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Abstract 

Apoptosis is regulated cell death that depends on caspases. A specific initiator caspase is involved upstream of each apoptotic sig-
naling pathway. Characterized in nematode, fly, and mammals, intrinsic apoptosis is considered to be ancestral, conserved among 
animals, and depends on shared initiators: caspase-9, Apaf-1 and Bcl-2. However, the biochemical role of mitochondria, the pivotal 
function of cytochrome c and the modality of caspase activation remain highly heterogeneous and hide profound molecular diver-
gence among apoptotic pathways in animals. Uncovering the phylogenetic history of apoptotic actors, especially caspases, is crucial 
to shed light on the evolutionary history of intrinsic apoptosis. Here, we demonstrate with phylogenetic analyses that caspase-9, the 
fundamental key of intrinsic apoptosis, is deuterostome-specific, while caspase-2 is ancestral to bilaterians. Our analysis of Bcl-2 
and Apaf-1 confirms heterogeneity in functional organization of apoptotic pathways in animals. Our results support emergence of 
distinct intrinsic apoptotic pathways during metazoan evolution.
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Lay summary 

Apoptosis is a type of cell death which is ubiquitous in animals. Two apoptotic pathways, intrinsic and extrinsic apoptosis, are 
described at the molecular level. In both pathways a multigene family, the caspases, are crucial in triggering apoptosis. Until now the 
description of apoptotic pathways in nematode, fly and mammals have suggested that intrinsic apoptosis is common and conserved 
across animals. However, several functional differences exist between these models, inviting us to revisit our understanding of apop-
totic pathway evolution. Here, based on phylogenetic approaches, we demonstrate that actors involved in intrinsic apoptosis, espe-
cially caspases, are not common between animals, but conversely present a complex evolutionary history. Thus, our results support 
the emergence of distinct intrinsic apoptotic pathways in animals.

Introduction
Apoptosis, regulated cell death defined by a set of morphologi-
cal features and dependent on caspases, occurs during metazoan 
development, tissue homeostasis, and regeneration (Hipfner & 
Cohen, 2004; Jacobson et al., 1997; Jeffery & Gorički, 2021; Krasovec 
et al., 2019, 2021, 2022; Vriz et al., 2014). Pioneering works in 
Caenorhabditis elegans gave rise to a model of the molecular net-
work of apoptosis decision, execution, engulfment-degradation, 
and more fundamentally the first description of an apoptotic 
regulation pathway at the molecular level (Ellis & Horvitz, 1986; 
Hengartner, 2000; Lettre & Hengartner, 2006). Investigations on 
apoptosis were next extended to Drosophila melanogaster and 
mammals, and recently to emerging models such as cnidarians, 
ascidians, mollusks, and others (Chambon et al., 2002; Cikala et 
al., 1999; Krasovec et al., 2021; Sokolova, 2009). Currently, two main 
apoptotic regulation pathways are described, recently named 

intrinsic (formerly known as mitochondrial pathway) and extrin-
sic apoptosis (previously named death receptor pathway) by the 
Nomenclature Committee on Cell Death (Galluzzi et al., 2018). 
Apoptotic pathways rely on a specific initiator caspase possessing 
a CARD (Caspase Recruitment Domain) or DED (Death Effector 
Domain) prodomain for intrinsic and extrinsic apoptosis, respec-
tively. Each initiator caspase is activated into a protein complex 
specific to its pathway. Extrinsic apoptosis is triggered by activa-
tion of TNF receptors which recruit FADD, forming the DISC com-
plex with initiator caspase-8 leading to its activation(Galluzzi et 
al., 2018). While extrinsic apoptosis is well-documented in mam-
mals, it is absent in Caenorhabditis and Drosophila. However, intrin-
sic apoptosis was described in mammals as well as Caenorhabditis 
and Drosophila (Ellis & Horvitz, 1986; Hengartner, 2000; Lettre & 
Hengartner, 2006). Building on work in Caenorhabditis, investiga-
tion of apoptotic regulation pathways in Drosophila and mammals 
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imposed the paradigm that the intrinsic apoptotic “molecular 
program” is conserved throughout animal evolution (Bender et 
al., 2012; Driscoll, 1996; Hengartner, 2000; Lettre & Hengartner, 
2006; Steller, 2008). Intrinsic apoptosis depends on three com-
ponents which are the key initiator caspase-9 (named Ced-3 
and Dronc in Caenorhabditis and Drosophila, respectively), the 
activator Apaf-1 (named Ced-4 and Dark in Caenorhabditis and 
Drosophila, respectively) and the Bcl-2 multigenic family (Figure 
1) (Hengartner, 2000; Steller, 2008). Initiator caspase-9 is acti-
vated by Apaf-1 and forms the apoptosome (Bao & Shi, 2007; 
Dorstyn et al., 2018; Shi, 2006). However, recent research has 
revealed evolutionary divergence between these models, with 
major functional diversifications (Dorstyn et al., 2018; Young et 
al., 2020). Notably, apoptosome platforms are different between 
Caenorhabditis, Drosophila, and mammals. In mammals, and con-
versely to ecdysozoans, the release of cytochrome c is mandatory 
for triggering intrinsic apoptosis and results from Mitochondrial 
Outer Membrane Permeabilization (MOMP) regulated by the Bcl-2 
multigene family (Chipuk et al., 2010; Kalkavan & Green, 2018). 
Bcl-2 proteins, composed of BH domains, are categorized as either 
proapoptotic, such as Bcl-2 or Bcl-xl, and antiapoptotic, such as 
Bax, Bak, or Bok (Chipuk et al., 2010). The interaction and bal-
ance between Bcl-2 controls MOMP and subsequent cytochrome c 
release. While the Bcl-2 family is diverse in metazoans, it is poorly 

represented in Drosophila (two members; Buffy and Debcl) and 
Caenorhabditis (one member; Ced-9) in which their functions are 
secondary (Hengartner, 2000; Steller, 2008). Importantly, the initi-
ation of apoptotic pathway in Drosophila depends on an increase 
of inhibition, controlled by three specific actors. Importantly, and 
independently of functional approaches, the phylogenetic history 
of intrinsic apoptosis actors, mostly the caspase family, is the 
cornerstone which sheds light on intrinsic apoptosis evolution. 
Caspases with a CARD prodomain (referred to as CARD-caspases), 
in particular, are diversified in several phyla, but their evolution 
remains enigmatic. Vertebrates, in addition to caspase-9, possess 
a set of inflammatory caspases (caspase-1, 4, and 5) which play 
a role in the immune system and the inflammatory response 
(T.-J. Fan et al., 2005). Caspase-2 is involved in various molecu-
lar pathways, including the DNA damage response and cell cycle 
regulation. Several CARD-caspases have been identified in mol-
lusk genomes, such as in the oyster Crassostrea gigas, conversely 
to Caenorhabditis and Drosophila where Ced-3 and Dronc, respec-
tively, are the only representative of CARD-caspases. In this study, 
we investigated the evolutionary history of the major actors of 
intrinsic apoptosis. We conducted separate phylogenetic anal-
yses of the three fundamental actors of intrinsic apoptosis: the 
initiator CARD-caspases, the effector Bcl-2 family members, and 
the activator Apaf-1 proteins, across major animal phyla and 

