran ca. 543 Ma (14, 15, 25, 26).

Three sponge lineages (Hexactinellida, Homoscleromorpha, and 
Demospongiae) make spicules out of silicic acid and a series of pre-
vious molecular and genomic analyses have shown that they use 
different biochemical pathways to do so, suggesting that siliceous 
spicules might have evolved multiple times independently (27–30). 
The fourth sponge lineage, Calcarea, makes spicules using calcium 
carbonate, usually calcite but sometimes aragonite (31, 32). Skeletal 
elements made of calcium carbonate (aragonite rather than calcite) 
are also found in sclerotized demosponges [represented in our data-
set by the keratose Vaceletia; (33)]. However, the skeleton of sclero-
tized demosponges is not composed of spicules. Some fossil sponges 
(stromatoporoids) built their skeletons using calcium phosphate, 
making the sponges the first phylum that could use all three main 
biominerals (34), but there is no evidence of sponges with phos-
phatic skeletons before the Ordovician. Accordingly, stromatopo-
roids are not relevant to understanding the early fossil record of 
sponges. Sponges with skeletal elements made of calcium carbonate 
(both Calcarea and Demospongiae) use carbonic anhydrase paralogs 
to precipitate it (35–38). However, carbonic anhydrase paralogs play 

1Bristol Palaeobiology Group, School of Earth Sciences, University of Bristol, Life Sci-
ences Building, Tyndall Avenue, Bristol BS8 1TH, UK. 2Centre for Chromosome Biol-
ogy, School of Biological and Chemical Sciences, University of Galway, Galway H91 
W2TY, Ireland. 3Life Sciences Department, The Natural History Museum, London 
SW7 5BD, UK. 4Biochemistry Department, School of Biomedical Sciences, University 
of Otago, Dunedin, Aotearoa, New Zealand. 5Departament de Genètica, Microbiolo-
gia i Estadística, Facultat de Biologia, Universitat de Barcelona, 08028 Barcelona, 
Spain. 6Department of Biology, University of Southern Denmark, Nordcee, Campusvej 
55, Odense M 5230, Denmark. 7Pharmacognosy, Department of Medicinal Chemistry, 
Uppsala University, Husargatan 3, Uppsala 751 23, Sweden. 8Museum of Evolution, 
Uppsala University, Norbyvägen 16, Uppsala 752 36, Sweden. 9Department of 
Biodiversity and Evolutionary Biology, National Museum of Natural Sciences (CSIC), 
c/José Gutiérrez Abascal 2, 28006 Madrid, Spain. 10Departamento de Biodiversidad, 
Ecología y Evolución, Facultad de Ciencias, Universidad Complutense de Madrid, 
Madrid, Spain. 11Departamento de Ciencias de la Vida, EU-US Marine Biodiversity 
Group, Universidad de Alcalá, Alcalá de Henares, Spain. 12Division of Marine Ecology, 
Marine Evolutionary Ecology, GEOMAR Helmholtz Centre for Ocean Research Kiel, Kiel, 
Germany. 13Bristol Palaeobiology Group, School of Biological Sciences, University 
of Bristol, Life Sciences Building, Tyndall Avenue, Bristol BS8 1TH, UK.
*Corresponding author. Email: phil.​donoghue@​bristol.​ac.​uk (P.C.J.D.); anariesgogil@​
mncn.​csic.​es (A.R.); davide.​pisani@​bristol.​ac.​uk (D.P.)

Copyright © 2026 The 
Authors, some rights 
reserved; exclusive 
licensee American 
Association for the 
Advancement of 
Science. No claim to 
original U.S. 
Government Works. 
Distributed under a 
Creative Commons 
Attribution License 4.0 
(CC BY). 

D
ow

nloaded from
 https://w

w
w

.science.org on January 07, 2026

mailto:phil.​donoghue@​bristol.​ac.​uk
mailto:anariesgogil@​mncn.​csic.​es
mailto:anariesgogil@​mncn.​csic.​es
mailto:davide.​pisani@​bristol.​ac.​uk
http://crossmark.crossref.org/dialog/?doi=10.1126%2Fsciadv.adx1754&domain=pdf&date_stamp=2026-01-07


Rossi et al., Sci. Adv. 12, eadx1754 (2026)     7 January 2026

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

2 of 15

key role in many cellular functions [including the regulation of in-
tracellular pH (32, 35, 39)] and these enzymes seem to have been 
independently recruited into biocalcification pathways multiple times 
across Metazoa (35). Accordingly, the universal distribution of car-
bonic anhydrase paralogs across Porifera is not unexpected, and while 
the last common sponge crown-ancestor certainly had multiple car-
bonic anhydrase paralogs [perhaps up to eight (32, 38)], this does 
not constitute evidence for a single origin of biocalcification in sponges. 
Multiple origins of biocalcification would fit better with the biochem-
ical diversity observed in calcifying sponges for which data are avail-
able, which use alternative carbonic anhydrase paralogs (31, 37, 38).

While the oldest fossil spicules (ca. 543 Ma; late Ediacaran) are 
made of silica (14, 25, 26), these siliceous spicules only slightly pre-
date a broader diversity of early sponge fossils (late Ediacaran to early 
Cambrian) with disparate skeletal structures. These include sponges 
with a calcareous (aspiculate) skeleton, archaeocyathids (14,  40), 
biminerallic spicules made of both calcite and silica [e.g., Eiffelia 
globosa (41)], and sponges without skeletal elements, including 
the late Ediacaran Helicolocellus cantori [539 Ma; probably a stem 
hexactinellid (42), but see (43) for a different opinion] and Arimasia 
germsi [543 to 539 Ma; an archaeocyathid (44)]. Hexactinellida and 
Archaeocyathida (15, 40) are both crown sponges, and these fossils 
provide direct evidence that Porifera had a Neoproterozoic history, 
although its duration is unclear.

Fossil evidence alone paints a confusing picture of early sponge 
evolution, with a limited Late Ediacaran record composed of a mix-
ture of siliceous spicules and body fossils without skeletal elements, 
making it difficult to rationalize whether the last common sponge 
ancestor had a biomineralized skeletons with spicules (26), and if it 
had, whether these spicules were made of silica, calcium carbonate, 
or both (14). Alternatively, Ediacaran sponges might have had an 
aspiculate carbonate skeleton, similarly to Cambrian Archaeocy-
athida, or an organic skeleton of axial filaments (like some keratose 
sponges) without biomineralized elements or armed with biominer-
alized fibers rather than spicules, as in the biosilicified but likely as-
piculate Cambrian sponge Vauxia (45). Soft bodied sponges with a 
purely organic skeleton would have had low fossilization potential 
and could have enjoyed a long, cryptic, Neoproterozoic history, po-
tentially extending to the Cryogenian or the Tonian. This uncertain-
ty leaves the problem of reconciling molecular and fossil evidence 
for the origin of sponges unresolved.

Here, we perform phylogenomic analyses of a new dataset com-
posed of 70 genomes and transcriptomes (12 of which are new to 
this study). We use our phylogeny to perform molecular clock anal-
yses that integrate new interpretations of the animal fossil record 
and recent reassessments of key fossil-bearing formations in the 
rock record (22). Last, we test whether late Ediacaran siliceous spic-
ules could be remains of stem or crown sponges using ancestral state 
estimation methods. Our ancestral state estimations use structured 
Markov models of character state transformation with embedded 
dependencies to test a diversity of ways in which biochemical, mor-
phological, and fossil evidence can be integrated when reconstructing 
ancestral states (46, 47). The use of hierarchical structured models 
(see Materials and Methods and Supplementary Methods in the 
Supplementary Materials) also allowed us to investigate whether 
morphological characters underpinned by different developmental 
programs (e.g., siliceous spicules underpinned by different biosyn-
thetic pathways) might represent independent origins of the same 
character, or else reflect a deep homology (48) where nonhomologous 

gene replacements in an ancestral regulatory network led to the emer-
gence of multiple developmental pathways, the homology of the 
compared characters notwithstanding (49).

