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Abstract

Phylogenetic relationships and the timing of evolutionary events are essential for
understanding evolution on longer timescales. Cheilostome bryozoans are a group of
ubiquitous, species-rich, marine colonial organisms with an excellent fossil record, but lack
phylogenetic relationships inferred from molecular data. We present genome-skimmed data
for 395 cheilostomes and combine these with 315 published sequences to infer relationships
and the timing of key events among c. 500 cheilostome species. We find that named
cheilostome genera and species are phylogenetically coherent, rendering fossil or
contemporary specimens readily delimited using only skeletal morphology. Our phylogeny
shows that parental care in the form of brooding evolved several times independently, but
was never lost in cheilostomes. Our fossil-calibration, robust to varied assumptions, indicates
that the cheilostome lineage and parental care therein could have Paleozoic origins, much

older than the first known fossil record of cheilostomes in the Late Jurassic.

Teaser: The origins of cheilostome bryozoans and parental care in this group are

substantially older than previously thought

Keywords: genome-skimming, metazoans, Lophotrochozoa, Bryozoa, fossil-calibration,

embryonic incubation, speciation
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Introduction

Quantifying macroevolutionary processes, for example diversification rates, and testing
macroevolutionary hypotheses, such as whether speciation rate shifts are driven by
environmental changes and/or trait evolution, require robust reconstructions of the
genealogical relationships of the members of the clade in question. It is increasingly clear that
it is preferable to reconstruct evolutionary histories based on both extant and extinct
organisms (/, 2) and to combine morphological and molecular data (3, 4). Yet, empirical
datasets that combine molecular, morphological and substantial amounts of fossil data are
still rare. This is in part because molecular sequencing efforts have been disproportionately
focused on organisms with relatively poor fossil records (e.g. birds, some insects and plant
groups), while those with good fossil records are somewhat neglected (e.g. foraminiferans,
ostracods, bryozoans). In this contribution on cheilostome bryozoans, we present one of the
largest species-level molecular phylogenies for any order of marine invertebrates, to alleviate
the lack of molecular phylogenetic hypotheses for fossil-rich groups, and to answer long-
standing evolutionary questions on timing and rates.

Members of the colonial Phylum Bryozoa have had important roles as marine
ecosystem constructors and ecological interactors since their origins (5—7). They are long
known to have an evolutionary history visible in the fossil record since the Early Ordovician
(8) that has very recently been extended to the Cambrian (9). The constituent clades of
Bryozoa have waxed and waned over geological time, with three classes, Phylactolaemata,
Stenolaemata and Gymnolaemata still extant today (Fig. 1). The latter two classes are largely
marine and calcified, and hence have rich fossil records. The order Cheilostomata within the
Gymnolaemata have especially intricate skeletal morphologies that allow species-level
delimitation, as shown using breeding experiments and allelic analyses (/0). This suggests

that cheilostome fossils are amenable to species-level identifications, an advantage for
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integrating data from molecular sequences with fossil remains in order to reconstruct
macroevolutionary history and processes. Cheilostomes are also the most species-rich order
within Bryozoa with more than 6000 described extant species, and likely about the same
number yet to be formally described (/7). They represent c. 80% of the phylum’s living
species diversity (/2). Likewise, there are c. 7900 described fossil cheilostome species
documented in a new data compilation, where this number is a considerable underestimate of
true fossil richness, based on models that account for incomplete sampling in the fossil record
(13). Their benthic, largely sessile and encrusting life-habit allows us to investigate spatial
competition frozen in geological time (/4) and their modular and polymorphic nature permits
the estimation of key biological parameters, including fitness components (/5) beyond
ecological time scales. The combination of these traits, their abundant fossil record and new
molecular data provided in this contribution will facilitate empirical work on linking
evolutionary processes on shorter (microevolutionary) time scales with those that unfold on
longer (macroevolutionary) time scales.

Here, we first present genome-skimmed molecular data from the mitochondrial
genome (15 genes) and two nuclear rRNA genes (18s and 28s) for 395 newly sequenced
cheilostome specimens. We then combine these sequences with published data (sequences
from 340 specimens) to estimate the phylogenetic relationships among more than 500 species
and 225 genera of cheilostomes, from the poles to the tropics and from the intertidal to the
deep sea. This represents about 10% and 40 % of the described extant cheilostome species
and genera, respectively. Using this largest molecular phylogeny, in terms of both taxon- and
gene-sampling, for cheilostomes to date, we investigate evolutionary hypotheses pertaining to
age and rates.

We employ bryozoan (phylactolaemate, ctenostome, and cyclostome) and bilaterian

outgroups and 18 fossil-calibration points, and present a time-calibrated bryozoan tree, asking
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how much of the early lineage leading to extant cheilostomes is currently “invisible” (i.e. not
detected) in the fossil record and when Bryozoa might have originated. Then we ask when
(and how often) parental care in the form of incubation (brooding) evolved in the history of
cheilostome evolution. The transition from a non-brooded embryo resulting in a long-lived,
planktotrophic larva, to a brooded embryo resulting in a short-lived, non-feeding larva, is
hypothesized to have driven rapid speciation among cheilostomes displaying the brooding
trait (/6). It is thought that species with non-feeding larvae disperse much shorter distances
than those with feeding larvae and are hence associated with lower amounts of gene flow and
consequently a higher speciation probability. Using our new time-tree, we ask if there is
evidence that species with non-feeding larvae (note that all cheilostomes that brood possess
only non-feeding larvae) are associated with higher speciation rates across the cheilostome
clade.