Figure 1.  Schematic representations of intrinsic apoptosis in nematode, fruit fly, and mammals illustrate the dependence on three major 
components: the Bcl-2 family, a CARD-caspase, and Apaf-1, which forms the apoptosome platform (structurally different between species) with the 
initiator caspase. In mammals, the initiator caspase is caspase-9, while in ecdysozoans, it is caspase-2 (result of this study). In mammals, the release 
of cytochrome c forms the apoptosome after mitochondrial membrane permeabilization. The initiation of the fruit fly pathway involves the removal 
of inhibition by Rpr, Hid, and Grim. The function of mitochondria is minor in ecdysozoans and cytochrome c is not required to initiate apoptosis. 
Nematodes lack executioner caspases.
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describe their evolutionary patterns. Despite functional similari-
ties, these actors, especially initiator caspases, are engaged in rel-
atively independent evolutionary histories that involve distinct 
signaling pathways. Surprisingly, we discovered that Ced-3 and 
Dronc are not orthologous to mammalian caspase-9 but rather to 
caspase-2, challenging the prevailing vision of a conservation of 
intrinsic apoptosis actors across evolution. More fundamentally, 
caspase-9 is specific to Deuterostomia, while caspase-2 is ances-
tral and shared among bilaterian animals. Lophotrochozoans 
present a specific diversification of CARD-caspases, leading us to 
designate a CARD-caspase group specific to mollusks and anne-
lids, caspase-Y.

Results and discussion
Initiator caspases of intrinsic apoptotic pathways 
are not orthologous genes
Initiation and execution of apoptotic signaling pathways funda-
mentally depend on caspases which are widely distributed and 
diversified among all metazoan phyla (Bell & Megeney, 2017; 
Crawford et al., 2012; Shrestha et al., 2020; Uren et al., 2000).

Caspases are a class of proteases composed of three pro-
tein domains: the prodomain, the small P10, and the large P20 
(Elmore, 2007; Thornberry & Lazebnik, 1998). Initiator caspases, 
specific to each apoptotic pathway, have a Caspase Recruiting 
Domain (CARD) prodomain or two DED prodomains. Intrinsic 
and extrinsic apoptosis are distinct and involve specific initiators, 
either caspase-9 (CARD prodomain) or caspase-8/-10 (DED prodo-
mains), respectively. Both pathways trigger activation of common 
executioner caspases, leading to apoptosis execution (Galluzzi et 
al., 2018; Hengartner, 2000). First, we conducted a phylogenetic 
analysis on the whole caspase family at the metazoan scale with 
restricted species sampling, but representative of animal diver-
sity. The topology we obtained is composed of several monophy-
letic groups globally corresponding to caspase types (Figure 2). 
CARD-caspases form a well-supported cluster, with only three 
divergent sequences excluded from this clade (Hydra caspase-X 
and Octopus caspase-Y1 and Y2). These positions likely indicate 
specific evolution in these species and do not affect deep nodes. 
The CARD-caspase clade maintains taxonomic coherence, with 
non-bilaterians positioned at the base of the group, and bilaterian 
sequences forming a monophyletic cluster. Bilaterian sequences 
are divided across two groups, first caspase-9 with deuterostomian 
caspases exclusively, and secondly [Caspase-2 + Inflammatory 
caspases + Caspase-Y] comprising of deuterostomian, lophotro-
chozoan, and ecdysozoan sequences. Due to the coherent CARD-
caspase clustering, and given the crucial role of caspase-9 in 
initiating intrinsic apoptosis, we next choose to focus on CARD-
caspases only. Using this strategy allowed us to considerably 
increase the species sampling for an in-depth analysis of their 
evolutionary history.

We confirmed distribution of CARD-caspases in most animal 
phyla and reconstructed their phylogenetic relationships (Figure 
3, Supplementary Table S1). Both Bayesian inference and maxi-
mum likelihood methodologies gave consistent topologies, identi-
fying four strongly supported monophyletic groups: caspase-9 (PP 
– Posterior Probability- = 1.00), caspase-2 (PP = 0.62), vertebrate 
inflammatory caspases (PP = 1.00), lophotrochozoan caspase-Y 
(PP = 0.98), with non-bilaterian caspase-X presenting a paraphy-
letic distribution. Monophyly of caspase-9 and caspase-2 families 
remains robust, grouping together with Inflammatory caspases 
and caspase-Y in a clade strictly diversified within bilaterian 
animals (PP = 0.81). The sequences of non-bilaterians [Cnidari

a + Ctenophora + Placozoa] formed several groups, here named 
caspase-X (Figure 3). Switching between metazoan putative 
“basal” out groups (i.e., Amphimedon queenslandica (Porifera) or 
Pleurobrachia bachei (Ctenophora)) does not affect caspase topol-
ogy (Supplementary Figure S1). All bilaterian sequences, includ-
ing caspase-9, caspase-2, inflammatory caspases, and caspase-Y 
remained monophyletic (Supplementary Figure S1).