Our results suggest that sponges originated in the early Ediacaran 
(ca. 608 Ma), that the last common ancestor of all the sponges 
was not biomineralized, and that it did not have spicules. Sponges 
with calcareous skeletons, including calcareous spicules, biminerallic 
spicules, and sclerotized (aspiculate) skeletons, emerged multiple 
times independently. Calcareous spicules are limited to Calcarea, a 
lineage that emerged post-Cambrian (473.24 to 157.52 Ma). Siliceous 
spicules most likely evolved independently multiple times. With refer-
ence to living sponges, siliceous spicules seem to have evolved once in 
Homoscleromorpha, once in Hexactinellida and twice in Demo-
spongiae (in the stem to the Heteroscleromorpha clade and in the 
Verongimorpha genus Chondrilla). However, the time of origin of 
biosilicification in Silicea is model-dependent, and if it is assumed 
that the origin of biosilicification coincided with the origin of sili-
ceous spicules, the last common ancestor of crown Silicea might have 
already had spicules. Nonetheless, the last common ancestor of all 
sponges is reconstructed as lacking biomineralized skeletal elements 
in all our analyses. We performed a focal study, using diversification 
rate shift analyses on the extant Silicea, which constitutes most ex-
tant sponge biodiversity, identifying two potentially significant di-
versification shifts nested within Heteroscleromorpha, both postdating 
the emergence of siliceous spicules. Accordingly, at least in the case 
of Silicea, our diversification shift analyses did not find evidence 
suggesting that the emergence of siliceous spicules played a role in 
their diversification.

Our estimates of the timescale of sponge divergence, combined 
with our study of spicule evolution and previous genomic, biochem-
ical, and paleontological evidence for the evolution of siliceous spic-
ules (14, 27, 29, 30, 42), suggest that while sponges evolved in the 
early Ediacaran, contradicting previous analyses calibrated using fos-
sil biomarkers, early sponges lacked biomineralized skeletal struc-
tures, and had low preservation potential. We conclude that sponges 
had a cryptic, but relatively short, Neoproterozoic history, which de 
facto reconciles the sponge fossil record with molecular estimates of 
divergence times.

RESULTS
Resolving the sponge phylogeny
Orthofinder version 2.7.1 (50) assigned 75% of the 5,657,552 se-
quences in our dataset to a total of 335,892 orthogroups. This set of 
orthogroups was filtered (see Materials and Methods and Supple-
mentary Methods) to remove paralogs. We retained only the ortho-
groups that had 90% of species left after filtering paralogs out. This 
resulted in 1468 orthogroups that were further filtered to remove 
long branched taxa (see Materials and Methods and Supplementary 
Methods for precise details). A final filtering step was performed to 
remove families that might include hidden paralogs (see Materials 
and Methods and Supplementary Methods for details). Our ortho-
group filtering strategy left us with a dataset of 70 species (64 be-
longing to Porifera) and 133 protein coding genes that were used for 
phylogenetic and molecular clock analyses. The 133 protein coding 
genes were analyzed independently to generate gene trees and as a 
concatenated superalignment of 103,269 amino acids (AA). The 
concatenated dataset was analyzed using maximum likelihood (ML) 
with the best fitting across-site compositionally homogeneous model 
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in IQTree (51) and using Bayesian analysis with the across-site com-
positionally heterogeneous [CATegories model (52), the CAT-Poisson 
model] in PhyloBayes (53). See (3, 4, 7) for the differences between 
across-site compositionally homogeneous and heterogeneous mod-
els. Last, we used ASTRAL (54) on the 133 single gene trees. See 
https://doi.org/10.6084/m9.figshare.28574570 for the individual sin-
gle gene alignments, the gene trees and the outputs of all our phylo-
genetic analyses.

Phylogenomic analyses (see Fig. 1 and figs. S1 to S3) unequivo-
cally recovered Porifera to be composed of two sister lineages, Silicea 
(Hexactinellida plus Demospongiae) and Calcarea plus Homoscle-
romorpha. We recover Calcarea in ML analyses with ultrafast boot-
strap support (UBS) =  100. In Bayesian analyses this clade has 
posterior probability (PP) = 1, and in Astral analyses it has coales-
cent branch support (CBS) = 1. Homoscleromorpha has UBS = 100, 
PP = 1, and CBS = 0.87. The monophyletic group composed of Cal-
carea and Homoscleromorpha (UBS = 100, PP = 1, and CBS = 0.91), 
is sister to Silicea (UBS = 100, PP = 1, and CBS = 1), a monophy-
letic group comprising Hexactinellida and Demospongiae. Within 
Calcarea, we recover the monophyly of Calcinea and Calcaronea 
(UBS = 100, PP = 1, and CBS = 1). In our topologies, the Homoscle-
romorpha (UBS = 100, PP = 1, and CBS = 0.87) is represented by 
two species from the two families Oscarellidae and Plakinidae, and 
therefore major relationships were not addressed in detail. We re-
covered both Demospongiae and Hexactinellida as monophyletic, 
with full support (UBS = 100, PP = 1, and CBS = 1). For the Hexac-
tinellida, sampling only includes representatives from the order Lys-
sacinosida.

In Demospongiae, Keratosa and Verongimorpha are monophy-
letic (UBS = 100, PP = 0.99, and CBS = 0.24) and sister to the Hap-
losclerida (UBS = 100, PP = 1, and CBS = 1) and Heteroscleromorpha 
(UBS = 100, PP = 1, and CBS = 1). In the Verongimorpha, we re-
cover Aplysina aerophoba (Verongiida) as the sister of Chondrillida, 
where we recover the genus Halisarca to be paraphyletic. Halisarca 
dujardini is sister (UBS = 100, PP = 1, and CBS = 1) to H. caerulea 
and Chondrilla caribensis (UBS = 77, PP = 1, and CBS = 1). Within 
Keratosa, we recover Dendrilla antarctica (Dendroceratida) to be 
the sister to the order Dyctioceratida, which emerges to be mono-
phyletic and fully supported (UBS = 100, PP = 1, and CBS = 1). We 
recover the monophyly of Haplosclerida (UBS = 100, PP = 1, and 
CBS = 1), with Haliclona penicillata from the family Chalinidae, be-
ing sister to Amphimedon queenslandica (family Niphatidae) and 
Petrosia ficiformis (family Petrosiidae), all relationships with full 
support (UBS = 100, PP = 1, and CBS = 1). In the Heteroscleromor-
pha, the earliest diverging clade is composed of Scopalinida plus 
Spongillida (UBS = 100, PP = 1, and CBS = 1). In Spongillida, the 
family Spongillidae is paraphyletic with Ephydatia muelleri cluster-
ing sister to the family Lubomirskiidae, which is monophyletic 
(UBS = 100, PP = 1, and CBS = 1). The order Tetractinellida is 
monophyletic (UBS  =  100, PP  =  1, and CBS  =  1). The suborder 
Spirophorina, represented by the species Craniella infrequens, is sis-
ter to the suborder Astrophorina. Astrophorina is monophyletic, 
with the family Vulcanellidae sister to the families Ancorinidae plus 
Geodiidae. We recovered Bubarida, as sister to Agelasida, Polymas-
tiida, Tethyida, Clionaida, Suberitida, and Poecilosclerida (UBS = 100, 
PP = 1, and CBS = 0.96). In the Bayesian tree (Fig. 1 and fig. S1), 
Clionaida and Tethyida formed a monophyletic sister group to Su-
beritida and Poecilosclerida, respectively, and the order Suberitida 
is recovered sister (PP = 1) to the order Poecilosclerida. In the ML 

(fig. S2) and Astral (fig. S3) topologies, Suberitida is sister (UBS = 68 and 
CBS = 0.72) to the clade Clionaida plus Tethyida, and Poecilosclerida 
is sister to these tree orders (UBS = 100 and CBS = 1). In both 
topologies, the poecilosclerids form two major clades, with the first 
one composed of the carnivorous sponge Chondrocladia robertballardi 
sister to the family Mycalidae. The second clade comprises all the 
other families of the order Poecilosclerida.

