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Abstract.—Anthozoan cnidarians (corals and sea anemones) include some of the world’s most important foundation species,
capable of building massive reef complexes that support entire ecosystems. Although previous molecular phylogenetic
analyses have revealed widespread homoplasy of the morphological characters traditionally used to define orders and
families of anthozoans, analyses using mitochondrial genes or rDNA have failed to resolve many key nodes in the phylogeny.
With a fully resolved, time-calibrated phylogeny for 234 species constructed from hundreds of ultraconserved elements and
exon loci, we explore the evolutionary origins of the major clades of Anthozoa and some of their salient morphological
features. The phylogeny supports reciprocally monophyletic Hexacorallia and Octocorallia, with Ceriantharia as the earliest
diverging hexacorals; two reciprocally monophyletic clades of Octocorallia; and monophyly of all hexacoral orders with the
exception of the enigmatic sea anemone Relicanthus daphneae. Divergence dating analyses place Anthozoa in the Cryogenian
to Tonian periods (648–894 Ma), older than has been suggested by previous studies. Ancestral state reconstructions indicate
that the ancestral anthozoan was a solitary polyp that had bilateral symmetry and lacked a skeleton. Colonial growth forms
and the ability to precipitate calcium carbonate evolved in the Ediacaran (578 Ma) and Cambrian (503 Ma) respectively; these
hallmarks of reef-building species have subsequently arisen multiple times independently in different orders. Anthozoans
formed associations with photosymbionts by the Devonian (383 Ma), and photosymbioses have been gained and lost
repeatedly in all orders. Together, these results have profound implications for the interpretation of the Precambrian
environment and the early evolution of metazoans.[Bilateral symmetry; coloniality; coral; early metazoans; exon capture;
Hexacorallia; Octocorallia photosymbiosis; sea anemone; ultraconserved elements.]

Anthozoan cnidarians (e.g., corals, sea anemones, and
their relatives, Fig. 1) are an ecologically important
and morphologically diverse clade of metazoans that
occur worldwide in all marine habitats. They are
among the oldest clades of animals (Erwin et al. 2011;
Quattrini et al. 2020) and include some of the ocean’s
most important foundation species. Key morphological
innovations that have led to their ecological success
throughout the Phanerozoic include a modular, colonial
growth form; the ability to precipitate a skeleton of
crystalline aragonite or calcite; and the establishment
of symbioses with photosynthetic dinoflagellates. When
combined, these traits have allowed anthozoans to create
massive biogenic structures that support entire reef-
based ecosystems in both shallow and deep waters
(Freiwald and Roberts 2005; Roberts et al. 2006). Yet the
clade also includes ecologically important and diverse
groups that lack one or all of these key traits, exemplified
by the solitary, soft-bodied sea anemones. Studying
their origin and diversification can help us to better

understand the evolutionary persistence of one of the
earliest diverging groups of animals and shed additional
light on the Precambrian world and the evolution of
Metazoa.

Although textbooks often portray Cnidaria as a
phylum characterized by radial symmetry, all anthozoan
polyps exhibit bilateral symmetry, at least internally,
either as adults or in earlier developmental stages
(Manuel 2009; Gonçalves 2016; Genikhovich and
Technau 2017). Whether or not bilateral symmetry
is an ancestral trait in Cnidaria that is shared with
Bilateria has profound implications for understanding
the evolution of a feature that defines the vast
majority of metazoans (Erwin 2020). The bilaterality of
anthozoan polyps arises from the internal arrangement
and developmental sequence of mesenteries (radial
tissue sheets extending from the body wall to the
pharynx), and also from the lateral compression of
the pharynx. The numbers and arrangement of these
mesenteries and other soft-tissue characters such as
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2 SYSTEMATIC BIOLOGY

FIGURE 1. Representative anthozoans. a) Pseudactinia sp. (Actiniaria, true anemones); (b) Ceriantharia (tube anemones); c) Zoanthus gigantus
and Palythoa heliodiscus (Zoantharia, colonial anemones); d) Acropora sp. and Pocillopora sp. (Scleractinia, stony corals); e) Stichopathes lutkeni
and Plumapathes pennacea (Antipatharia, black corals); f) Corynactis sp. (Corallimorpharia, mushroom anemones); g) Iridogorgia sp. (Alcyonacea,
gorgonians); h) Umbellula sp. (Pennatulacea, sea pens); i) Sarcophyton sp. (Alcyonacea, soft corals). Photos by B. Picton (a, f); J.D. Reimer (c); M.V.
Kitahara (d); C.S. McFadden (i); or courtesy of NOAA Office of Ocean Exploration and Research (b, g, h) and Flower Garden Banks National
Marine Sanctuary/UNCW-UVP (e).

tentacles, along with skeletal morphology and colony
architecture, are the primary morphological characters
that have traditionally been used for taxonomy and
systematics of Anthozoa (Fautin and Mariscal 1991;
Daly et al. 2007). Molecular phylogenetic studies have
revealed widespread homoplasy in these traits and
polyphyly at the ordinal, subordinal, and family levels
within the class (e.g., Daly et al. 2003, 2008; Sinniger et al.
2005; McFadden et al. 2006; Fukami et al. 2008; Kitahara
et al. 2010; Rodríguez et al. 2012, 2014; Brugler et al. 2013;
Bo et al. 2018; Poliseno et al. 2020), and consequently deep
flaws in our understanding of phylogenetic relationships
and character evolution in Anthozoa.

Phylogenies reconstructed using rDNA (Berntson
et al. 1999; Won et al. 2001) or complete mitochondrial
genomes (Park et al. 2012; Kayal et al. 2013; Xiao
et al. 2019) have provided conflicting evidence for such
important inferences as the monophyly of Anthozoa,
as well as the reciprocal monophyly of Hexacorallia
and Octocorallia and the position of the early-diverging
Ceriantharia (tube anemones) relative to those two
clades (Stampar et al. 2014, 2019). Molecular phylogenetic
analyses have been unable to resolve the basal
relationships within Octocorallia (McFadden et al. 2006),
and have offered weak or conflicting evidence for the

monophyly of and relationships among the recognized
orders of Hexacorallia (Daly et al. 2003; Medina et al.
2006; Rodríguez et al. 2014; Xiao et al. 2019). Inferences
about the evolution of morphological and other key traits
within Anthozoa have been hindered not just by poor
resolution and conflicting evidence of crucial nodes but
also by limited taxon sampling. Recent phylogenomic
studies have greatly expanded the numbers of loci
used to address deep phylogenetic relationships within
Cnidaria (Zapata et al. 2015; Kayal et al. 2018) but have
been taxon-sparse, omitting entire orders.

Quattrini et al. (2020) recently published a robust,
fossil-calibrated phylogeny for 234 anthozoans
representing all orders and a majority of families
(Table 1) using ultraconserved elements (UCEs)
and exon loci captured with a targeted-enrichment
approach (Faircloth et al. 2012; Quattrini et al. 2018).
They addressed skeletal evolution in the group across
paleoclimate conditions and geologic time. Here, we use
the time-calibrated tree reconstructed in that study to
explore the evolutionary history of Anthozoa in greater
depth, focusing on the origins of major clades and the
gains and losses of key morphological innovations,
including bilateral symmetry, coloniality, and the
acquisition of photosymbionts.
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TABLE 1. Extant orders of Anthozoa and their defining morphological characters.

Common Families Polyp Growth Mean Age Ma
Order name (# seq/n) symmetry form Skeleton (95% HPD)

Hexacorallia Ceriantharia Tube anemones 3/3 Bilateral Solitary None 409 (283–534)
Zoantharia Colonial anemones 8/9 Bilateral Coloniala Noneb 436 (336–531)
Actiniaria True anemones 19/51 Bilateral, biradial Solitaryc None 513 (424–608)
Antipatharia Black corals 4/7 Bilateral Colonial Scleroprotein 321 (249–407)
Corallimorpharia Mushroom 3/4 Biradial Solitary None 359 (282–442)

anemones
Scleractinia Stony corals 14/33 Biradial Solitary, colonial Aragonited 383 (324–447)

Octocorallia Alcyonacea Soft corals, sea 34/39 Bilateral Coloniala Calcite, protein 578 (483–685)
fans, gorgonians (gorgonin) or nonee

Pennatulacea Sea pens 7/14 Bilateral Colonial Calcite or none 329 (259–399)
Helioporacea Blue corals 2/2 Bilateral Colonial Aragonite 155 (136–190)

n = number of families in order; # seq = number of families included in this study. Mean age of crown groups estimated from divergence dating
analyses (HPD = highest posterior density interval).
aOne or a few exceptions.
bA few deep-sea species have a proteinaceous skeleton.
cFor a possible exception see Häussermann and Försterra (2003).
dOne species with a bimineralic (aragonite, calcite) skeleton (Stolarski et al. 2021).
eOccasionally aragonite in axis or holdfast.