While highlighting the continued need for an increased effort in systematics based on
morphology and sequence data and broader taxon-sampling for phylogenetic inference, we
underscore that this work is a significant step towards establishing cheilostomes as a model

macroevolutionary system.

Results

3.1 The largest cheilostome molecular phylogeny to date

The four extant bryozoan groups (phylactolaemates, cyclostomes, ctenostomes and
cheilostomes) each form well-supported clades (Fig. 1, see Discussion on ctenostomes). Our
full (Fig. S1, based on all the cheilostome sequences included in this study) and trimmed
molecular phylogenies (Fig. S2, a subset of the full phylogeny trimmed with criteria listed in
the methods) are illustrated in an abbreviated form in Fig. 1, highlighting the main inferred,

and extant, clades of cheilostomes. Our cheilostome phylogeny has a well-supported
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backbone with seven highly supported (Bootstrap BS > 90%, Fig. 1) ancestral nodes that
gave rise to the depicted, and again highly supported, extant cheilostome clades (A-G, Figs. 1
and S2), albeit with the exception of the ancestral node (BS 64%) that resulted in the fully
supported Conopeum genus (clade B, Figs. 1 and S2). The overall mean BS support is also
high, averaging at 88.94% per node (calculated based on Fig. S2 with 721 taxa). The seven
branches that led to the extant monophyletic A to G clades (Fig. 1) do not match the currently
available broad systematic framework of cheilostomes (/7). Our inferred topology (see SM
section 4) substantially filled out regions of the cheilostome tree (i.e. Scruparia to
Macropora) where key evolutionary transitions, including parental care (and hence non-
feeding larvae), are thought to have taken place (16, 18, 19). The metadata associated with
our new sequences (N = 516, where 395 cheilostomes and 5 cyclostomes are associated with
physical vouchers with museum accession numbers; and 116 cheilostomes and 1 ctenostome
without, see section 5 in SM) are presented in Table S1; genes used for phylogenetic
inferences tabulated in Table S2 (mean = 14 genes out of 17 genes for 854 taxa); and NCBI
accession numbers for deposited sequences in Table S3.

Our inferred tree topology, based solely on molecular sequences, largely supports the
phylogenetic coherence of morphological species and genus concepts used by bryozoan
taxonomists (Figs. S1 and S2). For instance, three specimens of Klugeflustra vanhoffeni
collected during two different expeditions in distinct locations and identified by three
independent experts (Table S1) are found to be monophyletic with little to no genetic distance
based on 13 to 15 genes (Table S2, Fig. S1A). In a genus-level example, Steginoporella,
represented in the next-most-recent cheilostome molecular phylogeny by five species (20) is
now represented by nine species: Steginoporella was, and still is, monophyletic. The genus
Microporella is here inferred by molecular sequences to include Diporula and

Flustramorpha. These latter genera have been recently synonymized with Microporella
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based purely on morphological grounds (21, 22), likewise for the reassignment of
Fenestrulina joannae to Microporella (22). In contrast, many cheilostome families are
polyphyletic. For instance, genera of the family Smittinidae (/7) are scattered throughout
clade G. Likewise, the genera of Bugulidae are scattered throughout clade C (Figs. 1, S1, S2,

see also SM section 4).

3.2 A fossil-calibrated bryozoan tree and deep origins of clades

Our phylogeny, fossil-calibrated on 18 nodes with a relaxed independent rates molecular
clock model (Fig. 2, see details of calibrations in Table S4 and SM text, joint time priors in
Fig. S3) suggests that bryozoans originated (i.e. became distinct from other Lophotrochozoa)
about 518 Mya (million years ago) (node iii, Fig. 2). This is the median value of the posterior
distribution with 95% Highest Posterior Density (HPD) between 495-547 Mya, i.e.
bryozoans are inferred to have originated in the Cambrian or as early as the Ediacaran (SM
Fig. S4 for sensitivity analyses using different clock models and calibrations). The node iv in
Fig. 2, where cyclostomes, and ctenostomes plus cheilostomes diverged from their common
ancestor shared with extant phylactolamates is estimated at 488 (HPD 471-517) Mya, i.e.
Late Cambrian or Early Ordovician. Node v, the divergence of cheilostomes plus
ctenostomes from other bryozoans is estimated at 407 (HPD 353—457) Mya, i.e. Early
Devonian. The cheilostome lineage is inferred to have diverged from ancestors shared with
ctenostomes in the Carboniferous (345 Mya, HPD 292-398 Mya), c. 200 million years earlier
than the confirmed fossil record of cheilostomes in the Late Jurassic (node vi, Fig. 2, see SM
Fig. S4 for sensitivity analyses). Two of the seven deep splits within the cheilostome clade
(nodes A, B in Fig. 1) are inferred to have happened in the Carboniferous, one in the Triassic
(node C in Fig. 1) and four in the Jurassic (nodes D to G in Fig. 1), while many lineages