Estimating molecular divergence times of sponge evolution
Molecular divergence times (Fig. 1) were inferred using MCMCtree 
(55) for the Bayesian phylogeny (fig. S1), using 12 fossil constraints 
(see nodes highlighted with red circle in Fig. 1 and detailed descrip-
tions of all 12 calibrations in the “List of calibrations and their justi-
fications” section in the Supplementary Materials). We calibrated 
the root to have a hard minimum of 574 Ma and a soft maximum 
of 609 Ma. The fossil minimum is based on the earliest occurrence 
of Charnia masoni, in the Drook Formation of Mistaken Point, 
Newfoundland (56), while the maximum is based on the Lantian 
biota of South China which contains a diversity of macrofossils but 
no credible metazoans (57). A uniform prior was used for this cali-
bration, implying that we maintain an agnostic view of where the 
root of our phylogeny might lie between these constraints. The max-
imum on the root node is soft, with 2.5% of the probability density 
falling outside of the 574 to 609 Ma interval, on the deep side of the 
distribution. Eumetazoa was assigned a hard maximum of 573 Ma. 
This value was empirically defined to counter truncation problems 
in molecular clock analyses (see Materials and Methods for details) 
and a soft minimum of 561 Ma based on age of Bed B in the Bradgate 
Formation, where the earliest crown-eumetazoan, Auroralumina 
attenboroughii, was recovered. While it was possible to establish mini-
mum constraints for the remaining sponge calibrations (58, 59), it 
was not possible to justify maximum constraints based on paleonto-
logical, biogeographic, or geological evidence. The sponge fossil re-
cord, at least in terms of records that can inform calibrations for 
molecular clock analyses, is based on sites of exceptional fossil pres-
ervation. As such, we have no prior expectation of whether the earli-
est records of various sponge clades (details in the Supplementary 
Materials) represent close approximations of true clade ages. Cauchy 
distributions with a heavy-tail (see Materials and Methods and 
the Supplementary Materials) were used for these calibrations, 
reflecting lack of knowledge on which to establish maximum clade-
age constraints.

Two calibration strategies were used. First, we performed analy-
ses where the oldest known siliceous spicule was used to constrain 
the crown Heteroscleromorpha clade. We refer to this calibration 
strategy as the spiculate demosponges node (SDN). We then per-
formed an analysis where the same fossil was used to calibrate the 
root of Porifera, spiculate Porifera node (SPN) strategy. These cali-
bration strategies reflect competing interpretations of the fossil re-
cord of siliceous spicules. Under SDN, early siliceous fossil spicules 
are assumed to represent remains of spicule-bearing demosponges 
(crown Silicea), as suggested by the morphological similarity be-
tween the oldest classifiable siliceous spicules (18) and those found 
in living demosponges. Under SPN, siliceous spicules are assumed to 
have been present in the last common crown ancestor of Porifera, with 
the spicule fossil record providing a bound on the origin of sponges. 
We performed molecular clock analyses under the autocorrelated-
rates [AR (60)] relaxed-clock model and the independent-rates [IR 
(61)] log-normal relaxed-clock model to assess the impact of both 
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Fig. 1. Time-calibrated phylogeny dates the origin of sponges to the early Ediacaran. Porifera timetree with posterior estimates of divergence time estimated using 
the Bayesian CAT-Poisson tree in fig. S1, under the spicule-bearing Demospongiae (SDN) calibration strategy, with the IR model in MCMCtree. Bars on nodes represent the 
95% highest posterior densities. The colors of the bars identify the four main sponge lineages (Calcarea, Homoscleromorpha, Hexactinellida, and Demospongiae). Gray 
bars indicate internal nodes outside these clades. Red circles represent the two mutually exclusive calibrations strategies Spiculate Porifera Node (SPN) and Spiculate 
Demosponges Node (SDN). Full red dots represent calibrations used in both strategies. Species in bold were sequences as part of this study. Timescale on x axis in hun-
dreds of millions of years. The green dotted line marks the start of the Cambrian. Ne, Neoproterozoic; C, Cambrian; O, Ordovician; S, Silurian; D, Devonian; C, Carboniferous; 
P, Permian; Tr, Triassic; J, Jurassic; K, Cretaceous; Pe, Paleogene. Support values for the nodes can be found in fig. S1. Differences between our ML, Bayesian, and Astral to-
pologies are described in text and can be investigated comparing the tree here and fig. S1 against those in figs. S2 and S3. Silhouettes are from https://phylopic.org/. 
Specific attributions: G. Dera is the author of the following silhouettes: Chrysaora quinquecirrha, Plakina jani, Leucandra aspera, Euplectella aspergillum, Homaxinella balfourensis, 
and Spongia officinalis. Amphimedon queenslandica is by seung9park; Isodyctia grandis by M. Keesey; Cladorhizidae is by D. Schultz; and Hormiphora californensis 
is by S. Haddock and K. Wothe. All the above mentioned silhouettes have been released under license CC0 1.0 Universal Public Domain Dedication. Aplysina is by 
M. Vingiani (license link: https://creativecommons.org/licenses/by/4.0/). Axinellidae is by Tree of Life App (license link: https://creativecommons.org/licenses/by/4.0/). 
Cliona celata is by M. Eppley (license link: https://creativecommons.org/licenses/by/4.0/). The silhouettes of Aplysina, Axinellidae, and C. celata were reduced in size and their 
transparency was enhanced.
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calibration strategies (SDN and SPN); see Materials and Methods 
and the Supplementary Materials for details. For each analysis (i.e., 
SDN-AR, SDN-IR, SPN-AR, and SPN-IR), we ran six independent 
chains, sampling from both the prior and the posterior. We checked 
for convergence (using in house developed scripts see Materials and 
Methods, Supplementary Methods, and https://doi.org/10.5281/
zenodo.11488993 for details) and used the chains that passed our 
MCMC diagnostics to estimate divergence times (see figs. S4 to S6 
and tables S1 and S2); see Materials and Methods and Supplemen-
tary Methods for details. Under SDN, we kept three of the six chains 
we ran under both the AR and IR relaxed-clock models (table S1). 
Under SPN, we retained four chains out of six for the AR model and 
five of six for the IR model (table S2).

Results inferred using the two relaxed-clock models and differ-
ent calibration strategies did not differ significantly; we therefore 
focus on the results obtained with the SDN-IR analysis. Results 
from all other analyses are presented in the Supplementary Materi-
als (figs. S7 to S9 and tables S3 and S4). Our SDN-IR analysis in-
ferred the last common crown metazoan ancestor to have emerged 
616.9 to 605.9 Ma (early Ediacaran); see Table 1 for a summary of the 
age inferred for key nodes across all our analyses. Similarly, the sponge 
last common crown ancestor was dated to 615.3 to 601.3 Ma (early 
Ediacaran). Crown-group Silicea (Hexactinellida + Demospongiae) 
was estimated at 591.3 to 570.3 Ma (middle Ediacaran), Lyssacinosida 
(within Hexactinellida) at 457.3 to 445 Ma (Late Ordovician), and 
the last common crown ancestor of Calcarea and Homoscleromorpha 
at 566.5 to 487.6 Ma (late Ediacaran to late Cambrian). Homosclero-
morpha was estimated to have originated 429.1 to 228.6 Ma (middle 
Silurian, Late Triassic), and Calcarea 351.7 to 213.89 Ma (early 
Carboniferous, Late Triassic). The last common crown demosponge 
ancestor is estimated at 559.17 to 536.53 Ma (late Ediacaran, early 
Cambrian), and the last common crown ancestor of the aspiculate 
Verongimorpha and Keratosa 521.85 to 430.44 Ma (early Cambrian, 
middle Silurian). The last common crown ancestor of the spicule-
bearing demosponges (Heteroscleromorpha) is estimated to have 
existed between 521.97 and 515.05 Ma (middle Cambrian), and the 
last common crown ancestor of the Haplosclerida was inferred at 
403.84 to 246.54 Ma (Early Devonian, Middle Triassic). The last 
common crown ancestor of the rest of the Heteroscleromorpha was 
inferred to have existed 503.17 to 412.61 Ma (middle Cambrian, 
Early Devonian). Within Heteroscleromorpha, the freshwater Spon-
gillida separated from the marine Scopalinida 424.69 to 325.85 Ma 
(late Silurian, late Carboniferous), while the heteroscleromorph lineages 

(Tetractinellida, Poecilosclerida, and Spongillida) diverged, respec-
tively, 299.37 to 231.07 (early Permian, Late Triassic), 236.53 to 
199.74 Ma (Late Triassic, Early Jurassic), and 123.21 to 71.52 Ma 
(Cretaceous).