MATERIALS AND METHODS

As described in detail in Quattrini et al. (2020),
phylogenies were constructed from 50% and 75%
concatenated data matrices for 1729 UCE and exon loci
sequenced using a target-enrichment approach. Trees
generated using maximum likelihood (RAxML v8,
Stamatakis 2014; including hexacorals and octocorals
separately), Bayesian (ExaBayes, Aberer et al. 2014), and
species tree (ASTRAL III, Zhang et al. 2018) approaches
were congruent at all deeper nodes but varied in
support values (Supplementary Table S1 available on
Dryad at https://doi.org/10.5061/dryad.d51c5b00j).
The tree produced by the RAxML analysis of the
50% data matrix (Fig. 2) had the highest support
values and a topology that reflected the consensus
across analyses and was therefore chosen for
divergence dating (Quattrini et al. 2020). All tree
and alignment files can be found on figshare
(https://doi.org/10.6084/m9.figshare.12363953), and
the code that generated results used in the present paper
are included herein (Supplementary File S1 available on
Dryad).

Divergence-Dating Analyses
Divergence-dating analyses were described in detail

in Quattrini et al. (2020), but we also include them here.
Analyses were conducted in BEAST v 2.5 (Bouckaert
et al. 2019) on CIPRES (Miller et al. 2010). We used
seven fossil calibration points for dating (Quattrini
et al. 2020; Fig. 2, Supplementary Table S2 available on
Dryad). Six anthozoan fossils whose identities had been
validated from diagnostic morphological characters
were selected after confirming that their morphological
characters unequivocally matched extant lineages. We
also included a calibration at the root of the phylogeny
for the earliest confirmed Cambrian fossil of a cnidarian
(Hou and Bergström 2003; Li et al. 2007). For each fossil

calibration point, exponential priors were used because
they assign the highest probability toward the minimum
bound while allowing some probability for an earlier
divergence (Ho and Phillips 2009). Exponential priors
are preferred over others (e.g., lognormal) particularly
when there is an inadequate paleontological record. For
each fossil point, the minimum fossil ages were set as
offset constraints with mean constraints set at 10–20%
of those ages, allowing for a distribution encompassing
known minimum and maximum fossil ages as well as a
diminished probability toward older ages (following Ho
and Phillips 2009, see Supplementary Table S2 available
on Dryad).

Other priors for the BEAST analysis included a relaxed
clock model to account for varying rates of sequence
evolution across the phylogeny along with a Birth–Death
tree prior to allow for the probability that a lineage will
go extinct. A lognormal distribution on the ucld.mean
(initial 0.0002, 0-infinity bounds, following Stolarski et al.
2011) and uniform distribution on the ucld.stdev (initial
0.1, 0–1 bounds) were used for the relaxed clock models.
For the Birth-Death tree prior, uniform priors on the birth
rate (initial 1.0, 0–1000 bounds) and death rate (initial 0.5,
0–1 bounds) were set. Following Oliveros et al. (2019), we
included a fixed topology (RAxML tree) and 25 clock-like
loci as determined using SortaDate (Smith et al. 2018)
that were each checked for substitution bias using the
Xia saturation test on fully resolved sites (Xia et al. 2003;
Xia and Lemey 2009) in DAMBE7 (Xia 2018). Only one
locus had saturation bias at fully resolved sites, but this
locus was kept in the dating analysis because the RAxML
gene tree constructed from this locus (see Quattrini
et al. 2020) exhibited low root to tip variation and had
discernible information content (Smith et al. 2018). Loci
were partitioned and a GTRGAMMA model was applied
to each locus separately. Three separate runs of 250M
generations were conducted and log and tree files from
each run were combined in LogCombiner (10% burnin).
The combined log file was assessed for convergence
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FIGURE 2. Maximum likelihood tree for Anthozoa based on 933 UCE and exon loci (RaxML, 50% data matrix). Tree is scaled to time (million
years ago) and rooted to Medusozoa. Bootstrap support was > 95% at nodes in one or both of the phylogenies constructed with the 50% or 75%
data matrices, unless indicated (b.s. support from 50/75% data matrices). Support values for numbered nodes based on other analyses presented
in Quattrini et al. (2020) can be found in Supplementary Table S1 available on Dryad (for other nodes see Quattrini et al. 2020 and figshare). Blue
bars show 95% highest posterior density (HPD) intervals for divergence dating analyses with six fossil calibration points shown as red circles
on nodes. Character states for symmetry, coloniality, skeletal composition, and photosymbioses (Table 1) shown as colored circles adjacent to
tip labels. Ancestral state reconstruction (ASR) for each trait illustrated with pie diagrams at numbered nodes (see Supplementary Figs. S1–S3
available on Dryad and Quattrini et al. 2020 for all nodes). Coding of octocoral skeletal types has been simplified with solid calcitic (calcaxonian)
and consolidated and unconsolidated scleritic (scleraxonian) axes all shown as “calcitic axis”; skeletal axes that are entirely proteinaceous
(scleroprotein or gorgonin) or that may contain a small amount of calcareous material (holaxonian) have been coded as “proteinaceous” (see
Quattrini et al. 2020 for more detailed ASR of skeletal traits). Antipath = Antipatharia; Ceri = Ceriantharia; Cor = Corallimorpharia; Zoanth =
Zoantharia.

of parameter values and age estimates by inspecting
traces and effective sample sizes in Tracer v1.7 (Rambaut
et al. 2018). TreeAnnotator (Rambaut and Drummond
2013) was then used to produce a maximum clade
credibility tree. We compared Yule and Birth–Death tree
priors, which resulted in similar age estimates, and we
conducted an analysis (250M generations) without data
by “Sampling from the Prior,” in order to ensure that

the results were driven by the data and not solely by the
prior information (Brown and Smith 2018).

Ancestral State Reconstruction

Ancestral states of morphological characters were
calculated using stochastic character mapping, which
samples ancestral states from their posterior probability
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FIGURE 2. (Continued)

distribution using an MCMC approach (Huelsenbeck
et al. 2003). Following methods in Kayal et al. (2018),
we examined the presence/absence of coloniality
and photosymbionts (e.g., zooxanthellae), which are
important reef-building traits. We also included body
plan symmetry (bilateral, biradial, radial) and type of
skeleton (none, aragonite, calcite, free calcitic sclerites,
proteinaceous as in Quattrini et al. 2020). All traits
are key characters in anthozoan systematics (Table
1). Posterior probabilities were generated from 100
stochastic character maps for each trait using the
make.simap function in the R package phytools (Revell
2012) (code provided in Supplementary File S1 available
on Dryad). For each trait, one stochastic character map
was plotted on the time-calibrated phylogeny. We also
plotted the posterior probabilities generated from 100
stochastic maps as pie charts at each node using phytools
(Supplementary Figs. S1–S3 available on Dryad).

RESULTS AND DISCUSSION

Phylogenetic Analyses and Systematics
All phylogenetic analyses presented by Quattrini et al.