Caspase-2 appears to be widely distributed among bilaterians 
and sequence evolution is congruent with the bilaterian groups 
[Deuterostomia + Ecdysozoa + Lophotrochozoa/Spiralia], reflect-
ing its ancestral origin. Interestingly caspase-9 is restricted to deu-
terostome animals. This distribution could be interpreted either 
as the early emergence of caspase-9 in all bilaterians followed 
by a secondary loss in protostomes, or as a specific derived char-
acter of deuterostomes. The diversity of the genomes explored 
and the depth of taxonomic sampling unambiguously confirms 
this result. More specifically, the robustness of the deuterostome 
caspase-9 clade was explored (Supplementary Figure S2), and its 
specific diversification among [Vertebrata + Cephalochordata + 
Echinodermata + Hemichordata] was confirmed. However, the 
relative position of the cephalochordate Branchiostoma belcheri 
caspase-9A paralogous gene remains unstable. Consistent with 
previous studies on the ascidian Ciona intestinalis (Terajima et al., 
2003), the five representatives of ascidian genomes studied are 
devoid of any caspase-9, likely due to a unique secondary loss in 
urochordates, the sister group of vertebrates (Delsuc et al., 2006).

Unexpectedly, Drosophila Dronc and Caenorhabditis Ced-3 are 
distinctly identified as orthologous (i.e., coming from speciation) 
to caspase-2 of vertebrates, not to caspase-9, as was previously 
reported and largely accepted (Bao & Shi, 2007; Fogarty et al., 
2016; Jaroszewski et al., 2000; Lim et al., 2021; Napoletano et al., 
2017; Lee et al., 2016; Fan & Bergmann, 2010; Fan et al., 2014). 
All Dronc/Ced-3 proteins of insects, horseshoe crab (Xiphosura), 
and nematodes form a strongly supported monophyletic clade 
(PP = 0.98) revealing single gene conservation without duplication 
(except horseshoe crab). Thus, the caspase-2 clade of ecdysozo-
ans is the sister group of caspase-2 clade of [Lophotrochozoa + 
Deuterostomia]. The absence of identifiable caspase-2 in echino-
derms and hemichordates (i.e., Ambulacraria) can probably be 
interpreted as a clade-specific derived loss. To test the robust-
ness of the topology and identify potential artifacts that rapidly 
evolving sequences can introduce (long branches), we conducted 
additional analysis. First, we removed the divergent Branchiostoma 
belcheri caspase-9A (Supplementary Figure S3), and secondly the 
nematodes Ced-3 (Supplementary Figure S4). In both cases, the 
topology remains stable, conserving the evolutionary relation-
ships between caspases which we established in the previous 
analysis. Importantly, the robustness of a number of nodes sig-
nificantly increases, likely due to the elimination of fast evolv-
ing sequences. The robustness of the bilaterian clade increases 
from 0.81 PP to 0.93 PP and 0.89 PP when we deleted Branchiostoma 
Caspase-9A and both nematode Ced-3, respectively. The robust-
ness of the caspase-2 clade also increases drastically to 0.82 PP 
and 0.98 PP, and long branches of arthropods Dronc remain sis-
ters of both [Deuterostomia + Lophotrochozoa] caspase-2.

Diversification of CARD-caspases in lophotrochozoans led us 
to specifically name the group restricted to mollusks and anne-
lids caspase-Y. This diversification poses interesting questions 
about their evolutionary origin, the uncertainty of which makes 
it challenging to propose an orthologous relationship with verte-
brate genes. Three plausible scenarios could explain emergence 
of caspase-Y. First, a duplication of caspase-2 in lophotrochozo-
ans, followed by fast evolution, resulting in a long branch and 

http://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qrad057#supplementary-data
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divergent sequences. Secondly, an ancestral acquisition in bilate-
rians, followed by losses in both ecdysozoan and deuterostomian 
animals. The position of caspase-Y as sister of the caspase-2 
clade in the topology may suggest this scenario. Thirdly, a similar 

origin of both vertebrates’ inflammatory caspases and caspase-Y, 
implying a loss in ecdysozoans. The fast evolution of both inflam-
matory and caspase-Y sequences might currently obscure their 
common origin.

Figure 2.  Topology of the metazoan caspase phylogeny obtained by Bayesian inference using full-length sequence alignments with a Reticulomyxa 
filosa sequence as out group. CARD-caspases cluster together, with only three sequences appearing outside of the group. These caspases belong to 
Hydra vulgaris and Octopus bimaculoides and are likely divergent when compared to other CARD-caspases. The distribution of CARD-caspases suggests 
a monophyly of this caspase type. The topology of the CARD-caspase cluster shows a similar species distribution as in the analysis made on CARD-
caspases only (Figure 3). Non-bilaterian animals branch early, bilaterians are monophyletic and split across two main groups, the deuterostomian 
caspase-9 and the bilaterian caspase-2.
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Taken globally, our analysis shows that the traditionally con-
sidered conserved initiator caspases of intrinsic apoptosis are not 
orthologous, but are divergent genes which may have originated 

from ancestral duplication (i.e., paralogous genes) among bilate-
rians. This finding challenges the conventional understanding of 
the evolutionary relationships among these caspases.

Figure 3.  Topology of metazoan CARD-caspase phylogeny obtained by Bayesian inference using full-length sequence alignments. Four strongly 
supported monophyletic groups are identified: caspase-9, caspase-2, inflammatory caspases and caspase-Y. Together they form a clade strictly 
corresponding to bilaterian animals. Caspase-2 is widely distributed among bilaterians [Deuterostomia + Ecdysozoa + Lophotrochozoa/Spiralia] 
reflecting an ancestral origin. Conversely, caspase-9 is strictly restricted to deuterostomian animals. Inflammatory caspases are restricted to 
vertebrates, and caspase-Y are protostomian specific. Sequences of non-bilaterians (Cnidaria + Ctenophora + Placozoa) form divergent paraphyletic 
groups. The selected out group are the CARD-caspases of Porifera Amphimedon queenslandica.
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The caspase activation regulator apoptosome is 
structurally divergent in metazoans
In intrinsic apoptosis, initiator caspase activation depends on 
recruitment by a pivotal, shared component, the apoptosome 
platform (Dorstyn et al., 2018; Hengartner, 2000). Apoptosome 
formation results from assembly between Caenorhabditis Ced-4, 
Drosophila Dark and human Apaf-1 with their respective initiator 
caspases Ced-3, Dronc and procaspase-9 (Dorstyn et al., 2018). 
CARD and other domains (NB-ARC) are highly conserved in Apaf-
1, Dark and Ced-4 proteins (Zmasek & Godzik, 2013; Zmasek et 
al., 2007; Zou et al., 1997). However, with the exception of the 
majority of nematode species (Young et al., 2020), Apaf-1 pos-
sesses WD40 repeats at its C-terminus which bind to cytochrome 
c. This binding is required in mammals for Apaf-1 oligomerisation 
and apoptosome formation (Zou et al., 1997, 1999), while Ced-4 
and Dark do not require cytochrome c for their general assem-
bly into an apoptosome (Dorstyn et al., 2002, 2018). In addition, 
the regulation of apoptosome structure assembly is specific to 
each species with an octameric Dark, a tetrameric Ced-4, and the 
heptameric Apaf-1 in Drosophila, Caenorhabditis and mammals, 
respectively. These major differences likely reveal evolutionary 
divergence between animal apoptosome formation and pro-
caspase activation mechanisms, probably differentially modulat-
ing the cell death execution pathway (Cheng et al., 2016; Dorstyn 
et al., 2018; Shi, 2006) (Figure 1).