Phylogenetic relationships at the root of the metazoan tree are 
still debated (2–8). While evidence based on chromosome fusions 
was suggested to resolve Ctenophora as the sister of all the other 
animals (5), it has been shown that it is not possible to test whether 
the syntenic similarities underpinning the conclusions of (5) result 
from common descent or convergence (6). At the same time, the 
most recent phylogenomic study on this topic has found strong sup-
port for Porifera as the sister of all the other animals (8). Accord-
ingly, for our main molecular clock analysis, we used a topology 
where sponges represent the sister of all the other animals. However, 
we acknowledge a lack of consensus on early animal relationships 
(2–8) and tested whether using a tree where ctenophores represent 
the sister of all the other animals influenced the results of our mo-
lecular clock analyses (figs. S10 and S11 and tables S5 and S6). These 
analyses showed that the relative relationships of ctenophores and 
sponges do not affect the timescale of sponge evolution [cf. (22)], as 
the credibility intervals for the divergence times of all key nodes 
across the two competing timescales overlap. When ctenophores are 
the first branching animal phyla, the age of the sponge last common 
crown-ancestor is estimated to fall in the interval 616 to 588 Ma, 
which includes the interval inferred when Porifera represents the 
sister of all the other animal phyla (615.3 to 601.3 Ma).

Ancestral state reconstruction of skeletal elements
Incorporation of fossils in the phylogenetic framework
To understand the evolutionary history of spicules, we considered, 
in addition to the extant taxa in our phylogenomic dataset, all fossil 
taxa for which phylogenetic relationships have been tested using 
modern computational tree reconstruction approaches. Fossils were 
included to test the extent to which the inclusion of fossil spicules 
with morphological features not found in extant sponges might have 
affected our ancestral state reconstructions. The phylogenetic rela-
tionships of most fossil sponges have never been investigated using 
computational phylogenetic methods, preventing their inclusion in 
the backbone phylogenies necessary to anchor ancestral state esti-
mation analyses. However, the recent description of H. cantori (42) 
was accompanied by the first formal morphological phylogenetic 
analysis of sponges including extant and fossil taxa. The fossil sam-
pling in (42) is undoubtedly limited (it only includes seven fossil 

Table 1. Divergence times for key nodes. Summary of posterior mean time estimates under both calibration strategies and molecular clock models for key 
nodes in our timetree. Full details can be found in tables S3 and S4.

Nodes SDN AR 95% CIs for time 
estimates

SPN AR 95% CIs for time 
estimates

SDN IR 95% CIs for time 
estimates

SDN IR 95% CIs for time 
estimates

 Porifera 603.79–582.68 594.59–578.79 615.32–601.3 610.68–590.34

 Silicea 577.48–561.72 567.69–551.55 591.32–570.3 575.87–542.68

Demospongiae 549.57–538.18 535.02–503.38 559.17–536.53 519.67–462.67

Hexactinellida 454.92–445.07 443.89–422.5 457.3–445.09 454.99–445.07

Calcarea 473.24–163.27 460.38–157.52 351.7–213.89 337.36–207.53

Homoscleromorpha 540.28–435.36 535.63–420.18 429.15–228.57 421.58–224.87

Heteroscleromorpha 521.97–515.05 500.69–455.96 520.81–515.04 454.95–396.53
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species). However, it includes the full disparity of mineralogical 
types observed in the early fossil record of sponges, as it includes 
the biminerallic Eiffelia (62) and Protospongia (63), the siliceous 
Cyathophycus, the aspiculate H. cantori (42), and Vauxia a Cambrian 
sponge initially described as a nonmineralized demosponge (64) 
that has since been shown to possess silicified fibers (42, 45, 65), if 
not spicules (66), and might be a stem Silicea (42) rather than a de-
mosponge, but see (67) for a different opinion. Accordingly, the da-
taset of (42) is sufficient to provide us with a means to test the 
potential effects of including sponges with morphological features 
not observed across extant taxa on our ancestral state estimations. 
We first reanalyzed the dataset of (42) to confirm the placement of 
the fossils it includes, with reference to the taxa in our phylogenom-
ic dataset. To achieve this goal, we performed new analysis of the 
morphological datasets of (42), where partial constraints were used 
to ensure that extant taxa were recovered following their placement 
in Fig. 1, while fossil placements where informed by the morpho-
logical data. Results of our analyses only differed from those of (42); 
see their extended data figure 5b, because we recovered Vauxia in a 
polytomy at the base of Porifera, rather than as a stem silicean (42) 
(see fig. S12B). To take into consideration the minor instability in 
the placement of Vauxia (fig. S12, A and B), we performed ancestral 
state reconstruction using two topologies: The topology in the ex-
tended data figure 5b in (42), see also fig. S12A, and the one recov-
ered in our analyses (fig. S12B).
Ancestral state estimations
We performed three sets of ancestral state estimations using struc-
tured Markov models with embedded dependencies (46). First, we 
performed ancestral state reconstructions using the topology in 
Fig.  1. These analyses did not include fossils. We then performed 
reconstructions adding the fossils in fig. S12, arranged as in fig. S12A 
(Fig. 2) and fig. S12B (see fig. S13); see Materials and Methods and 
Supplementary Methods for details. The results of our analyses sug-
gest that the last common crown-ancestors of Porifera, as well as the 
last common crown-ancestor of Calcarea plus Homoscleromorpha, 
were not biomineralized (P ≥ 0.92 and P ≥ 0.86 respectively; Fig. 2, 
A and B; fig. S13; and data S1). When Vauxia is placed in a polytomy 
(fig. S12B) and biosilicification is coded ignoring differences in si-
licification pathway (models A and B), the results still support this 
conclusion, although with greater ambiguity (P ≥ 0.53 and P ≥ 0.62, 
respectively; fig. S13). The last common ancestor of Silicea and De-
mospongiae emerge as not having been biomineralized when models 
are used that distinguish between different biosilicification path-
ways (models C and D; Fig. 2A and fig. S13). Differently, when bio-
silicification is coded ignoring differences in silicification pathway 
(models A and B), the last common ancestor of Silicea and Demo-
spongiae emerge to be silicified (Fig. 2B and fig. S13). However, when 
biosilicification is coded ignoring differences in silicification path-
way and the presence or absence of spicules is treated as an indepen-
dently modeled trait (model B, fig. S13), we find the last common 
Silicea and Demospongiae ancestors as biomineralized but aspicu-
late, similarly to how Vauxia has been reconstructed in (45). Irre-
spective of when biosilicification first emerged all our results suggest 
that spicules were absent in the last common crown-ancestors of spong-
es (P ≥ 0.815) and of Calcarea plus Homosleromorpha (P ≥ 0.81). In 
analyses that included fossils (e.g., Fig. 2), the probability that the 
last common crown-ancestor of Porifera lacked spicules increases to 
P ≥ 0.975. Together, these results suggest that biosilicified spicules 
evolved independently multiple times, and that early sponges did 

not have them. Our analyses also strongly support multiple inde-
pendent origins of biocalcification. Among the extant taxa in our 
dataset, biocalcification has evolved once in the stem-lineage of Cal-
carea and independently in the lineage leading to the demosponge 
genus Vaceletia. When fossil taxa are included, biocalcification is 
also inferred to have independently evolved in the biminerallic Eifellia 
and in the last common ancestor of the biminerallic Protospongia 
and Diagoniella (Fig. 2 and fig. S13). All the results of our ancestral 
state estimations are presented in a separate supplementary result file 
(data S1). They are also available in our Figshare repository (https://
doi.org/10.6084/m9.figshare.28574570).