(2020) recovered reciprocally monophyletic Hexacorallia
and Octocorallia, with strong support for Ceriantharia
sister to all other hexacorals (Fig. 2, Supplementary
Table S1 available on Dryad). Previous phylogenomic
studies have found the position of Ceriantharia to be
unstable (Zapata et al. 2015; Quattrini et al. 2018), while
some analyses based on mt genomes or rDNA have
recovered Ceriantharia outside of Hexacorallia, either
sister to Octocorallia (Park et al. 2012; Kayal et al.
2013; Xiao et al. 2019) or to all anthozoans (Stampar
et al. 2014, 2019). It has been suggested that substitution
saturation and evolutionary biases in mitochondrial and
rDNA sequences respectively could lead to the different
topologies recovered in studies based on those sources
of molecular evidence (Nosenko et al. 2013; Pratlong
et al. 2016). In addition, all of our analyses support
Zoantharia (colonial anemones) as the next group to
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diverge, followed by Actiniaria (true anemones) (Fig. 2).
These results also contrast with studies using rDNA
that have placed the divergence of Actiniaria earlier
than Zoantharia (Berntson et al. 1999; Daly et al. 2003;
Rodríguez et al. 2014) but are congruent with other
phylogenomic (Kayal et al. 2018) and some mitogenome
phylogenies (Park et al. 2012; Kayal et al. 2013). Some
inconsistency in support values for nodes 7–9 in Fig. 2
(Supplementary Table S1 available on Dryad) is perhaps
related to the position of the anemone, Relicanthus
daphneae, a species whose ordinal status has remained
uncertain (Rodríguez et al. 2014). This species did
not group with other solitary anemones in Actiniaria,
but was instead recovered as sister to Antipatharia–
Corallimorpharia–Scleractinia in a majority of analyses
(Supplementary Table S1 available on Dryad). In
a recent study using mitochondrial genomes, Xiao
et al. (2019) recovered a monophyletic Actiniaria (with
moderate support) with R. daphneae as the earliest
diverging member of the clade, and suggested that this
enigmatic deep-sea species represents a new sub-order
of Actiniaria. It should be noted, however, that Xiao et al.
(2019) also recovered some phylogenetic relationships
that have not been supported by phylogenomic analyses
(Zapata et al. 2015; Kayal et al. 2018).

Despite its former classification with Ceriantharia
in Ceriantipatharia, to date molecular phylogenetic
studies (but see Rodríguez et al. 2014) have recovered
Antipatharia (black corals) sister to the clade of
Scleractinia (stony corals) plus Corallimorpharia
(mushroom anemones). Although the node uniting
Antipatharia–Corallimorpharia–Scleractinia was
poorly supported in the RAxML analyses using
the 50% data matrix (Fig. 2), higher support values
were recovered in all other analyses (Supplementary
Table S1 available on Dryad). Results also support
a monophyletic Scleractinia, similar to other studies
that have incorporated nuclear DNA into phylogenetic
analyses (e.g., Kitahara et al. 2014; Lin et al. 2016),
but in contrast to some mitogenome analyses
that have recovered Scleractinia paraphyletic with
Corallimorpharia (Medina et al. 2006; Xiao et al.
2019). Furthermore, there is strong support across the
majority of analyses for two reciprocally monophyletic
clades of scleractinians, the Robust and the Complex
clades (sensu Romano and Palumbi 1996). The analyses
included three species of Micrabaciidae, a family that
has been recovered within a third, “Basal” clade,
sister to all other scleractinians in previous studies
that have either used mtDNA alone or a combination
of mtDNA and nuclear rDNA (Kitahara et al. 2010;
Stolarski et al. 2011; Campoy et al. 2020; Seiblitz et al.
2020). The results presented here suggest instead that
Micrabaciidae is the earliest diverging lineage in the
Robust clade. Although Quattrini et al. (2020) sampled
widely within both Robust and Complex clades, they
were unable to include the early diverging scleractinian
family, Gardineriidae, in their analyses. Adding this
taxon as well as other members of Micrabaciidae will

help to confirm the position of the Basal clade within
Scleractinia.

The phylogeny recovered for Octocorallia is largely
congruent with results that have been obtained
previously from analyses of mtDNA or nuclear rDNA,
but with much better resolution of deep nodes
that have been poorly supported in past studies
(Berntson et al. 2001; McFadden et al. 2006; Brockman
and McFadden 2012). Two reciprocally monophyletic
clades of Alcyonacea were recovered with strong
support. One of these clades corresponds to the
Holaxonia–Alcyoniina clade that has also been well-
supported in previous analyses (McFadden et al. 2006).
The second clade corresponds to the Calcaxonia–
Pennatulacea clade whose monophyly has been poorly
supported previously. Notably, the analyses presented
here place the stoloniferan family Cornulariidae
within Calcaxonia–Pennatulacea, while analyses based
on mtDNA have supported Cornulariidae as the
earliest diverging octocoral, sister to both major
clades (Brockman and McFadden 2012; McFadden
and Ofwegen 2012). As in these previous molecular
analyses, monophyletic Helioporacea (blue corals) and
Pennatulacea (sea pens) were recovered nested within
Calcaxonia–Pennatulacea, the latter as sister to the
gorgonian family Ellisellidae (Fig. 2).

Divergence-Dating Results
Cnidarians are some of the earliest evolving

metazoans, with our analyses placing them in the
Cryogenian to Tonian periods (Fig. 2). We constrained
the age at the root node with a cnidarian fossil
from the Cambrian (520 Ma) with an exponential
prior distribution to weight the probability toward
the minimum bound (see Ho and Phillips 2009);
nonetheless, we still recovered an older age for Cnidaria
(798 Ma, CI 668–935 Ma) than the minimum age
constraint on the node. Other molecular studies have also
suggested that cnidarians arose during the Precambrian
Eon, with age estimates ranging from the Ediacaran (595
Ma, Peterson et al. 2004) to the Cryogenian (700 Ma,
Erwin et al. 2011) and Tonian (741–842 Ma, Park et al. 2012;
800–1000 Ma, Waggoner and Collins 2004). Although
putative (not confirmed) cnidarian macrofossils support
the phylum’s presence in the Ediacaran (560 Ma; Liu
et al. 2014), most of the confirmed physical record of the
group does not extend to these much earlier molecular
age estimates. More data from Medusozoa are needed
for confirmation of our result as an inadequate sampling
of major lineages can bias age estimates (Beaulieu et al.
2015), and we included only a few medusozoan taxa (and
no other phyla) as outgroups to Anthozoa.

Our results also suggest that Anthozoa evolved in the
Cryogenian to Tonian periods, with an estimated age
of 771 Ma (CI 648–894 Ma, Fig. 2), much older than
what has been documented previously using molecular
data. Erwin et al. (2011) found that anthozoans arose
during the Ediacaran; their study, however, did not
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include the early-diverging hexacorals (e.g., Zoantharia,
Ceriantharia) and had only a single representative of
octocorals. The only other time-calibrated phylogeny
with a broad sampling of the class was constructed
using mitochondrial genome data and resulted in a
paraphyletic Anthozoa with younger ages for both major
clades (Park et al. 2012). Park et al. (2012) estimated
Hexacorallia to have arisen in the Ediacaran (549 Ma,
CI 540–574 Ma), compared to our analyses which place
it in the Cryogenian (711 Ma), although there is quite
a wide distribution around the mean age (CI: 599–828
Ma). They also recovered a younger age for Octocorallia
(499 Ma, CI 320–647 Ma), whereas our analyses place
Octocorallia in the Ediacaran (578 Ma, CI 483–685 Ma,
Fig. 2). As acknowledged by Park et al. (2012), those
younger ages may have been driven by incomplete taxon
sampling, including the omission of Ceriantharia. In
contrast to these other studies, we sampled widely from
all major lineages of anthozoans; used calibration points
from both major clades (Hexacorallia and Octocorallia)
based on fossils whose morphology was confirmed
unequivocally to match extant clades; and used only the
most clock-like loci to estimate rates. With the exception
of the lower bound placed on Cnidaria, however, all
of the calibration points we used are relatively recent
(<200 Ma; Supplementary Table S2 available on Dryad),
which adds uncertainty to estimates of deep divergence
times (see Mello and Schrago 2014). Unfortunately,
with the exception of Scleractinia, the fossil record of
extant anthozoans is, in general, very poor; the earliest-
diverging groups are soft-bodied; the affinities of the
oldest anthozoan fossils to crown groups are very
uncertain (Scrutton 1997); and homoplasy of skeletal
characters (e.g., Fukami et al. 2008; Quattrini et al.
2020) complicates the interpretation of even recent fossil
lineages. These constraints limit our ability to include
much older calibration points in the analysis.

Despite the surprisingly old estimated ages of
Anthozoa, Hexacorallia, and Octocorallia, the
divergence times we recovered for some of the
early-diverging orders of hexacorals are nonetheless
supported by the fossil record of putative anthozoan
fossils. Our analyses place Actiniaria in the Cambrian
with an estimated age of 513 Ma (95% CI 424–608 Ma);
putative actiniarian fossils have been found in the Lower
Cambrian (Han et al. 2010). We estimated zoantharians
to have diverged in the Silurian (436 Ma, CI 336–531 Ma).
Based on shared morphological features, it has been
suggested that Rugosa, an extinct clade of corals with an
extensive fossil record starting in the mid-Ordovician,
either evolved from or shared a common ancestor with
the soft-bodied zoantharians (Scrutton 1997), a theory
that would validate a Silurian (or earlier) origin of
Zoantharia.