We conducted exhaustive studies by reciprocal BLAST and 
phylogenetic analyses of Apaf-1 homologs and confirmed their 
conservation in the majority of metazoan phyla (Figure 4, 
Supplementary Table S2) (Zmasek & Godzik, 2013; Zmasek et al., 
2007). Our analysis includes sequences from a previous study 
(Zmasek et al., 2007) and is supplemented with sequences we 
have specifically identified (Supplementary Tables S2 and S4). 
We distinguished Apaf-1 genes with CARD and NB-ARC domains, 
likely involved in apoptosis regulation, from Apaf-1-like, which 
lack CARD domains but possess a range of unconventional 
domains. The differentiation of Apaf-1 and Apaf-1-like genes 
based on domain composition likely adds a layer of complexity to 
the functional roles of these homologs.

Our topology presents several clades that are common between 
Bayesian inference method and maximum likelihood estimation, 
shedding light on the ancient acquisition of Apaf-1 in Metazoa 
(Figure 4). Furthermore, the topology shows an accumulation of 
divergent paralogs (Apaf-1-like) in specific species, likely a con-
sequence of loss or reorganization of domains. Consistently with 
metazoan relationships, non-bilaterian animals branch close to 
the root with the first branching Placozoa. We did not find Apaf-1 
in the Pleurobrachia pileus genome (Ctenophora). Consequently, 
we extend our search to all ctenophore genomes and we were 
unable to find any candidates. Cnidarian Apaf-1 forms a mono-
phyletic group and is the sister group of bilaterians. However, 
the three extensively modified Apaf-1-like sequences from the 
cnidarian Nematostella vectensis, which lack a CARD domain, 
branch within bilaterian sequences. Despite these exceptions, 
bilaterians are monophyletic and divided into two major and rel-
atively well-supported clades. The highly conserved sequences of 
most deuterostomes form a well-supported monophyletic group, 
subdivided into the four major groups which are echinoderms, 
hemichordates, cephalochordates, and vertebrates. Previous 
works have suggested the absence of Apaf-1 in the ascidian Ciona 
(Terajima et al., 2003). We looked for Apaf-1 across currently 
available ascidian genomes, and did not detect any candidates, 
indicating a loss of Apaf-1 throughout urochordates, similar 
to the case of caspase-9. Although most Apaf-1 sequences in 

deuterostomes are well-conserved, variations in domain com-
position can be observed in two echinoderms, Strongylocentrotus 
purpuratus and Lytechinus variegatus (where the CARD domain 
is replaced by a DEAD domain or lost), and in the cephalochor-
date Branchiostoma floridae (where, in addition to Apaf-1, numer-
ous highly divergent paralogues are identified). Likely due to 
highly divergent sequences, these Apaf-1 like are grouped within 
protostomians.

Within protostomians, the evolution of Apaf-1 appears more 
complex, and the topology is altered by the presence of numer-
ous divergent sequences, likely associated with long branch 
attraction. Thus, the Apaf-1 sequences of ecdysozoans have a 
paraphyletic organization, but within this group, those of insects 
and chelicerates remain monophyletic. Some insect sequences, 
referred to as Dark, indeed exhibit significant modifications (loss 
of the CARD domain in Tribolium castaneum and Aedes aegypti, loss 
of the WD40 domain in Drosophila), which could lead to identify-
ing these Apaf-1 paralogs as Dark-like.

Regarding the lophotrochozoans, we were not able to detect 
any Apaf-1 in mollusks and annelids, despite an extensive search 
in all available genomes. This is consistent with a previous study 
in which Apaf-1 was not found in the mollusk Crassostrea (Li et 
al., 2017). However, most species of flatworms (platyhelminths) 
present a classical organization of the Apaf-1 domain, and form a 
monophyletic clade in our topology, except for the insertion of two 
nematode (Caenorhabditis) sequences (Ced-4). This insertion likely 
results from long branch attraction, probably associated with the 
loss or divergence of the WD40 domain. We note that, despite the 
loss of the NB-ARC domain in Echinococcus granulosus, Apaf-1 has 
phylogenetically diverged very little from the sequences that are 
related to it.

Our results suggest an ancient acquisition of Apaf-1, but 
also show specific accumulation of divergent paralogs in some 
species. Theoretically, differences in the quality of the genome 
assembly across species could account for some of the putative 
losses. However, the fact that we did not detected Apaf-1 in any 
urochordates, mollusks or ctenophores suggests independent 
losses in these groups. Consequently, Apaf-1 does not present 
a linear evolution, our results suggest a complex, independ-
ent and species-specific evolution from a common ancestor of 
metazoans.

Importantly, a previous analysis of several genomes (cnidarian, 
nematode, fly, amphioxus, sea urchin, human) identified inde-
pendent clades of Apaf-1 genes among metazoans, inconsistent 
with species phylogeny (Zmasek et al., 2007). This study high-
lighted that Ced-4, Dark, and Apaf-1 are not orthologous genes 
between ecdysozoans and vertebrates. Therefore, despite its fun-
damental role in apoptosis regulation (Ferraro et al., 2011; Shakeri 
et al., 2017; Zermati et al., 2007), Apaf-1 was independently lost in 
diverse metazoan phyla, and significantly diverges in the cnidar-
ian Nematostella vectensis, the cephalochordate Branchiostoma flor-
idae, and echinoderms (Zmasek et al., 2007). Consequently, given 
the pivotal role of Apaf-1 with a CARD domain in apoptosis and 
the resulting selection pressure, we hypothesize a relaxation of 
functional constraints on atypical Apaf-1 molecules (deprived of 
the CARD domain and likely not involved in oligomerisation pro-
cesses). This relaxation could drive the diversification of Apaf-1-
like paralogous genes in certain species. These findings suggest 
distinct evolutionary trajectories among species and convergence 
in the modality of apoptosome formation. This could explain 
functional analyses showing variations in apoptosome forma-
tion and subsequent caspase activation among taxa (Young et al., 
2020).