The diversification of Silicea
We tested whether the origin of silicified spicules could have driven 
adaptive radiations in sponge evolution, performing a case study 
where we inferred diversification rate shifts in Silicea, the most bio-
diverse extant sponge lineage. We followed (68) and first generated 
a phylogeny of Silicea performing a constrained ML analysis of 807 
cytochrome c oxidase 1 (COI) barcodes, using our phylogenomic 
tree (Fig. 1 and fig. S1) to constrain the backbone topology (see Ma-
terials and Methods and Supplementary Methods for details). This 
resulted in a “megaphylogeny” (i.e., a species-rich tree) that was 
then dated (fig. S14 and table S7; see Materials and Methods and 
Supplementary Methods for details) and used to perform diversifi-
cation rate shift analyses using Bayesian Analysis of Macroevolution-
ary Mixtures (BAMM) (68) (see table S8 for convergence statistics) 
and Medusa (69); see Materials and Methods and Supplementary 
Methods for details of how BAMM and Medusa were implemented.

Only one diversification rate shift event was consistently identi-
fied by both BAMM and Medusa irrespective of the tree topology 
used. This shift is placed on the branch leading to the Axinellida plus 
Bubarida clade (Fig. 3, A to D). A second, putative diversification 
shift was identified on the branch leading to Poecilosclerida by all 
Medusa analyses (Fig.  3, B and D) and by one BAMM analysis 
(BAMM + AR tree; Fig. 3A). Other putative shifts were identified 
only by individual analyses. One putative shift leading to Hexacti-
nellida was identified by BAMM but only on the IR tree (Fig. 3C), 
while Medusa identified a putative diversification shifts on the 
branch leading to Dictyoceratida when using the IR tree (Fig. 3D).

DISCUSSION
The sponge phylogeny is robustly resolved and rooted to 
the early Ediacaran
The results of our phylogenomic analyses confirm that sponges are 
split into two fundamental lineages, Calcarea plus Homoscleromor-
pha and Demospongiae plus Hexactinellida (Silicea). Consistent with 
other phylogenomic and mitogenomic studies (7, 8, 70), we recov-
ered the monophyly of Keratosa, Verongimorpha, and Heterosclero-
morpha within Demospongiae. We resolved the aspiculate Keratosa 
and Verongimorpha as sister clades, and the spiculate Heterosclero-
morpha as sister to Keratosa plus Verongimorpha, corroborating 
previous findings (69). The relationships of Bubarida have been a 
long-standing problem in Demospongiae phylogeny, but our tree 
recovers Bubarida as the sister of Agelasida + Polymastiida + Tethyida + 
Clionaida + Suberitida + Poecilosclerida, similar to results recently 
obtained with mitochondrial genomes (70). However, we could not 
resolve with clear support the relationships of Suberitida with refer-
ence to Clionaida, Tethyida, and Poecilosclerida (figs. S1 to S3). All 
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our timetrees recover an Ediacaran origin of sponges (615 to 579 Ma) 
while rejecting an Ediacaran origin for the spiculate demosponges 
(Heteroscleromorpha; 522 to 397 Ma), which according to our 
results cannot be older than Cambrian. While taxon sampling does 
not allow us to date the origin of Hexactinellida, our results are 
consistent with recent evidence for a putative crown hexactinellid 
(H. cantori) in the latest Ediacaran [539 Ma (42)].

Early sponges did not have skeletal elements made of silica
Our ancestral character state estimations combined the taxa in our 
phylogenomic dataset and the fossils in (42). All our ancestral state 
estimate analyses reconstruct the poriferan crown-ancestor and the 
last common crown-ancestor of Calcarea plus Homoscleromorpha, 
as not biomineralized and aspiculate (P > 0.75). The condition of 
the silicean crown-ancestor is more uncertain, because of fossil in-
stability (fig. S12) and the fact that for this node, ancestral character 

state reconstructions are affected by the way in which the embedded 
dependencies among states are defined (fig. S13). Nonetheless, all our 
analyses estimate the Silicea crown-ancestor as aspiculate (P > 0.643), 
even if the precise probability of this result depends on which tree 
topology was used to represent the relationships of the fossil taxa 
(fig. S13). In contrast, the ancestral state estimate of whether the si-
licean crown-ancestor was capable of biomineralization, depended 
on tree topology and model combination, with the silicean crown-
ancestor emerging as capable of siliceous biomineralization when 
the tree of (42) and models A and B are used. In light of interpreta-
tions of Vauxia (44) has having had silicified fibers but no spicules, 
we suggest that the results from models A and B could be interpreted 
to suggest that the last common crown-ancestor of Silicea might 
have been armed with biosilicified fibers but did not have spicules.

If we consider only extant taxa, independent origin of siliceous 
spicules is suggested in stem-Hexactinellida, Homoscleromorpha 
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Fig. 2. Early sponges did not have biomineralized skeletons. Ancestral state estimations of sponge skeletal elements obtained using the tree topology from (42) (their 
extended data figure 5b), see fig. S12A, dated using the timetree inferred using the SDN calibration strategy and the structured Markov model combining the presence/
absence of spicules and their mineralogy (model D). Solid gray in the central circles at the nodes indicates no biomineralization. Light blue siliceous biomineralization, 
pink calcareous biomineralization, and orange biminerallic (both calcareous and siliceous) biomineralization. Outside circles represent the presence (blue) or absence 
(dark gray) of spicules. (A) Ancestral state reconstructions inferred under model D, which code both alternative biosilicification pathways and the presence and absence 
of spicules. (B) Ancestral state reconstructions inferred under model A, which only reconstruct whether ancestral sponges were capable of biomineralization and does not 
take into account alternative biosilicification pathways. In (A) (model D), all fossils are coded as unknown for the biosilicification pathway.

D
ow

nloaded from
 https://w

w
w

.science.org on January 07, 2026



Rossi et al., Sci. Adv. 12, eadx1754 (2026)     7 January 2026

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

8 of 15

(in stem-Plakinidae), in Demospongiae (in stem-Heteroscleromorpha), 
and the verongimorph Chondrilla. If we count also evolutionary 
events that happened in extinct lineages, other independent origins 
of siliceous spicules are inferred. However, these numbers are de-
pendent on our fossil taxon sampling and should not be considered 
to represent precise estimates of the total number of independent 
origins of siliceous spicules (the estimation of which is not a goal of 
our study). Nonetheless, the multiple origin of siliceous spicules is 
consistent with current interpretations of spicule evolution based on 
comparative genomics and biochemistry, where developmental and 
biochemical differences have been interpreted as evidence for the 
convergent origin of these skeletal structures (27, 29, 30, 71), a con-
clusion that is supported in our study.

Early sponges did not have a calcareous skeleton
Understanding the evolution of calcareous skeletons is more com-
plex. This is because the diversity of calcareous skeletal elements 
observed across Porifera and their patchy distribution, makes it dif-
ficult to decide whether they should be homologized when prepar-
ing morphological datasets for ancestral character state estimations. 
Given that our study was concerned with testing whether the last 

common crown-ancestor of sponges had skeletal structures, we test-
ed whether early sponges might have had calcareous skeletal ele-
ments, irrespective of what these elements were. To achieve our 
goal, we coded all calcareous skeletal elements found across sponges 
as homologous. This is a valid hypothesis given that in Metazoa (in-
cluding sponges), biocalcification is universally reliant on carbonic 
anhydrase paralogs, which might indicate a homologous origin of 
biocalcification followed by a diversification process that led to the 
emergence of significant biochemical and structural differences. 
However, all our ancestral state reconstructions conclude that cal-
careous skeletal elements evolved independently in different sponge 
lineages and were not present in the poriferan crown-ancestor. Our 
analyses therefore reject the hypothesis that calcareous skeletal ele-
ments in sponges might be homologous and that they were present 
in the crown-ancestor of all sponges.