Our estimate that Scleractinia originated 383 Ma (CI
324–447 Ma) pre-dates their first appearance in the
fossil record of the early Triassic and is older than that
of Park et al. (2012) based on complete mitogenomes
[CodonRates: 204 Ma, (CI 203–286); Multidivtime: 243
Ma (CI 158–259 Ma)]. The analysis of Park et al. (2012)

did not include a broad sampling of Scleractinia or
Micrabaciidae, which has been suggested in a few prior
studies to be the sister lineage to Robust and Complex
Scleractinia (Stolarski et al. 2011; Campoy et al. 2020),
nor were the oldest confirmed, crown scleractinian
fossils (Dendrophylliidae, Caryophylliidae) included for
time-calibration of their phylogeny. Our divergence
time estimate is, however, slightly younger than the
ages estimated by Stolarski et al. (2011) (425 Ma)
and Campoy et al. (2020) (406 Ma) from nuclear and
mitochondrial rDNA sequences, and Stolarski et al.
(2021) (389 Ma) from complete mitogenomes. Each
of these time-calibrated phylogenies was based on a
wide sampling of Scleractinia including early-diverging
micrabaciid and gardineriid lineages. Gardineriidae was
not included in our study, which could be the reason for
the difference between our (383 Ma) and their (389–425
Ma) divergence time estimates. However, in addition to
taxon sampling, these differences could also be driven
by differences in topology or loci between the studies.
Errors in tree topology and variation in rates among
lineages can lead to biased age estimates (Sanderson
and Doyle 2001; Beaulieu et al. 2015). Mitochondrial
DNA evolves notoriously slowly in anthozoans (Shearer
et al. 2002; Hellberg 2006), and as Stolarski et al. (2011)
also noted, might not be optimal for addressing deep
divergence events. Topology differences between our
phylogeny and theirs might also contribute to divergence
time differences, as we recovered a Micrabaciidae lineage
sister to the Robust clade, rather than a sister to all other
scleractinians.

Incomplete taxon sampling may also bias our
estimates of the ages of other crown groups towards
younger dates. The black coral family Leiopathidae,
which is hypothesized to be the oldest member of that
clade (Opresko 1998), is not included in our analyses,
nor is the divergent zoantharian family Abyssoanthidae,
whose phylogenetic position within that order remains
uncertain (Poliseno et al. 2020). The long branches
leading to the crown clades of Antipatharia and
Zoantharia (Fig. 2) could be artifacts of those missing
lineages. Alternatively, long branches in those groups,
as well as those of Ceriantharia and Relicanthus, may
be evidence of the extinction of early-diverging lineages
(Trewick and Morgan-Richards 2016), a hypothesis that
is difficult to test in the virtual absence of a fossil record
for these soft-bodied animals.

Ancestral State Reconstruction
Stochastic character mapping revealed that, despite

the distinct external radial symmetry of anthozoan
polyps, the ancestral character state of class Anthozoa
is bilateral symmetry (i.e., a single plane of symmetry
orthogonal to the oral–aboral axis that gives rise to
mirror images) (Fig. 2; Supplementary Fig. S1 available
on Dryad). The biradial symmetry (i.e., two planes of
symmetry orthogonal to the oral–aboral axis) of some
hexacorals is therefore a secondarily and independently
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derived trait not homologous to the n-radial symmetry
(i.e., multiple planes of symmetry) of the Medusozoa
and the earliest metazoan lineages, Ctenophora and
Porifera (Manuel 2009). Bilateral symmetry in anthozoan
polyps arises internally from the arrangement of
mesenteries and their associated retractor muscles as
well as the development in some taxa of a single
siphonoglyph (ciliated groove in the actinopharynx).
All octocorals, cerianthids, zoantharians, antipatharians,
and an early diverging clade of actiniarians have
retained this ancestral bilateral symmetry, as did the
extinct rugosans (Scrutton 1997). While scleractinians,
corallimorpharians, and actiniarians pass through
bilaterally symmetric phases during development, the
majority of the adult polyps in these lineages are
characterized by internal biradial symmetry (Gonçalves
2016). Those anthozoans that have retained bilateral
symmetry internally have nonetheless evolved to exhibit
radial symmetry externally (viz. a cylindrical polyp with
a 360◦ cycle of tentacles), which may be selectively
advantageous in sessile filter-feeders whose food sources
may come from any direction (Shick 1991). The ancestral
bilateral symmetry of Anthozoa supports the hypothesis
that the Most Recent Common Ancestor (MRCA) of
Cnidaria and its sister clade Bilateria was also a
bilaterally symmetrical organism, as suggested by the
analysis of shared developmental genes and patterns of
gene expression (Finnerty et al. 2004; Malakhov 2016;
Genikhovich and Technau 2017). Despite being the most
parsimonious explanation, however, it has also been
argued that the bilateral symmetries of Anthozoa and
Bilateria are not homologous, and that both bilateral and
radial symmetries have evolved independently multiple
times among the early metazoan phyla (Manuel 2009).
Ctenophores also display elements of bilateral symmetry
(Tamm 2015).

The MRCA of Anthozoa lacked a skeleton, an ancestral
state that has been retained in Ceriantharia, Zoantharia,
Actiniaria, and Corallimorpharia (Fig. 2). A diversity
of different skeletal types was gained independently
in each of the other orders, as discussed in detail
in Quattrini et al. (2020). Briefly, within Hexacorallia,
a proteinaceous skeletal axis was gained once in
Antipatharia, and the ability to produce a massive
skeleton of aragonite was gained once in Scleractinia
(Fig. 2); there have been no evolutionary losses of either
of those skeletal types (Quattrini et al. 2020). The fossil
record also supports one or more independent gains
of calcitic skeletons among the extinct Rugosa and
Tabulata, two clades of hexacorals that were diverse from
the mid-Ordovician to the end-Permian. In contrast to
Hexacorallia, calcareous skeletal elements (i.e., sclerites)
were gained early in the history of Octocorallia (503
Ma; Quattrini et al. 2020), and there have been multiple
subsequent gains and losses of a variety of different types
of skeletons in this subclass, including proteinaceous,
aragonitic, and consolidated or unconsolidated calcitic
skeletons (Fig. 2). Evolutionary lability of skeletal form
in octocorals and diversification rates that are correlated
with paleoclimate variables suggest that this clade may

exhibit greater adaptability and evolutionary flexibility
in the face of past and future environmental instability
than scleractinians with aragonite skeletons (Quattrini
et al. 2020).

Like a skeleton, coloniality is widely viewed as
an adaptation that allows organisms to attain larger
size, conferring a competitive advantage on hard,
stable substrata (Jackson 1977), as well as protection
from predation. Throughout geological history, periods
of reef-building by corals have been accompanied
by diversification of colonial forms with high levels
of integration (Coates and Jackson 1985), a body
plan that is also significantly associated with the
acquisition of photosymbionts (Coates and Jackson
1987; Campoy et al. 2020). The ancestral anthozoan
was a solitary polyp (Fig. 2, Supplementary Fig. S2
available on Dryad), suggesting that colonial growth
forms arose independently in Anthozoa and Medusozoa
(Kayal et al. 2018). Within Anthozoa, coloniality
has also evolved multiple times. Among hexacorals,
Ceriantharia, Actiniaria, and Corallimorpharia are
exclusively solitary organisms; although they may
reproduce clonally, no physiological connection is
maintained between genetically identical daughter
polyps. The lack of coloniality is also associated with
the lack of a skeleton in these orders, and they have
evolved alternative ways to increase their body size other
than skeletogenesis or coloniality (Grebelny’i 1982). In
contrast, Antipatharia, Zoantharia, and Octocorallia are
almost exclusively colonial (with small polyps), and each
of those clades represents a single, independent gain
of that character state (Fig. 2, Supplementary Fig. S2
available on Dryad). Once gained, loss of coloniality in
these groups is rare, with only a single documented case
in Alcyonacea and a few cases in Zoantharia (Table 1).
Our time-calibrated tree places the origin of Octocorallia
in the Ediacaran (578 Ma, Table 1), suggesting that a
modular, colonial growth plan has Precambrian origins.
Among extant Hexacorallia, coloniality first appears in
Zoantharia, a group with a Silurian origin (436 Ma)
(Table 1; Fig. 2; Supplementary Fig. S2 available on
Dryad). The extinct tabulate and rugosan corals also
provide ample fossil evidence of skeletonized, colonial
growth forms among hexacorals that first appear in the
early Ordovician (Scrutton 1997; Copper 2002).