http://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qrad057#supplementary-data
http://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qrad057#supplementary-data
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Figure 4.  Phylogeny of Apaf-1 at the metazoan scale made with the full-length sequence alignment. Several monophyletic groups are identified 
but with inconsistent clustering. Apaf-1 is characterized by the presence of CARD and NB-ARC domain, while Apaf-1 like exhibit various unusual 
domains. Cnidarians are monophyletic, with the exception of three divergent Apaf-1 like of Nematostella. Deuterostomes are grouped in a coherent 
cluster of Apaf-1, but variations in domain composition of Apaf-1 like in two echinoderms, Strongylocentrotus purpuratus and Lytechinus variegatus and 
in the cephalochordate Branchiostoma floridae are observed. These Apaf-1 like are grouped inside protostomians, likely due to high divergence and 
long branch attraction. Protostomians are composed of ecdysozoans and platyhelminths. Ctenophores, mollusks, annelids, and urochordates do not 
have any Apaf-1 genes. Among metazoans, Apaf-1 is characterized by high sequence divergence and fast independent evolution, making homology 
hypotheses difficult to establish. The selected out group is Apaf-1 of Porifera Amphimedon queenslandica.
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The regulation of apoptosis by the Bcl-2 family is 
variable among metazoans
Intrinsic apoptosis is ultimately regulated by the Bcl-2 proteins, 
composed of several Bcl-2 homologous (BH) domains (Banjara et 
al., 2020; E. F. Lee et al., 2011). In mammals, the balance between 
prosurvival (four BH1–BH4 domains) and proapoptotic proteins 
(Bax/Bak/Bok and BH-3-only) of Bcl-2 controls initiation of intrin-
sic apoptosis. Conformational changes of the three-dimensional 
structures and interactions between Bcl-2 actors enable the 
assembly of pore-like structures controlling MOMP (Kalkavan & 
Green, 2018).

Multiple sequence alignments of metazoan Bcl-2 family pro-
teins (Figure 5, Supplementary Table S3) (but with overrepre-
sented chordates reflective of greater availability of vertebrate 
genomes) confirm the widespread distribution and early origin 
of Bcl-2 in Metazoa (Banjara et al., 2020; Dunn et al., 2006; Young 
et al., 2020; Zmasek & Godzik, 2013). Proteins clustered into five 
monophyletic groups, consistent with classical Bcl-2 functional 
classification (i.e., three “pro-apoptotic” clades: Bok, Bak, Bax, 
and two less supported prosurvival – “anti-apoptotic” – groups: 
Bcl-2/W/XL and a more complex Bcl-B/Mcl-1/Bfl-1 clade) (Figure 
5). However, relationships among the five well-supported groups 
were not conclusively resolved despite the use of various method-
ologies and out group selections (Figure 5A and B). Consequently, 
each of the five Bcl-2 clades seems conserved across evolution, 
and homology (orthology) relationships inside each clade can 
be established. However, due to the challenge of addressing the 
relationship between these five monophyletic groups (Bok, Bak, 
Bax, Bcl-2/W/XL, Bcl-B/Mcl-1/Bfl-1), it seems difficult to hypoth-
esize their evolutionary pattern, history, and determine a poten-
tial ancestral group. In addition, very divergent sequences from 
mollusks such as Biomphalaria glabrata (Bcl-like2, Bcl-like3), the 
cnidarian Hydra vulgaris (Bcl-like1) or from the urochordate Ciona 
intestinalis (Bcl-like1) were not assigned to a particular class.

Caenorhabditis lacks proapoptotic Bcl-2 and possesses only 
the prosurvival Ced-9 (homolog to vertebrates Bcl-2/w/xl), and 
two BH-3 only proteins (Egl-1 and Ced-13). Conversely, only two 
proapoptotic Bok-like paralogues (Debcl and Buffy) were pres-
ent in Drosophila (Figure 5), but their functions remain unclear 
(Clavier et al., 2016). Coexistence of both anti- and pro-apop-
totic Bcl-2 in mollusks underlies the divergence observed within 
protostomes. Contrarily, similarities in Bcl-2 family composi-
tion are observed within some deuterostomes (mammals and 
echinoderms).

Finally, despite the conservation of almost all homologous 
Bcl-2 genes since early metazoan evolution, the accumulation 
of key differences may result in divergent initiation mechanisms 
within intrinsic apoptosis signaling pathways among animals.

Apoptotic mitochondrial pathways are divergent 
among metazoans
Functional evidence shows that caspase-2 members play a criti-
cal role in various cell death processes and are also independently 
involved in a range of nonapoptotic functions, including cell cycle 
regulation, DNA repair, and tumor suppression (Krumschnabel, 
Sohm & et al., 2009; Lassus et al., 2002; Olsson et al., 2015; 
Zhivotovsky & Orrenius, 2005). This implication of caspase-2 in 
myriad signaling pathways, and its ability to interact with a range 
of molecules, highlights its functional versatility (Braga et al., 
2008; Krumschnabel, Manzl & et al., 2009; Krumschnabel, Sohm 
& et al., 2009; Lavrik et al., 2006; Olsson et al., 2009, 2015). As 
previously reported, our phylogenetic analyses support the wide 

distribution of caspase-2 in bilaterians, suggesting a probable 
ancestral multifunctionality.

The major functional similarities, leading to an initial misin-
terpretation of phylogenetic position of Ced-3 and Dronc, sug-
gest a common evolutionary origin of caspase-2 and -9 genes. 
We hypothesized here that caspase-9 originates from bilateri-
an-specific duplication of a caspase-like ancestor gene, followed 
by a loss of caspase-9 in protostomians (Figure 6). Among deu-
terostomes the two families of paralogs have been preserved in 
vertebrates and probably in cephalochordates (Figures 3 and 6). 
Caspase-2 retains multifunctional activity, and in mammals can 
interact with the PIDDosome platform containing P53, adapter 
molecule RAIDD, and signaling complex DISC, activating both 
extrinsic and intrinsic apoptosis, and DNA damage pathways 
(Duan & Dixit, 1997; Haupt et al., 2003; Lavrik et al., 2006; Tinel & 
Tschopp, 2004). Conversely, the caspase-9 gene likely underwent 
a functional divergence with specialization in allosteric interac-
tions with the apoptosome.