Early sponges had low fossilization potential
Given the results of our ancestral state estimation analyses, we con-
clude that latest Ediacaran siliceous spicules were most likely pro-
duced by sponges belonging to crown group Silicea, postdating the 
origin of crown sponges. Given that stem- and early crown-sponges 
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Fig. 3. Diversifications events in Silicea do not correlate with spicule evolution. Rate diversification tests. Gray dots with numbers correspond to the shift highlighted 
by both Medusa and BAMM analyses, the same number is reported when the same shift corresponds on both topologies. (A) BAMM results for the COI timetree inferred 
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lacked siliceous spicules and other mineralized skeletal elements, 
they would have been unlikely to leave fossil remains (14). Inevita-
bly, our conclusions are dependent on the sampling of living and 
fossil sponges included in our ancestral state estimation analyses 
and our knowledge of their skeletal mineralogy. However, we have 
attempted to control for this uncertainty by including all fossil 
sponges that have, to date, been included in a phylogeny inferred 
using computational methods. Our test suggests that inclusion of 
fossils does not affect the way in which the crown-ancestor of Porif-
era is reconstructed but might have an impact on how more recent 
nodes (e.g., the last common crown ancestor of Silicea) are recon-
structed. We recognize that, to date, only a few fossil sponges had 
their phylogenetic relationships tested using computational phylo-
genetic methods (42), and future studies using more fossils might 
reach different conclusions. Yet, our results are consistent with the 
view, based on comparative genomic evidence, that the different 
biochemical pathways used by sponges to produce siliceous spicules 
represent evidence that the homoscleromorph, hexactinellid, and 
demosponge siliceous spicules are not homologous (27, 29, 30, 71). 
In detail, demosponges use silicatein enzymes (28, 29, 72, 73) and 
hexactinellids use glassin, perisilin, and hexaxilin with the organic 
part of the spicule (the axial filament) having different compositions 
(27, 30, 74). Knowledge of the enzymes used by Homoscleromorpha 
is missing, but homoscleromorphs lack key biosilicification genes 
found in Hexactinellida and Demospongiae, pointing to a different 
developmental pathway (29, 75).

The emergence of silicified spicules did not drive the 
diversification of sponges
Sponges are globally distributed and comprise ca. 9700 species (76). 
In terms of biodiversity, Demospongiae has undoubtedly been the 
most successful sponge lineage (76). Furthermore, they have been 
ecologically more successful, for instance, being able to transition to 
freshwater and undergo revolutionary body plan rearrangements, 
leading to the only known case of carnivory in the phylum (77). Many 
explanations have been proposed to explain their success. One is that 
the high diversity of spicule shapes would have been advantageous for 
structural functions and defense, driving adaptive radiations (78); the 
results of our diversification analyses suggest otherwise. While spic-
ules certainly play a role in defense and structural support, their 
emergence does not appear to have underpinned adaptive radia-
tions, evidence of which should be shown as a diversification event 
on the branch that leads to the radiation of Heteroscleromorpha. 
Instead, the only diversification event consistently recovered across 
all our analyses is on the branch that leads to Bubarida and Axinel-
lida (Fig. 3). Both groups are nested well within Heteroscleromorpha, 
and spicules were not an innovation specific to them. Furthermore, 
their spicule types are shared across many other demosponge orders 
(table S9) where we did not identify diversification events. Analyses 
that used Medusa highlighted also a putative diversification event in 
stem-Poecilosclerida, which is however only confirmed by one BAMM 
analysis and is therefore less certain. Poecilosclerida represents the 
most speciose demosponge order with ca. 2488 species described to 
date (76), with a worldwide distribution and substantial ecological 
diversity. However, Poecilosclerida are also members of the spicu-
late lineage and did not evolve spicules independently, although they 
do present one of the largest spicule complements in Porifera. We 
therefore conclude that while the poecilosclerid evolutionary success 
might have been linked to the massive expansion of microscleres 

observed in this clade (79, 80), the origin of spicules itself cannot 
have driven their diversification.

Reconciling the fossil record of sponges with molecular 
estimates of divergence times
Previous evolutionary timelines based on molecular data have in-
ferred sponges to have originated in the Cryogenian (10, 12, 13, 81). 
Differently, our evolutionary timescale infers crown-group sponges 
to be significantly younger, emerging in the early-middle Ediacaran 
(617.91 to 581.39 Ma). Our newly estimated, and younger, clade 
ages are driven by both a revised geochronology and reinterpreta-
tion of the fossil evidence used in establishing calibrations to be used 
in Bayesian node-dating analyses (22). There are a number of specu-
lative interpretations of fossil sponges from the Tonian and Cryoge-
nian but none of these are credible (14, 15). In particular, steranes 
(24-ipc and 26-mes) found from the late Cryogenian (660 to 635 Ma) 
to the Early Cambrian have had a long history of alternative in-
terpretations (9, 11, 82–84), and many of these might represent 
diagenetic derivatives of C29 sterols from algae (18). Newly identi-
fied derivatives of C31 hydrocarbons, 24-secbc and 24-nbc, are more 
promising in that their co-occurrence with 24-ipc and 26-mes in 
Ediacaran strata might provide corroborative evidence of their gen-
eration from demosponge-derived sterols, rather than algae (85). How-
ever, their interpretation as demosponge or even sponge-specific 
remains insufficiently robust to calibrate molecular clock analyses.

Understanding the siliceous spicule fossil record and reconciling 
its history against the timescale of sponge evolution is key to elu-
cidating sponge origins. Silica is chemically stable under low-
temperature and high-pressure conditions (14). If sponges bearing 
siliceous spicules existed in the Neoproterozoic, they should have 
been preserved, given also that the Neoproterozoic ocean geochem-
istry was conductive to the preservation of silica, as confirmed by 
the presence of abundant cherts in the late Ediacaran (86, 87). The 
probability that sponges bearing siliceous spicules existed signifi-
cantly earlier than the oldest known records (ca. 543 Ma) but were 
not preserved is therefore low (14, 25, 26). However, the interpreta-
tion of the siliceous spicule record is difficult. The oldest siliceous 
spicules could be interpreted to represent evidence for spicule-bearing 
stem sponges, in which case the siliceous spicule record would place 
a limit on the age of crown-sponges, which would be unlikely to be 
much older than the oldest record of fossil spicules (14). However, 
these spicules can also be interpreted to represent Neoproterozoic 
evidence for one of the crown lineages bearing siliceous spicules: i.e., 
Silicea or Homoscleromorpha [although the latter is unlikely (14), 
in agreement with our molecular clock results, Fig. 1]. Under this 
second interpretation, the oldest spicule record would not be repre-
sentative of the age of the oldest sponges. If the ancestors of these 
spicule-bearing crown sponges were aspiculate and not capable of 
biomineralizing, they would have had low fossilization potential and 
would have been unlikely to leave a fossil record (26). Under this 
second hypothesis, Porifera could have enjoyed a long, cryptic, 
Neoproterozoic history, potentially extending to the Cryogenian 
or the Tonian.

Our analyses did not use Cryogenian-to-Cambrian fossil bio-
markers to calibrate molecular clock analyses. However, our results 
still indicate that total-group sponges have a Neoproterozoic history, 
albeit extending only to the early-middle Ediacaran (617.91 to 
581.39 Ma), that is unrepresented in the fossil record. Our study 
shorten the gap between the earliest unambiguous fossil evidence 
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for sponges and molecular divergence times from ca. 150 Myr to 38 
to 75 Myr but continue to support a cryptic phase in the early his-
tory of Porifera. Our ancestral character state estimates indicate that 
stem sponges were aspiculate and uncapable of biomineralization. 
This allows us to rationalize the Neoproterozoic gap between our 
molecular estimate for the origin of sponges and the siliceous spic-
ule fossil record as a consequence of the low preservation probabil-
ity of aspiculate, nonbiomineralized, stem- and early crown-sponges.