Scleractinia is the only extant anthozoan order to
include many colonial and solitary taxa. Although it has
been widely assumed that the MRCA of Scleractinia was
solitary (Wells 1956; Stolarski et al. 2011), most previous
attempts at ancestral state reconstruction have lacked
the phylogenetic resolution and broad taxon sampling
of other anthozoans necessary to rigorously test that
assumption (Barbeitos et al. 2010; Kayal et al. 2018).
A recent analysis based on a tree inferred from mt
and rDNA genes, however, finds strong support for a
solitary MRCA of Scleractinia (Campoy et al. 2020). In
conjunction with the placement of Micrabaciidae sister
to the Robust clade rather than a sister to all other
scleractinians, we recover coloniality as the ancestral
state within the order (Fig. 2). This conclusion will
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FIGURE 3. Simplified phylogeny of class Anthozoa illustrating independent gains of key character states in different lineages inferred from
ancestral character state reconstruction (see Supplementary Figs. S1–S3, Table S2 available on Dryad). 1) The Most Recent Common Ancestor
(MRCA) of class Anthozoa was a solitary polyp with bilateral symmetry that lacked a skeleton and photosymbioses. 2) A colonial growth form
and calcified skeletal elements were gained early in the evolution of subclass Octocorallia. Photosymbioses were gained independently multiple
times in multiple clades of octocorals. 3) In subclass Hexacorallia, the earliest diverging order Ceriantharia retains the ancestral character states
of Anthozoa. 4) Among Hexacorallia, colonial growth forms were first gained in Zoantharia. All lineages except Ceriantharia and Relicanthus
have evolved photosymbioses independently, with the earliest acquisitions in the Devonian. 5) Biradial symmetry was gained independently in
some Actiniaria, in Relicanthus, and in the MRCA of Scleractinia + Corallimorpharia. 6) Colonial growth forms were gained independently in
Antipatharia and Scleractinia. 7) Calcified skeletons evolved in Scleractinia.

need to be confirmed, however, by broader taxonomic
sampling of Scleractinia. Our analysis supports several
subsequent losses of coloniality in scleractinians but
no secondary gains. This result is also likely to
change with increased taxon sampling, as molecular
phylogenetic analyses of scleractinian families that
include colonial and solitary forms have found evidence
for both evolutionary transitions (Gittenberger et al. 2011;
Arrigoni et al. 2014).

Associations with photosymbionts have been gained
and lost repeatedly throughout the phylogenetic history
of Anthozoa (Fig. 2; Supplementary Fig. S3 available
on Dryad). While the MRCA of Anthozoa lacked
photosymbionts (Fig. 2), zooxanthellate species have
evolved subsequently within all extant orders except

Ceriantharia. Our time-calibrated tree suggests that
photosymbioses arose in the Devonian (Supplementary
Table S3 available on Dryad), appearing first in
Scleractinia (383 Ma), followed by alcyonacean
octocorals (318 Ma) and corallimorpharians (312
Ma). Additional independent gains of the trait
in zoantharians, actiniarians, and other clades of
alcyonaceans occurred from the Permian (273 Ma)
through the Jurassic (199–151 Ma) (Supplementary
Table S3 available on Dryad). In conjunction with
the tree topology they recovered that supported a
Basal clade of azooxanthellate, deep-water corals,
Campoy et al. (2020) estimated a later origin (282 Ma)
of photosymbioses in scleractinians, closer in time to
the trait’s appearance in other anthozoan lineages.
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Fossil evidence suggests that most upper Triassic
scleractinian corals had photosymbionts (Frankowiak
et al. 2016; Stolarski et al. 2011), and there is indirect
morphological and isotope evidence of photosymbioses
in the extinct tabulates and rugosans of the Silurian
and Devonian (Coates and Jackson 1987; Copper 2002;
Zapalski 2014). Recent molecular clock estimates suggest
the diversification of Symbiodiniaceae, the family of
dinoflagellate photosymbionts hosted by most extant
anthozoans, only occurred in the Jurassic (∼160 Ma;
LaJeunesse et al. 2018), considerably more recently than
the origins of zooxanthellate clades of anthozoans.
It is likely, therefore, that anthozoan photosymbioses
evolved first in partnership with earlier clades of
photosymbionts that may later have been replaced
by Symbiodiniaceae. Indeed, some extant actiniarians
maintain symbioses with other photosymbionts such
as green algae (Chlorellaceae) (Muscatine 1971; Clavijo
et al. 2018).

In summary, our time-calibrated phylogeny—based
on phylogenomic data with comprehensive taxon
sampling across all orders—places the origin of class
Anthozoa (and by extension phylum Cnidaria) in the
Cryogenian to Tonian periods, far earlier than the first
physical evidence for the group appears in the fossil
record. The ancestral anthozoan was a solitary polyp
that lacked a skeleton but shared bilateral symmetry
with the common ancestor of Bilateria (Fig. 3). Colonial
growth forms as exemplified by the exclusively colonial
octocorals date to the Ediacaran, and associations with
photosymbionts were present by the Devonian. In
combination with the ability to precipitate skeletons
of calcium carbonate, these traits have allowed some
groups of anthozoans to engineer massive reef structures
that support entire, complex ecosystems in both shallow
and deep ocean environments. Although the fossil
record documents the sensitivity of these reef-building
forms to past environmental instability evidenced by
mass extinctions, periods of history not conducive
to reef-building have witnessed the evolution and
diversification of equally successful and resilient groups
of anthozoans such as the octocorals and the non-
calcified orders of hexacorals (Quattrini et al. 2020).
Although the future of reef-builders once again appears
grim (Pandolfi et al. 2011), anthozoans have survived,
diversified and ecologically dominated diverse marine
ecosystems since the Precambrian.

SUPPLEMENTARY MATERIAL

Data available from the Dryad Digital Repository:
https://doi.org/10.5061/dryad.d51c5b00j.

The data associated with this paper are available
for review via Dryad. The following is a temporary
direct download link. Please copy and paste it directly
into a web browser to download the data files to
your computer (unfortunately this may not work as a
link to click on) https://datadryad.org/stash/share/
7ZxiBae3fq5zEATfcdXM9yraYQjO-U7PIb6B2FxJGzk.

FUNDING

This work was supported by the U.S. National
Science Foundation (DEB-1457817 to C.S.M. and DEB-
1457581 to E.R.); the Australian Research Council
(DECRA DE170100516 to P.F.C.); the São Paulo Research
Foundation (FAPESP) (2014/01332-0 to M.V.K.); and
Conselho Nacional de Desenvolvimento Científico e
Tecnológico (301436/2018-5 to M.V.K.).

ACKNOWLEDGMENTS

We thank A. Pentico, F. Gutiérrez, S. Goldman, S.
Moaleman, and M. Taylor for help with lab work; B.
Faircloth for advice on library preparation and analysis
of UCEs; C. Oliveros, B. Smith, and S. Ho for guidance
on divergence dating analyses; A. Collins, D. Erwin,
G. Farfan, V. Gonzalez, G. Sahwell, and S. Tweedt for
helpful discussions; and J. McCormack and W. Tsai for
use of the sonicator at Occidental College. Specimens
were provided by Y. Benayahu, T. Bridge, M. Daly, M.
Hellberg, C. Miller, C. Prada, J. Sánchez, M. Taylor, and
many others. A few specimens were collected during
the R/V Atlantis DEEPSEARCH cruise (E. Cordes, chief
scientist), which was funded by the U.S. Department
of the Interior, Bureau of Ocean Energy Management,
Environmental Studies Program, Washington, DC under
Contract Number M17PC00009 and on the R/V Celtic
Explorer supported by the Irish Marine Institute’s
Shiptime Programme (L. Allcock, chief scientist).

REFERENCES

Aberer A.J., Kobert K., Stamatakis A. 2014. ExaBayes: massively parallel
Bayesian tree inference for the whole-genome era. Mol. Biol. Evol.
31(10):2553–2556.

Arrigoni R., Kitano Y.F., Stolarksi J., Hoeksema B.W., Fukami H.,
Stefani F., Galli P., Montano S., Castoldi E., Benzoni F. 2014.
A phylogeny reconstruction of the Dendrophylliidae (Cnidaria,
Scleractinia) based on molecular and micromorphological criteria,
and its ecological implications. Zool. Scripta 43(6):661–688.