Due to its pivotal role as a mediator of genomic stability 
through involvement in cell proliferation, oxidative stress, aging 
and cell death, the molecular divergence of the caspase-2 gene 
could be highly constrained during evolution, likely due to the 
potential initiation of tumorigenesis in case of signaling cascade 
destabilization. However, during the radiation of deuterostomes, 
both presence of caspase-2 and -9 likely induced redundancy 
and could have facilitated the loss of one or the other of them 
(Conant & Wolfe, 2008; Fares et al., 2013; Force et al., 1999). 
Notably, a caspase-2 duplication cooccurred with the loss of 
caspase-9 in urochordates, which may suggest a clade-spe-
cific relaxation of purifying selection on the caspase-2 gene 
(Figures 3 and 6). Similarly, caspase-2 has been lost, or strongly 
diverged, while caspase-9 presents a de novo relative expansion 
in Strongylocentrotus purpuratus (Echinodermata) and Saccoglossus 
kowalevskii (Hemichordata).

Typically, gene losses in Caenorhabditis and Drosophila have 
led to the conclusion that apoptotic pathways in ecdysozoans 
are simpler than those in vertebrates (Elmore, 2007; Meier et al., 
2000). However, compared to mammals, ecdysozoans have path-
ways organized around different paralogous genes in addition to 
the smaller number of canonical apoptotic actors. The absence of 
orthologous gene relationships results in a very different struc-
tural organization of apoptosome platforms but also generates 
important functional divergences (i.e., mechanisms of regulating 
assembly, CARD-CARD interactions with procaspases) (Dorstyn et 
al., 2018).

Consistent with mammalian caspase-2 functions, Ced-3 has 
both initiator as well as executioner caspase activities (Degterev 
et al., 2003; Fuchs & Steller, 2015; Lavrik et al., 2006; Mancini et al., 
2000). Dronc is involved in various processes such as compensatory 
cell proliferation, inhibition of cell migration or spermatid differ-
entiation, similarly to the functionalities of mammalian caspase-2 
(Huh et al., 2004; Ouyang et al., 2011). Due to its interaction with 
Dark (Apaf-1 paralog), the only CARD-caspase in Drosophila (Dronc) 
has been erroneously classified as caspase-9 (Kumar & Doumanis, 
2000; Steller, 2008). Unlike the organization of the mammal apop-
tosome, both Caenorhabditis and Drosophila present neither MOMP 
nor the release and necessity of cytochrome c to activate Ced-3 
and Dronc via Ced-4 and Dark, respectively (Figures 1 and 6) 
(Lettre & Hengartner, 2006; Meier et al., 2000).

Like other protostomes, mollusks are devoid of caspase-9, but 
caspase-2 has been identified in bivalves and is suspected to 
function in “a caspase-9-like manner” (Vogeler et al., 2021). Hence, 
caspase-2 seems involved in apoptotic processes in mollusks. 

http://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qrad057#supplementary-data
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Surprisingly, despite the absence of caspase-9 and Apaf-1 (and 
consequently a mammalian-like apoptosome), this peculiar path-
way is associated with cytochrome c release (Estévez-Calvar et 
al., 2013; Li et al., 2017; Pirger et al., 2009; Romero et al., 2011; 

Yang et al., 2015; Zhang et al., 2011). The complexity of intrin-
sic apoptosis in mollusks seems significant, but divergent from 
what was observed in ecdysozoans or vertebrates, with a putative 
expansion of caspases that participate both in immunity, stress 

Figure 5.  Topology of Bcl-2 family phylogeny from Bayesian inference and maximum likelihood at the metazoan scale using out groups Amphimedon 
queenslandica Bcl-like 1 (XP_003383425.1) (A) and Bcl-like 2 (XP_003387574.1) (B). Bcl-2 proteins strictly clustered into five monophyletic groups: 
three “pro-apoptotic” clades (Bok, Bak, Bax) and two less supported “anti-apoptotic” groups: the Bcl-2 clade (Bcl-2/W/XL) and a more complex (Bcl-B/
Mcl-1/Bfl-1) clade. Each group includes bilaterian as well as non-bilaterian sequences which suggests a deep origin of this complex multigenic family. 
Clustering into these five groups is consistent between analyses, while relationships among them is not well resolved.
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responses, and apoptosis (Figure 6) (Estévez-Calvar et al., 2013; 
Piquet et al., 2019; Plachetzki et al., 2020; Sokolova, 2009; Sokolova 
et al., 2004; Vogeler et al., 2021).

Unexpectedly, mammals present a unique case (possibly with 
the cephalochordates) in which both caspase-2 and caspase-9 
are conserved and involved in apoptosis. This putative functional 
redundancy (i.e., recruitment, autoactivation, or transactiva-
tion, homodimerization and subsequent interchain proteolytic 
cleavage) likely led to the functional specialization observed for 
caspase-9. This may result from the specificity of the mamma-
lian mitochondrial pathway and the nonapoptotic function of 
caspase-9 (An et al., 2020; Hollville & Deshmukh, 2018; Madadi et 
al., 2019; Tran et al., 2017). Finally, echinoderms seem to uniquely 
have intrinsic apoptosis similar to mammals, with a caspase-9, 
Bcl-2, Apaf-1, and a MOMP with cytochrome c release (Figure 6) 
(Bender et al., 2012; R. Tamura et al., 2018).

While we can envisage a weak parsimonious scenario sug-
gesting a common ancestral apoptotic pathway in deuteros-
tomes (implying independent secondary losses in hemichordates, 
cephalochordates, and urochordates), the similarities observed 
between echinoderms and mammals more probably reflect 
“functional convergences” based on independent recruitment of 
apoptotic actors.

Conclusion
The apoptotic networks of Caenorhabditis and Drosophila do not 
reflect ancestral conditions from which mammalian-grade apop-
totic complexity emerged. On the contrary, as recently suggested, 
they represent a derived condition specific to ecdysozoans among 
animals (Belyi et al., 2010; Lu et al., 2009; Plachetzki et al., 2020; 
Zmasek & Godzik, 2013).