In accordance with the fossil record, our results suggest that de-
mosponge spicules emerged in ca. 31 Myr interval between 548 and 
517 Ma (Fig. 1). In Homoscleromorpha, silicified spicules were only 
acquired by the Plakinidae, after the divergence from Oscarellidae 
in the Carboniferous. Inadequate taxon sampling prevents us from 
defining precisely the period during which spicules emerged in 
Hexactinellida. It could be tempting to interpret the aspiculate 
H. cantori to inform a maximum bound on the evolution of spicules 
in Hexactinellida. However, the diversity of skeletal structures ob-
served in stem hexactinellids (Fig. 2) and the relationships of
H. cantori within total group Hexactinellida (Fig. 2) suggest that us-
ing the age of H. cantori as a maximum bound on the origin of sili-
ceous spicules in Hexactinellida would be unwarranted.

Phylogenetic bracketing implies that hexactinellid spicules 
cannot be older than the silicean crown-ancestor (577.48 to 
561.72 Ma), from which both the Hexactinellida and Demospongiae 
total-groups emerged. However, siliceous spicules emerged relatively 
late in demosponges (Fig. 2), potentially suggesting that Hexactinellida 
might have been the first, among the lineages of extant sponges, to 
evolve spicules.

Our results explain the existence of an early siliceous spicule fos-
sil record without the need to assume that stem sponges synthesized 
siliceous spicules. Since sponges branch early within the animal 
phylogeny [irrespective of the controversy on the relative relationships 
between sponges and ctenophores (2–8)], they are informative of 
early metazoan evolution, and the origin of animal multicellularity. 
Advocates of a literal reading of the fossil record would suggest that 
the origin of sponges (and Metazoa) corresponds closely with the 
first appearance of siliceous spicules in the fossil record [ca. 543 Ma; 
latest Ediacaran (15)]. Our divergence time analyses reduce by more 
than half the perceived gap between the earliest fossil spicules and 
molecular estimates for the origin of sponges. This gap might di-
minish even further if older, unambiguous, sponge fossils are dis-
covered. While we agree on the importance of fossils for inferring 
character evolution and resolving phylogenetic controversies (88, 89), 
our study demonstrates that the power of the fossil record in infer-
ring evolutionary history is predicated on restoring extinct species 
to the rightful place within the phylogenies of living taxa. Only with 
an integrated understanding of phylogeny and character evolution 
we can hope to achieve an understanding of the evolutionary assem-
bly of animal body plans (90).

MATERIALS AND METHODS
Sample collection, RNA extraction, library preparation, and 
Illumina sequencing
Twelve novel sponge specimens were collected for RNA extraction 
(table S10). Samples were preserved in RNAlater (Thermo Fisher 
Scientific, Waltham, USA) using an overnight incubation at 4°C be-
fore long-term storage at −80°C. Total RNA was extracted with TRIzol 
(Ambion, Austin, USA) and mRNA purified with a Dynabeads 

mRNA DIRECT kit (Thermo Fisher Scientific, Waltham, USA). The 
cDNA libraries were constructed with either the kits TruSeq version 
2 or Scriptseq version 2 RNA Library Prep kit (Illumina), according 
to the manufacturer’s instructions, using the maximum quantity of 
mRNA allowed, which was 50 to 100 ng of starting material. The 
quality of the libraries was checked with an Agilent TapeStation 
2200 system (Agilent Technologies) and the quantity with Qubit ds-
DNA HS Assay kit (Thermo Fisher Scientific). The sequencing was 
conducted with an Illumina NextSeq 500 platform at the Sequenc-
ing Facilities of the Natural History Museum of London (Research 
Core Labs), using a paired- end read strategy (bp length, 2 × 150 bp).

Assembly of transcriptomic data and preparation of the 
phylogenomic dataset
In addition to the 12 novel transcriptomes, 58 published RNA se-
quencing (RNA- seq) datasets with sequence read archive IDs were 
included. All data were translated to proteins with the final total data-
set composed of 70 proteomes (table S10). See Supplementary Meth-
ods for details about the software and settings used in the analyses.

Orthologs were inferred using an Orthofinder (50) based pipe-
line; see Supplementary Methods for details about the software and 
settings used in the pipeline. The final dataset generated in this way 
was composed of 133 genes that were analyzed independently to re-
construct gene trees in IQTree (51) and concatenated in a super- 
alignment of 103,296 AA using the catfasta2phyml.pl script from 
https://github.com/nylander/catfasta2phyml.

Phylogenetic analyses
The 103,296 AA superalignment was analyzed using ML in IQTree2 
version 2.1.3 (91). Model testing was performed using the BIC in 
IQTree2, considering only across- site compositionally homogeneous 
models. Model selection identified the Q.INSECT+I+G4 model as 
best fit. We used the ultrafast bootstrap (1000 replicates) to estimate 
support for the nodes in the ML tree. Bayesian analyses were per-
formed using Phylobayes (53) under the across- site compositionally 
heterogeneous CAT- Poisson model (52). In these analyses support 
values are estimated using PPs. We ran two independent chains for 
over 7000 generations (Burnin = 1500). Convergence was tested us-
ing Bpcomp (maxdiff = 0.0018315) and Tracecomp (minimal ESS 
61 and maximum real_diff = 0.224488). Bpcomp and Tracecomp 
are part of the Phylobayes distribution (see table S8 for full conver-
gence scores). Last, we used ASTRAL (5) as a coalescent tree recon-
struction method on the 133 gene trees generated from the ML 
analyses of the single gene alignments, performed in IQTree under 
their gene- specific best fitting model; see Supplementary Methods 
for details. Astral was used with default parameters.

Inference of divergence times
We fixed the tree topology to our inferred Bayesian tree ( Fig. 1 and 
fig. S1) and constrained  the age of 12  nodes  representing  major 
sponge clades in our phylogeny (red dots and circles in Fig. 1) based 
on fossil evidence (see the “List of calibrations and their justifications” 
section in the Supplementary Materials). The oldest fossil spicule 
was initially used to calibrate the origin of the spicule- bearing De-
mospongiae (SDN calibration strategy). We used a uniform prior on 
the root age with a soft maximum of 609 Ma (pU = 0.025) and a 
hard minimum of 574 Ma (p = 1 × 10−300; this small value enables 
the usage of hard bounds in MCMCtree as pL = 0 would cause nu-
merical underflow). We constrained the age of Eumetazoa with a 
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hard maximum of 573 Ma (pU = 1 × 10−300) and a soft minimum of 
561 Ma (pU = 0.025) to avoid truncation issues during the MCMC 
runs (87). The age of the other 10 calibrated nodes was constrained 
using heavy-tail Cauchy distributions (i.e., lower-bound calibra-
tions with an offset of p = 0.1 or p = 0.5, a scale parameter of c = 0.5 
or c = 0.1, and a left tail probability of pL = 1 × 10−300 to enforce a 
hard bound on the specified minimum age). The use of a heavy-
tailed distribution was preferred as it allows us to capture the credi-
bility of the sponge fossil record, which is unlikely to be reliable in 
deep time because of taphonomic processes having altered diagnos-
tic characters, thus posing further difficulties on taxonomic classifi-
cations. We performed a sensitivity test (SPN strategy) where the 
oldest siliceous spicule was reassigned to calibrate the node repre-
senting the last common sponge ancestor (see also Fig. 1) to account 
for uncertainty in the interpretation of the spicule fossil record, al-
lowing us to investigate its impact on poriferan divergence times 
derived from a molecular clock-dating analysis. In short, the SDN 
strategy constrained the spicule-bearing Demospongiae (Hetero-
scleromorpha) to have a hard minimum at 515 Ma, while the SPN 
strategy constrained the root of Porifera to a minimum age of 
515 Ma. Both experiments used a Cauchy distribution specified in 
the same way (c = 0.5, p = 0.5, and pL = 1 × 10−300). The age of 515 Ma 
used in both the SDN and SPN strategies is based on loose siliceous 
spicules from the lower Cambrian (series 2, stage 3) Sirius Passet 
Biota of North Greenland (92). A list of all the calibrations used can 
be found in the Supplementary Materials, “List of calibrations and 
their justifications.”