Barbeitos M.S., Romano S.L., Lasker H.R. 2010. Repeated loss of
coloniality and symbiosis in scleractinian corals. Proc. Natl. Acad.
Sci. USA 107(26):11877–11882.

Beaulieu J.M., O’Meara B.C., Crane P., Donoghue M.J. 2015.
Heterogeneous rates of molecular evolution and diversification
could explain the Triassic age estimate for angiosperms. Syst. Biol.
64(5):869–878.

Berntson E.A., France S.C., Mullineaux L.S. 1999. Phylogenetic
relationships within the class Anthozoa (Phylum Cnidaria) based on
nuclear 18S rDNA sequences. Mol. Phylogenet. Evol. 13(2):417–433.

Berntson E.A., Bayer F.M., McArthur A.G., France S.C. 2001.
Phylogenetic relationships within the Octocorallia (Cnidaria:
Anthozoa) based on nuclear 18S rRNA sequences. Mar.
Biol. 138(2):235–246.

Bo M., Barucca M., Biscotti M.A., Brugler M.R., Canapa A., Canese
S., Iacono C.L., Bavestrello G. 2018. Phylogenetic relationships
of Mediterranean black corals (Cnidaria: Anthozoa: Hexacorallia)
and implications for classification within the order Antipatharia.
Invertebr. Syst. 32(5):1102–1110.

Bouckaert R., Vaughan T.G., Barido-Sottani J., Duchêne S., Fourment
M., Gavryushkina A., Heled J., Jones G., Kühnert D., De Maio
N., Matschiner M., Mendes F.K., Müller N.F., Ogilvie H.A., du
Plessis L., Popinga A., Rambaut A., Rasmussen D., Siveroni I.,

D
ow

nloaded from
 https://academ

ic.oup.com
/sysbio/advance-article/doi/10.1093/sysbio/syaa103/6122449 by C

larem
ont U

niversity,  m
cfadden@

hm
c.edu on 06 M

arch 2021

https://doi.org/10.5061/dryad.d51c5b00j
https://datadryad.org/stash/share/7ZxiBae3fq5zEATfcdXM9yraYQjO-U7PIb6B2FxJGzk
https://datadryad.org/stash/share/7ZxiBae3fq5zEATfcdXM9yraYQjO-U7PIb6B2FxJGzk


MCFADDEN ET AL.—Spotlight on ANTHOZOA 11

Suchard M.A., Wu C-H., Xie D., Zhang C., Stadler T., Drummond
A.J. 2019. BEAST 2.5: an advanced software platform for Bayesian
evolutionary analysis. PLoS Comput. Biol 15(4):e1006650.

Brockman S.A., McFadden C.S. 2012. The mitochondrial genome of
Paraminabea aldersladei (Cnidaria: Anthozoa: Octocorallia) supports
intramolecular recombination as the primary mechanism of gene
rearrangement in octocoral mitochondrial genomes. Genome Biol.
Evol. 4:882–894.

Brown J.W., Smith S.A. 2018. The past sure is tense: on interpreting
phylogenetic divergence time estimates. Syst. Biol. 67(2):340–353.

Brugler M.R., Opresko D.M., France S.C. 2013. The evolutionary history
of the order Antipatharia (Cnidaria: Anthozoa: Hexacorallia) as
inferred from mitochondrial and nuclear DNA: implications for
black coral taxonomy and systematics. Zool. J. Linnean Soc. 169:312–
361.

Campoy A.N., Addamo A.M., Machordom A., Meade A., Rivadeneira
M.M., Hernández C.E., Venditti C. 2020. The origin and correlated
evolution of symbiosis and coloniality in scleractinian corals. Front.
Mar. Sci. 7:461.

Clavijo J.M., Donath A., Serôdio J., Christa G. 2018. Polymorphic
adaptations in metazoans to establish and maintain
photosymbioses. Biol. Rev. 93:2006–2020.

Coates A.G., Jackson J.B.C. 1985. Morphological themes in the
evolution of clonal and aclonal marine invertebrates. In: Jackson
J.B.C., Buss L.W., Cook R.E., editors. Population biology
and evolution of clonal organisms. New Haven (CT):Yale University
Press. p. 67–106.

Coates A.G., Jackson J.B.C. 1987. Clonal growth, algal symbiosis, and
reef formation by corals. Paleobiology 13(4):363–378.

Copper P. 2002. Silurian and Devonian reefs: 80 million years of
global greenhouse between two ice ages. In: Flügel E., Kiessling W.,
Golonka J., editors. Phanerozoic reef patterns. Soc. Econ. Paleontol.
Mineral, Tulsa. p. 181–238.

Daly M., Fautin D.G., Cappola V.A. 2003. Systematics of the
Hexacorallia (Cnidaria: Anthozoa). Zool. J. Linnean Soc. 139:419–
437.

Daly M., Chaudhuri A., Gusmão L., Rodríguez E. 2008. Phylogenetic
relationships among sea anemones (Cnidaria: Anthozoa:
Actiniaria). Mol. Phylogenet. Evol. 48(1):292–301.

Daly M., Brugler M.R., Cartwright P., Collins A.G., Dawson
M.N., Fautin D.G., France S.C., McFadden C.S., Opresko D.M.,
Rodríguez E., Romano S., Stake J. 2007. The phylum Cnidaria:
a review of phylogenetic patterns and diversity 300 years after
Linnaeus. p. 127–182. In: Zhang Z-Q., Shear W.A., editors.
Linnaeus tercentenary: progress in invertebrate taxonomy. Zootaxa
1668:1–766.

Erwin D.H., Laflamme M., Tweedt S.M., Sperling E.A., Pisani D.,
Peterson K.J. 2011. The Cambrian conundrum: early divergence
and later ecological success in the early history of animals. Science
334(6059):1091–1097.

Erwin D.H. 2020. The origin of animal body plans: a view from fossil
evidence and the regulatory genome. Development 147:dev182899.

Faircloth B.C., McCormack J.E., Crawford N.G., Harvey M.G.,
Brumfield R.T., Glenn T.C. 2012. Ultraconserved elements anchor
thousands of genetic markers spanning multiple evolutionary
timescales. Syst. Biol. 61(5):717–726.

Fautin D.G., Mariscal R.N. 1991. Cnidaria, Anthozoa. In: Harrison F.W.,
Westfall J.A., editors. Microscopic anatomy of invertebrates, vol. 2:
Placozoa, Porifera, Cnidaria, and Ctenophora, New York: Wiley-
Liss, Inc. p. 267–358.

Finnerty J.R., Pang K., Burton P., Paulson D., Martindale M.Q. 2004.
Origins of bilateral symmetry: Hox and dpp expression in a sea
anemone. Science 304(5675):1335–1337.

Frankowiak K., Wang X.T., Sigman D.M., Gothmann A.M., Kitahara
M.V., Mazur M., Meibom A., Stolarski J. 2016. Photosymbiosis and
the expansion of shallow-water corals. Sci. Adv. 2:e1601122.

Freiwald A., Roberts M.J. 2005. Cold water corals and ecosystems.
Springer.

Fukami H., Chen C.A., Budd S.F., Collins A., Wallace C., Chuang
Y-Y., Chen C., Dai C-F., Iwao K., Sheppard C., Knowlton N.
2008. Mitochondrial and nuclear genes suggest that stony corals
are monophyletic but most families of stony corals are not
(Order Scleractinia, Class Anthozoa, Phylum Cnidaria). PLoS One

3(9):e3222.
Genikhovich G., Technau U. 2017. On the evolution of bilaterality.

Development 144:3392–3404.
Gittenberger A., Reijnen B.T., Hoeksema B.W. 2011. A molecularly

based phylogeny reconstruction of mushroom corals (Scleractinia:
Fungiidae) with taxonomic consequences and evolutionary
implications for life history traits. Contrib. Zool. 80(2):107–132.

Gonçalves J.F. 2016. On the origin of bilaterality: insights from the study
of black corals (Cnidaria: Antipatharia) [Ph.D. thesis] Université
Pierre et Marie Curie, Paris.

Grebelny’i S.D. 1982. Symmetry of actinians and its significance for
the classification of Anthozoa. In: Biology of coral reefs. Academy
of Sciences of the USSR. Far Eastern Scientific Center, Institute
of Marine Biology, Vladivostok. p. 101-123. (translated by M.
Perekrestenko).