The core components of intrinsic apoptotic pathways, espe-
cially initiator caspases and the apoptosome platform, are 
not ancestral in metazoans. Our phylogenetic analyses high-
light an unexpected evolutionary history: while the bilaterian 
caspase-2-mediated apoptotic toolkit emerged ancestrally and 
remains multifunctional, the caspase-9 mediator of the mamma-
lian apoptosome is specific to deuterostomes.

The major functional divergences in mitochondrial apoptotic 
pathways observed in animals (Berthelet & Dubrez, 2013; Fuchs 
& Steller, 2015; Ribeiro Lopes et al., 2019, 2020) may primarily 
originate in the recruitment of paralogous actors from the same 
multigenic families. The evolution of these diverse pathways, 
underlined by nonorthologous molecular actors, may reflect 
putative adaptive processes or taxon-specific constraints which 
ultimately result in divergent evolutionary histories. Notably, the 

Figure 6.  Reconstruction of convergent hypothetical intrinsic apoptotic pathways among metazoans according to molecular actors detected and 
identified in their genomes. Variability of intrinsic apoptotic pathways among animals emerged from convergences and recruitment of distinct actors 
with independent evolutionary history. Caspase-2 is bilaterian-specific and the initiator of ecdysozoans intrinsic apoptosis. Caspase-9 is restricted to 
deuterostomes and the specific initiator of mammalian intrinsic apoptosis. Deuterostomes exhibit several losses (i.e., caspase-2 in cephalochordates, 
caspase-9 in urochordates) or duplication (i.e., caspase-9 in echinoderms), highlighting a putative evolutionary flexibility in apoptotic pathway 
establishment. Mitochondrial functions diverge among phyla and cytochrome c (circle) release thanks to mitochondrial outer membrane 
permeabilization (MOMP) is specific only to mammals and possibly echinoderms. Cross indicate absence/loss. The convergent evolutionary histories 
reflect a probable phylum-specific adaptive process leading to parallel evolution of mitochondrial apoptotic pathways observed among animals. 
Animal draws come from PhyloPic (https://www.phylopic.org/).

https://www.phylopic.org/
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abundance of the apoptotic genetic repertoire has been suggested 
to be linked to the persistence of stem cells in adults across dif-
ferent phyla (Aubrey, Janic & et al., 2018; Aubrey, Kelly & et al., 
2018).

Finally, mitochondria-mediated apoptosis, like other pro-
grammed cell deaths, may have evolved before and during 
metazoans diversification to shape developmental processes, 
modulate immune response, and adapt the cellular environment 
to environmental constraints.

Material and methods
Sequence dataset construction
Putative metazoan caspases with a CARD prodomain (CARD-
caspases) were identified using tBLASTn and BLASTp searches 
with human caspases, Ced-3, and Dronc as queries on NCBI, 
ANISEED (ascidians), EchinoBase (Strongylocentrotus purpuratus), 
and Neurobase (Pleurobrachia bachei) databases, and followed by 
reciprocal BLAST. After identification of CARD-caspases in tar-
get species, sequences were added as queries to conduct BLAST 
searches in close relatives (i.e., identified CARD-caspases of 
Crassostrea gigas were used as queries to search in other mol-
lusks). Sequences with an e-value less than 1e-10 were retained. 
All identified sequences were analyzed with ScanProsite (ExPaSy) 
(Gattiker et al., 2002) and InterProScan (EMBL-EBI) (Quevillon 
et al., 2005) to verify the presence of specific caspase domains. 
Additionally, the proposed caspase-2 from Crassostrea angulata 
was added (Yang et al., 2015). Caspase family proteins are short 
(containing the large common P20 and the small P10 domains) 
with a high number of genes per species which rapidly limits the 
relevance of the phylogenetic analyses. To reduce artifact branch-
ing and unreadable topologies, and to maximize phylogenetic 
diversity across metazoans, the dataset was built using CARD-
caspase gene repertoires of selected species. A full list of all 
caspase sequences is provided in Supplementary Table S1. Taxon 
and genes were selected to have a wide diversity of major meta-
zoan phyla and to have an equilibrium inside and between each 
group. We chose representative species for each phylum and took 
care not to unreasonably increase the number of sequences by 
redundant choice. We chose species where we detected caspases 
with CARD domains, DED domains, and executioner caspases, 
suggesting a high quality of sequences allowing identification of 
all members of the caspase family. For each taxon, all caspases 
with a CARD prodomain have been included in the analysis.

Identification of metazoan Apaf-1 was made using tBLASTn 
and BLASTp using human Apaf-1, nematode Ced-4, and fly Dark 
as queries on NCBI, ANISEED (ascidians), and neurobase.rc.ufl.edu 
(Pleurobrachia bachei) databases, and followed by reciprocal BLAST. 
Potential resulting sequences were analyzed with ScanProsite 
and also InterProScan. A full list of all Apaf-1 sequences is pro-
vided in Supplementary Table S2. Apaf-1 data set comprises of 
sequences from a previous study (Zmasek et al., 2007) in addition 
to our new sequences.

Metazoan Bcl-2 was identified by using tBLASTn and BLASTp 
searches with human Bcl-2 as the query sequence on NCBI, and 
then again on downloaded genomes and transcriptomes, followed 
by reciprocal BLAST. All identified sequences were analyzed with 
ScanProsite (ExPaSy) and InterProScan (EMBL-EBI) to verify the 
presence of BH domains. Due to short sequence length, BH-3-only 
were not considered. A full list of all Bcl-2 sequences is provided 
in Supplementary Table S3.

Multiple alignments of protein sequences were generated 
using the MAFFT software version 7 (Katoh & Standley, 2013) 

with default parameters and also Clustal Omega (Sievers et al., 
2011) to verify the congruence of the different alignments. All 
sequences were then manually checked in BioEdit 7.2 software 
(HALL, 1999) to verify the presence of specific domains previously 
identified. Gblocks version 0.91b (Castresana, 2000) was used to 
remove vacancies and blur sites. Final alignments comprise of 
224, 230, 235, 147, and 1,201 amino acids for all types of metazoan 
caspases alignment, metazoan CARD-caspases alignment, deu-
terostomian CARD-caspases alignment, metazoan Bcl-2 align-
ment, and Apaf-1 alignment, respectively. Apaf-1 alignment was 
done on the full sequence alignment (all domains).