To estimate species divergence times, we dated our inferred 
Bayesian phylogeny (Fig. 1 and fig. S1) using MCMCtree, which is 
part of the PAML package (88). See Supplementary Methods and 
https://doi.org/10.5281/zenodo.11488993 for details about the set-
tings of all our molecular clock analyses.

To account for uncertainty on sponge divergence times that 
might be caused by phylogenetic uncertainty at the root of the ani-
mal tree of life, we ran a ML analysis constraining the topology to 
force Ctenophora to represent the sister group of all the other ani-
mals. We then calibrated the ML tree using the same calibrations 
used in our other molecular clock analyses and performed new di-
vergence time analyses. We used our in-house pipeline for chains 
filtering and to generate convergence and summary plots (see above, 
the Supplementary Materials, and figs. S15 to S17).

There is some disagreement on the nature of Geoditesia jordaniensis 
(93). Accordingly, we performed a sensitivity analysis where we 
changed the calibration interval defined by this fossil (166.1 to 
163.5 Ma), to 166.1 to 150 Ma, to take into consideration uncer-
tainty on this part of the sponge fossil record. This analysis did not 
affect our results.

Ancestral character state reconstructions
Assembling a phylogenetic framework with fossils and 
extant taxa
Sponges have a rich fossil record (14), which can provide additional 
evidence of spicule evolution. Fossil observations are particularly 
useful for ancestral state estimation, as their closer proximity to the 
root of the phylogenetic tree compared to living taxa gives them 
greater influence on ancestral likelihoods. Unfortunately, the major-
ity of fossil sponges have never been included in a formal phyloge-
netic analysis, and their relationships are unknown. Accordingly, 
they cannot be included in ancestral state reconstruction analyses. 

However, the recent study of the relationships of H. cantori (42), 
included seven fossil sponges with a broad diversity of skeletal 
structure, from the aspiculate and nonbiomineralized H. cantori, to 
the biminerallic Eiffelia and Protospongia, and the silicified but like-
ly aspiculate Vauxia. Accordingly, in addition to performing ancestral 
state reconstructions using the taxa in our phylogenomic dataset, we 
were also able to perform sensitivity tests on sponge phylogenies 
which included fossils. Because fossils can include combinations of 
states not observed in living taxa (e.g., sponges with biminerallic 
spicules), their inclusion can affect ancestral state reconstructions, 
and it is important to test the extent that this might affect our results. 
Our sensitivity tests provide a mean to test the uncertainty of our 
ancestral state estimations, and whether the inclusion of taxa with 
states not observed among extant taxa can affect ancestral recon-
structions at internal nodes. To test the effect of fossils on our ancestral 
states analyses, we produced time trees from phylogenies integrat-
ing the results of our phylogenomic analysis with those of (42). Our 
main ancestral state reconstruction analysis that included fossils 
used the tree published by (42) in extended figure 5b. However, we 
tested the results of the analyses of (42) performing new partially 
constrained Bayesian analyses [in MrBayes 3.7 (94)] where we left 
the fossils free to arrange themselves in the optimal position in a 
backbone tree representing our phylogenomic results, that is, on a 
tree constraining the monophyly of Silicea (Hexactinellida plus De-
mospongiae) and that of Calcarea plus Homoscleromorpha. Because 
the results of our phylogenetic analyses were slightly different from 
those of (42), we performed sensitivity analyses also using the tree 
in fig. S12B, which represent the results of our reanalysis of the da-
taset of (42). Methodological details of these analyses are presented 
in Supplementary Methods. Input and result files for these analyses, 
which identified a placement of the fossil Vauxia which is slightly 
different from that of (42), can be found in our Figshare repository 
(https://doi.org/10.6084/m9.figshare.28574570).
Estimation of ancestral states
We performed marginal likelihood ancestral state estimation in R; 
see Supplementary Methods and https://doi.org/10.6084/m9.figshare. 
28574570 for details of packages and functions used. Character 
states for the full dataset were sourced from the literature (table S9). 
The matrix we used for the analyses can be downloaded from https://
doi.org/10.6084/m9.figshare.28574570. To investigate the evolution 
of sponges with different types of skeletal structures, we used em-
bedded dependency models (45, 95) and accounted for underlying 
biochemical and developmental differences and similarities.

We coded the following characters:
1) Spicule presence: absent = 0 and present = 1
2) Calcareous biomineralization: absent = 0 and present = 1
3) Siliceous biomineralization: absent = 0 and present = 1
4) Siliceous biomineralization pathway: Hexactinellida = 0, De-

mospongiae = 1, and Homoscleromorpha = 2
For biocalcification, we did not differentiate developmental path-

ways, assuming a shared mechanism across taxa. This assumption 
reflects the widespread use of carbonic anhydrase paralogs in spong-
es to form carbonate-based skeletal elements, including spicules 
(31, 32, 37, 38). The use of carbonic anhydrase paralogs can be con-
sidered a shared similarity that could underpin a relationship of 
homology across all calcified skeletal elements in sponges. It is im-
portant to stress that we are aware of the significant differences in 
biocalcification pathways across sponges (32) and we do not pro-
pose that biocalcified skeletal elements found across Porifera are 
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homologous. We simply defined a putative homology across these 
structures (a hypothesis of homology) that we then tested using an-
cestral character estimation.

Characters (2) and (3) were treated as independent to accommo-
date fossil taxa with biminerallic spicules [e.g., Eiffelia and Protospongia 
(41, 63)]. Character (1) was also treated as independent from (2) 
and (3), allowing for biomineralizing taxa that lack spicules [e.g., 
Vaceletia and Vauxia (33)]. Character (4) was treated as dependent 
on character (3), as it reflects alternative biochemical pathways for 
silica deposition. We note that not all our analyses used a coding 
reflecting alternative biochemical pathways. In the models that we 
refer to as models A and B (see Supplementary Methods for details), 
biosilicification is coded ignoring differences in silicification path-
way. Model A does not model the evolution of spicules, focusing 
exclusively on whether common sponge ancestors were capable of 
biosilicification. In model B, the presence and absence of spicules is 
modeled using an independent (unlinked) binary character. Models 
C and D define different biosilicification pathways based on biochem-
ical evidence (this is done using two hierarchically nested charac-
ters). In model C, similarly to model A, presence absence of spicules 
is not modeled. In model D, similarly to model B, presence absence 
of spicules is modelled with an independent binary character. In 
models C and D, all fossils with siliceous biomineralization were 
coded as unknown for the specific pathway used to excrete silica.

See Supplementary Methods for details about how we amalgam-
ated the rate matrices of independent characters using structured 
Markov models (46) and dependent characters using embedded de-
pendencies (47). In total, we conducted 432 ancestral state estima-
tions. Results and scripts can be found in our Figshare repository 
(https://doi.org/10.6084/m9.figshare.28574570).

Silicean diversification rates through time
Macroevolutionary dynamics of diversification was modelled us-
ing BAMM version 2.5.0 (96) and Medusa (69) on large, dated 
phylogenies (i.e., megaphylogenies) of the Silicea. We followed (68) 
and first generated a dated megaphylogeny of Silicea performing a 
constrained ML analysis of 807 COI barcodes, using our phylogenomic 
tree as a backbone constraint. We then dated the megaphylogeny 
of Silicea under the IR and AR molecular clock models using the 
calibrations in table S12. BAMM and Medusa were then applied 
on the dated megaphylogenies to infer diversification rate shifts; 
see Supplementary Methods for the settings of our BAMM and 
Medusa analyses.

Supplementary Materials
The PDF file includes:
Supplementary Text
Figs. S1 to S18
Tables S1 to S13
Legend for data S1
References

Other Supplementary Material for this manuscript includes the following:
Data S1
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