Han J., Kubota S., Uchida H., Stanley G.D., Yao X., Li Y., Yasui K. 2010.
Tiny sea anemone from the Lower Cambrian of China. PLoS One
5(10):e13276.

Häussermann V., Försterra G. 2003. First evidence for coloniality in sea
anemones. Mar. Ecol. Prog. Ser. 257:291–294.

Hellberg M.E. 2006. No variation and low synonymous substitution
rates in coral mtDNA despite high nuclear variation. BMC Evol.
Biol. 6:24.

Ho S.Y., Phillips M.J. 2009. Accounting for calibration uncertainty in
phylogenetic estimation of evolutionary divergence times. Syst. Biol.
58(3):367–380.

Hou X., Bergström J. 2003. The Chengjiang fauna—the oldest preserved
animal community. Paleontol. Res. 7(1):55–70.

Huelsenbeck J.P., Nielsen R., Bollback J.P. 2003. Stochastic mapping of
morphological characters. Syst. Biol. 52(2):131–158.

Jackson J.B.C. 1977. Competition on marine hard substrata: the adaptive
significance of solitary and colonial strategies. Am. Nat. 111:
743–767.

Kayal E., Roure B., Philippe H., Collins A.G., Lavrov D.V. 2013.
Cnidarian phylogenetic relationships as revealed by mitogenomics.
BMC Evol. Biol. 13:5.

Kayal E., Bentlage B., Pankey M.S., Ohdera A.H., Medina M., Plachetzki
D.C., Collins A.G., Ryan J.F. 2018. Phylogenomics provides a robust
topology of the major cnidarian lineages and insights on the origins
of key organismal traits. BMC Evol. Biol. 18(1):68.

Kitahara M.V., Cairns S.D., Stolarski J., Blair D., Miller D.J. 2010. A
comprehensive phylogenetic analysis of the Scleractinia (Cnidaria,
Anthozoa) based on mitochondrial CO1 sequence data. PLoS One
5(7):e11490.

Kitahara M.V., Lin M-F., Forêt S., Huttley G., Miller D.J., Chen C.A. 2014.
The “naked coral” hypothesis revisited – evidence for and against
scleractinian monophyly. PLoS One 9(4): e94774.

LaJeunesse T.C., Parkinson J.E., Gabrielson P.W., Jeong H.J., Reimer
J.D., Voolstra C.R., Santos S.R. 2018. Systematic revision of
Symbiodiniaceae highlights the antiquity and diversity of coral
endosymbionts. Curr. Biol. 28:2570–2580.

Li G., Steiner M., Zhu X., Yang A., Wang H., Erdtmann B.D. 2007. Early
Cambrian metazoan fossil record of South China: generic diversity
and radiation patterns. Palaeogeogr. Palaeoclimatol. Palaeoecol.
254(1-2):229–249.

Lin M.F., Chou W.H., Kitahara, M.V., Chen C.A., Miller, D.J., Fôret
S. 2016. Corallimorpharians are not "naked corals": insights into
relationships between Scleractinia and Corallimorpharia from
phylogenomic analyses. Peer J. 4:e2463.

Liu A.G., Matthews J.J., Menon L.R., McIlroy D., Brasier M.D. 2014.
Haootia quadriformis n. gen., n. sp., interpreted as a muscular
cnidarian impression from the Late Ediacaran period (approx. 560
Ma). Proc. R. Soc. B 281:20141202.

Malakhov V. 2016. Symmetry and the tentacular apparatus in Cnidaria.
Russ. J. Mar. Biol. 42(4):287–298.

Manuel M. 2009. Early evolution of symmetry and polarity in metazoan
body plans. C. R. Biol. 332:184–209.

McFadden C.S., France S.C., Sánchez J.A., Alderslade P. 2006. A
molecular phylogenetic analysis of the Octocorallia (Cnidaria:
Anthozoa) based on mitochondrial protein-coding sequences. Mol.
Phylogenet. Evol. 41(3):513–527.

McFadden C.S., van Ofwegen L.P. 2012. Stoloniferous octocorals
(Anthozoa, Octocorallia) from South Africa, with descriptions of a

D
ow

nloaded from
 https://academ

ic.oup.com
/sysbio/advance-article/doi/10.1093/sysbio/syaa103/6122449 by C

larem
ont U

niversity,  m
cfadden@

hm
c.edu on 06 M

arch 2021



12 SYSTEMATIC BIOLOGY

new family of Alcyonacea, a new genus of Clavulariidae, and a new
species of Cornularia (Cornulariidae). Invertebr. Syst. 26:331–356.

Medina M., Collins A.G., Takaoka T.L., Kuehl J.V., Boore J.L. 2006.
Naked corals: skeleton loss in Scleractinia. Proc. Natl. Acad. Sci.
USA 103(24):9096–9100.

Mello B., Schrago C.G. 2014. Assignment of calibration information to
deeper phylogenetic nodes is more effective in obtaining precise and
accurate divergence time estimates. Evol. Bioinform. 2014(10):79–85.

Miller M.A. Pfeiffer W., Schwartz T. 2010. Creating the CIPRES Science
Gateway for inference of large phylogenetic trees. 2010 Gateway
Computing Environments Workshop (GCE), New Orleans, LA. p.
1–8, doi: 10.1109/GCE.2010.5676129.

Muscatine L. 1971. Experiments on green algae coexistent with
zooxanthellae in sea anemones. Pac. Sci. 25(1):13–21.

Nosenko T., Schreiber F., Adamska M., Adamski M., Eitel M., Hammel
J., Maldonado M., Müller W.E.G., Nickel M., Schierwater B., Vacelet
J., Wiens M., Wörheide G. 2013. Deep metazoan phylogeny: when
different genes tell different stories. Mol. Phylogenet. Evol. 67:223–
233.

Oliveros C.H., Field D.J., Ksepka D.T., Barker F.K., Aleixo A., Andersen
M.J., Alström P., Benz B.W., Braun E.L., Braun M.J., Bravo G.A.,
Brumfield R.T., Chesser R.T., Claramunt S., Cracraft J., Cuervo A.M.,
Derryberry E.P., Glenn T.C., Harvey M.G., Hosner P.A., Joseph L.,
Kimball R.T., Mack A.L., Miskelly C.M., Peterson A.T., Robbins M.B.,
Sheldon F.H., Silveira L.F., Smith B.T., White N.D., Moyle R.G.,
Faircloth B.C. 2019. Earth history and the passerine superradiation.
Proc. Natl. Acad. Sci. USA 116(16):7916–7925.

Opresko D.M. 1998. Three new species of Leiopathes (Cnidaria:
Anthozoa: Antipatharia) from southern Australia. Records South
Australian Museum 31(1):99–111.

Pandolfi J.M., Connolly S.R., Marshall D.J., Cohen A.L. 2011. Projecting
coral reef futures under global warming and ocean acidification.
Science 333(6041):418–422.

Park E., Hwang D-S., Lee J-S., Song J-I., Seo T-K., Won Y-J. 2012.
Estimation of divergence times in cnidarian evolution based on
mitochondrial protein-coding genes and the fossil record. Mol.
Phylogenet. Evol. 62(1):329–345.

Peterson K.J., Lyons J.B., Nowak K.S., Takacs C.M., Wargo M.J., McPeek
M.A. 2004. Estimating metazoan divergence times with a molecular
clock. Proc. Natl. Acad. Sci. USA 101(17):6536–6541.

Poliseno A., Santos M.E.A., Kise H., Macdonald B., Quattrini A.M.,
McFadden C.S., Reimer J.D. 2020. Evolutionary implications
of analyses of complete mitochondrial genomes across order
Zoantharia (Cnidaria: Hexacorallia). J. Zool. Syst. Evol. Res. 58:858–
868.

Pratlong M., Rancurel C., Pontarotti P., Aurelle D. 2016. Monophyly
of Anthozoa (Cnidaria): why do nuclear and mitochondrial
phylogenies disagree? Zool. Scr. 46(3):363–371.

Quattrini A.M., Faircloth B.C., Dueñas L., Bridge T.C.L., Brugler
M.R., Calixto-Botía I.F., DeLeo D.M., Forêt S., Herrera S., Lee
S.M.Y., Miller D.J., Prada C., Rádis-Baptista G., Ramírez-Portilla
C., Sánchez J.A., Rodríguez E., McFadden C.S. 2018. Universal
target-enrichment baits for anthozoan (Cnidaria) phylogenomics:
new approaches to long-standing problems. Mol. Ecol. Resour.
18(2):281–295.