Taxon sampling strategy
Proteins in multigene families like caspases and Bcl-2 are short, 
making it challenging to conduct phylogenetic analyses with a 
large number of species without sacrificing reliability. The ini-
tial focus was on CARD-caspases, aiming to include at least 
one representative genome from major metazoan phyla: verte-
brates, urochordates, cephalochordates, hemichordates, echino-
derms, ecdysozoans (insects, chelicerates, nematodes), mollusks 
(bivalves, cephalopods), annelids, cnidarians, placozoans, cten-
ophores, sponges, totaling 42 species (Supplementary Table S4). 
In certain phyla, particularly nematodes, the rate of evolution 
is high. However, the variations in sequences are specific to the 
terminal nodes and have little influence on the deep nodes, 
which are the primary focus of the analyses. Selection criteria 
included a blast search for caspases in all genomes, choosing 
species with identified caspases (i.e., Caenorhabditis, Drosophila, 
Ciona, Crassostrea, Mus, Xenopus, Hydra) and good genome quality. 
Model animals and taxa with functional or well-studied genomic 
data were prioritized. Due to the short length of caspases, species 
sampling was reduced in order to add all caspases of the family 
when conducting the phylogeny on all types of caspases. Caspase 
studies maintain consistency as all species included in all type of 
caspases phylogeny are also represented in the CARD-caspases 
analysis (Supplementary Table S4).

The sampling for the Apaf-1 phylogeny aimed to improve rep-
resentation of deuterostomians and cnidarians to test the par-
aphyly of Apaf-1 from these group reported in a previous study 
(Supplementary Table S4). Platyhelminths were added to inves-
tigate the impact of lophotrochozoan sequences, due to the 
absence of Apaf-1 in mollusks and annelids. Consistency was 
maintained across analyses by including all species from the 
CARD-caspases analysis in Apaf-1 analysis and sequences pro-
vided in the paper by Zmasek et al (2007). Species not represented 
in the Apaf-1 dataset but which are in the CARD-caspases anal-
ysis lacked Apaf-1 due to specific losses (i.e., mollusks, annelids, 
ascidians, ctenophores) or undetected despite theoretical pres-
ence (i.e., nematode Ascaris suun).

Bcl-2 alignment is very short, leading to challenges in the anal-
ysis. To maintain readability and reliability, the sampling was 
minimized while ensuring representation of metazoan diversity. 
Species for which Bcl-2 were already known or studied were pri-
oritized. The study maintains overall consistency in the analyses 
by ensuring that species included in Bcl-2 analysis are all repre-
sented in the CARD-caspases analysis (Supplementary Table S4).

Phylogenetic analysis
Phylogenetic analyses were carried out from the amino-acid 
alignment with Maximum Likelihood (ML) method in PhyML 
3.1 (Guindon et al., 2010), a combined ML tree search with 1,000 
bootstrap replicates was produced and then visualized using 
Seaview (Gouy et al., 2010). The best amino-acid evolution 

http://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qrad057#supplementary-data
http://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qrad057#supplementary-data
http://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qrad057#supplementary-data
http://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qrad057#supplementary-data
http://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qrad057#supplementary-data
http://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qrad057#supplementary-data
http://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qrad057#supplementary-data
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models to conduct analyses were determined using MEGA11 
(Tamura et al., 2021) and determined to be Blossum32 for all 
types of caspases alignment, WAG for sequences of CARD-
caspases alignments (CARD, P20, P10), and LG for both Bcl-2 and 
Apaf-1 alignments.

Bayesian analyses were performed using MrBayes (v3.2.6) 
(Ronquist & Huelsenbeck, 2003) under mixed model. For each 
analysis, one-fourth of the topologies were discarded as burn-in 
values, while the remaining ones were used to calculate poste-
rior probability. The run for metazoan caspases (all types, Figure 
2) alignment was carried out for 5,000,000 generations with 15 
randomly started simultaneous Markov chains (1 cold chain, 14 
heated chains) and sampled every 100 generations. The run for 
metazoan CARD-caspases alignment (Figure 3, Supplementary 
Figure S1-S4) was carried out for 2,500,000 generations with 15 
randomly started simultaneous Markov chains (1 cold chain, 
14 heated chains) and sampled every 100 generations. The run 
for deuterostomian CARD-caspases alignment (Supplementary 
Figure S2) was carried out for 500,000 generations with 5 ran-
domly started simultaneous Markov chains (1 cold chain, 4 heated 
chains) and sampled every 100 generations. The run for metazoan 
Apaf-1 alignment (Figure 4) was carried out for 5,000,000 gener-
ations with 5 randomly started simultaneous Markov chains (1 
cold chain, 4 heated chains) and sampled every 100 generations. 
The run for metazoan Bcl-2 alignment (Figure 5) was carried out 
for 5,000,000 generations with 20 randomly started simultane-
ous Markov chains (1 cold chain, 19 heated chains) and sampled 
every 100 generations. ML bootstrap values higher than 50% and 
Bayesian posterior probabilities are indicated on the Bayesian 
tree.

The out group for all types of caspases phylogeny made 
at the metazoans scale is a caspase-like of Reticulomyxa filosa 
(ETO10778.1) (Klim et al., 2018). The out group for the meta-
zoan CARD-caspase phylogeny are the only two caspases with 
a CARD prodomain of the Porifera Amphimedon queenslandica 
(XP_003383519 and XP_019854115.1) (Figure 3, Figure S3-S4) or 
the only one of the ctenophore Pleurobrachia bachei (Sb 2658116) 
(Supplementary Figure S1). Analyses of CARD-caspases were 
made independently at the deuterostome scale with four dif-
ferent out groups to test their effect on the stability of the 
topology: (a) CARD-caspase-Y of the annelid Capitella teleta 
(ELT97848.1), (b) CARD-caspase-2 of the mollusk Aplysia californica 
(XP_005113266), (c) CARD-caspase-X2 of cnidarian Hydra vulgaris 
(NP_001274285.1), and (d) CARD-caspase Ced-3 of the ecdyso-
zoan Caenorhabditis elegans (AAG42045.1) (Supplementary Figure 
S2). For the metazoan Apaf-1 phylogenies, the selected out group 
is Apaf-1 (XP_019855714.1) of Porifera Amphimedon queenslandica 
(Figure 4). For the metazoan Bcl-2 phylogenies, out groups used to 
test their effect on the stability of the topology are: (a) Bcl-2-like1 
(XP_003383425.1) and (b) Bcl-2-like2 (XP_003387574.1) of Porifera 
Amphimedon queenslandica (Figure 5).
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