Quattrini A.M., Rodríguez E., Faircloth B.C., Cowman P., Brugler
M.R., Farfan G., Hellberg M.E., Kitahara M.V., Morrison C.L., Paz-
García D.A., Reimer J.D., McFadden C.S. 2020. Paleoclimate ocean
conditions shaped diversification of coral skeletal composition
through deep time. Nat. Ecol. Evol. 4:1531–1538.

Rambaut A., Drummond A.J. 2013. TreeAnnotator v1. 7.0. Available as
part of the BEAST package at http://beast.bio.ed.ac.uk.

Rambaut A., Drummond A. J., Xie D., Baele G., Suchard M.A. 2018.
Posterior summarization in Bayesian phylogenetics using Tracer
1.7. Syst. Biol. 67(5):901.

Revell L.J. 2012. phytools: an R package for phylogenetic comparative
biology (and other things). Methods Ecol. Evol. 3(2):217-223.

Roberts J.M., Wheeler A.J., Freiwald A. 2006. Reefs of the deep:
the biology and geology of cold-water coral ecosystems. Science
312:543–547.

Rodríguez E., Barbeitos M., Daly M., Gusmão L.C., Häussermann V.
2012. Toward a natural classification: phylogeny of acontiate
sea anemones (Cnidaria, Anthozoa, Actiniaria). Cladistics

1:1–18.
Rodríguez E., Barbeitos M.S., Brugler M.R., Crowley L.M., Grajales A.,

Gusmão L., Häussermann V., Reft A., Daly M. 2014. Hidden among
sea anemones: the first comprehensive phylogenetic reconstruction
of the Order Actiniaria (Cnidaria, Anthozoa, Hexacorallia) reveals
a novel group of hexacorals. PLoS One 9(5):e96998.

Romano S.L., Palumbi S.R. 1996. Evolution of scleractinian corals
inferred from molecular systematics. Science 271(5249):640–642.

Sanderson M.J., Doyle J.A. 2001. Sources of error and confidence
intervals in estimating the age of angiosperms from rbcL and 18S
rDNA data. Amer. J. Botany 88(8):1499–1516.

Scrutton C.T. 1997. The Palaeozoic corals. I. Origins and relationships.
Proc. Yorkshire Geol. Soc. 51(3):177–208.

Seiblitz I.G.L., Capel K.C.C., Stolarski J., Quek Z.B.R., Huang D.,
Kitahara M.V. 2020. The earliest diverging extant scleractinian corals
recovered by mitochondrial genomes. Sci. Rep. 10:20714.

Shearer T.L., van Oppen M.J.H., Romano S.L., Wörheide G. 2002. Slow
mitochondrial DNA sequence evolution in the Anthozoa (Cnidaria).
Mol. Ecol. 11(12):2475–2487.

Shick J.M. 1991. A functional biology of sea anemones. In: Calow
P., editor. Functional biology series. London, New York, Tokyo,
Melbourne, Madras: Chapman & Hall. p. 395.

Sinniger F., Montoya-Burgos J.I., Chevaldonné P., Pawlowski P. 2005.
Phylogeny of the order Zoantharia (Anthozoa, Hexacorallia)
based on the mitochondrial ribosomal genes. Mar. Biol.
147:1121–1128.

Smith S.A., Brown J.W., Walker J.F. 2018. So many genes, so little time:
a practical approach to divergence-time estimation in the genomic
era. PLoS One 13(5):e0197433.

Stamatakis, A. 2014. RAxML version 8: a tool for phylogenetic analysis
and post–analysis of large phylogenies. Bioinformatics 30(9):1312–
1313.

Stampar S.N., Maronna M.M., Kitahara M.V., Reimer J.D., Morandini
A.C. 2014. Fast-evolving mitochondrial DNA in Ceriantharia: a
reflection of Hexacorallia paraphyly? PLoS One 9(1):e86612.

Stampar S.N., Broe M.B., Macrander J., Reitzel A.M., Brugler M.R., Daly
M. 2019. Linear mitochondrial genome in Anthozoa (Cnidaria): a
case study in Ceriantharia. Sci. Rep. 9(1):1–12.

Stanley G.D., Shepherd H.M.E., Robinson A.J. 2018. Paleoecological
response of corals to the end-Triassic mass extinction: an
integrational analysis. J. Int. Earth Sci. 29(4):879–885.

Stolarski J., Kitahara M.V., Miller D.J., Cairns S.D., Mazur M., Meibom
A. 2011. The ancient evolutionary origins of Scleractinia revealed by
azooxanthellate corals. BMC Evol. Biol. 11(1):316.

Stolarski J., Coronado I., Murphy J.G., Kitahara M.V., Janiszewska
K., Mazur M., Gothmann A.M., Bouvier A.-S., Marin-Carbonne J.,
Taylor M.J., Quattrini A.M., McFadden C.S., Higgins J.A., Robinson
L.F., Meibom A. 2021. A modern scleractinian coral with a two-
component calcite-aragonite skeleton. Proc. Natl. Acad. Sci. USA.
118(3):e2013316117.

Tamm S.L. 2015. Functional consequences of the asymmetric
architecture of the ctenophore statocyst. Biol. Bull. 229(2):173–184.

Trewick S.A., Morgan-Richards M. 2016. Phylogenetics and
conservation in New Zealand: the long and the short of it. In:
Pellens R., Grandcolas P., editors. Biodiversity conservation and
phylogenetic systematics. Springer International Publishing. p.
81–97.

Waggoner B., Collins A.G. 2004. Reductio ad absurdum: testing the
evolutionary relationships of Ediacaran and Paleozoic problematic
fossils using molecular divergence dates. J. Paleontol. 78(1):51–61.

Wells J.W. 1956. Scleractinia. In: Moore R.C., editor. Treatise
on invertebrate paleontology. Part F. Coelenterata. Lawrence
(KS):University of Kansas Press. p. 328-344

Won J.H., Rho B.J., Song J.I. 2001. A phylogenetic study of
the Anthozoa (phylum Cnidaria) based on morphological and
molecular characters. Coral Reefs 20:39–50.

Xia X. 2018. DAMBE7: new and improved tools for data analysis in
molecular biology and evolution. Mol. Biol. Evol. 35(6):1550–1552.

Xia X., Lemey P. 2009. Assessing substitution saturation with DAMBE.
In: Lemey P., Salemi M., Vandamme M.-A., editors. The phylogenetic
handbook: a practical approach to DNA and protein phylogeny.
Cambridge, UK:Cambridge University Press. p. 615-630.

D
ow

nloaded from
 https://academ

ic.oup.com
/sysbio/advance-article/doi/10.1093/sysbio/syaa103/6122449 by C

larem
ont U

niversity,  m
cfadden@

hm
c.edu on 06 M

arch 2021

http://beast.bio.ed.ac.uk


MCFADDEN ET AL.—Spotlight on ANTHOZOA 13

Xia X., Xie Z., Salemi M., Chen L., Wang Y. 2003. An index
of substitution saturation and its application. Mol. Phylogenet.
Evol. 26(1):1–7.

Xiao M., M.R., Broe M.B., Gusmão L.C., Daly M., Rodríguez E. 2019.
Mitogenomics suggests a sister relationship of Relicanthus daphneae
(Cnidaria: Anthozoa: Hexacorallia: incerti ordinis) with Actiniaria.
Sci. Rep. 9(1):1–10.

Zapalski M.K. 2014. Evidence of photosymbiosis in Palaeozoic tabulate
corals. Proc. Roy. Soc. B 281:20132663.

Zapata F., Goetz F.E., Smith S.A., Howison M., Siebert S., Church
S.H., Sanders S.M., Ames C.L., McFadden C.S., France S.C., Daly
M., Collins A.G., Haddock S.D., Dunn C.W., Cartwright P. 2015.
Phylogenomic analyses support traditional relationships within
Cnidaria. PLoS One 10(10):e0139068.

Zhang C., Rabiee M., Sayyari E., Mirarab S. 2018. ASTRAL-III:
polynomial time species tree reconstruction from partially resolved
gene trees. BMC Bioinformatics 19(6):153.

D
ow

nloaded from
 https://academ

ic.oup.com
/sysbio/advance-article/doi/10.1093/sysbio/syaa103/6122449 by C

larem
ont U

niversity,  m
cfadden@

hm
c.edu on 06 M

arch 2021


	Phylogenomics, Origin, and Diversification of Anthozoans (Phylum Cnidaria)