leading to extant genera originated in the Cretaceous or Paleogene (see Fig. 2).
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3.3 Evolution of parental care and speciation rates of brooders
Parental care in a form of embryonic incubation (brooding for short hereon) of non-feeding
larvae, internally (inside zooidal cavity or internal brood sacs) or with specially developed
external structures (membranous brood sacs and skeletal brood chambers), has independently
evolved c. 5 times according to an ancestral state reconstruction (23) given our cheilostome
tree topology (Fig. 3, Fig. S5). The transitions to brooding (and hence non-feeding larvae) are
inferred to have occurred as early as the Permian (transition 4, Fig. 3). The brooding state is
inferred never to have transitioned back to non-brooding, while the non-brooding state
transitions to a brooding state at a rate of 0.1888 per 100 million years (std err 0.0503).
Based on an information criterion-based comparison of Binary State Speciation and
Extinction (BiSSE) (24), Hidden State Speciation and Extinction (HiSSE) models (25) and
their null versions, we rejected a model where brooding is associated with differential rates of
speciation. Here, a null BiSSE model (character independent model with two states, “cid2”
see Methods section 2.8), has the highest AIC model weight (0.581) of the five models we
compared (Table 1, see Table S6 for all parameter estimates). We also compared the same
models with two alternative topologies, one where Lunularia is removed and one where
Conopeum 1is alternatively placed as sister to all other cheilostomes (see methods and SM for
reasoning). In both latter cases, we rejected a model where brooding is directly associated
with differential rates of speciation, but found strong support for a model where unmeasured
states associated with the brooding state drove higher speciation rates (see Table S7 for

model weights).

Discussion
Cheilostome bryozoans have exceptionally useful traits for tackling some long-standing

questions in evolutionary biology. Such traits include a calcified skeleton that renders these
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marine organisms very fossilizable (7), external, calcified brooding structures that allow
fecundity (a fitness component) to be quantified in the fossil record (/5), a colonial and
modular nature that allows the estimation of sources of phenotypic variation among and
within individual genotypes and environments (26, 27), polymorphic structures that represent
ergonomically partitioned divisions of labor (28, 29), and ecological interactions “frozen in
time” (6, /4). Analyzing molecular sequence data, independent of morphological traits used
to identify species, to infer evolutionary relationships, we lend strong support to important
assumptions often invoked in the cheilostome literature with limited empirical support. The
first is that skeletal traits can be used to identify cheilostome species (/0), as separate
specimens identified as the same species (based only on morphology) have little genetic
distance in our inferred tree. The second is that cheilostome genera are natural groupings
(monophyletic or paraphyletic clades) and can arguably be used as unit of evolutionary
analysis (30, 31). In addition, by generating a large volume of molecular sequences for
cheilostome species, we are primed for an integration of such data with their morphological
characters, moving one step closer to total-evidence analyses (3). Such a phylogeny will
allow us to answer other long-standing general evolutionary questions, including whether
higher rates of morphological evolution happen close to speciation events (32).

Age and rates are two major features of evolution and we contribute information with
regards to both. The phylum Bryozoa has been considered enigmatic not least because it is
the only potentially fossilizable metazoan phylum with no body-fossil representation in the
Cambrian record (33), until very recently (9). Our main analysis and our sensitivity analyses
with alternative calibration and clock assumptions (Fig. S4) have inferred Bryozoa to have
originated in the Cambrian, an idea first proposed by Hyman (1959), or even as early as the
late Ediacaran, despite the lack of fossil remains (see SM for a discussion of Pywakia, a

controversial Cambrian fossil). The lineage ancestral to living cheilostomes and ctenostomes
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has two peaks in its posterior age distribution (node v, Fig. 2), where the older peak overlaps
the calibration and the younger peak does not. This may be an artifact of using boring
ctenostomes as a calibration point, while our molecular data are represented by perhaps very
distantly related, non-boring ctenostomes, i.e. there is a conflict between the fossil calibration
and the molecular data for this node. This can be resolved by including boring ctenostomes in
the phylogeny, although extracting sequences given their life habit is currently challenging.

The cheilostome fossil record is long and rich (35), and we might have expected
cheilostome origins to be on the order of only a few tens of million years earlier than the
oldest cheilostome fossil from the Late Jurassic (36). However, given the tree topology, gene-
sampling and multiple fossil calibrations and sensitivity analyses (Fig. S4), we have
estimated the evolutionary origin of cheilostomes to be Paleozoic, somewhat earlier than the
only other study based on sequence data to estimate cheilostome origins (37). Hao et al.
(2005) estimated cheilostomes to have originated in the Permian to the Early Triassic, based
on only one nuclear gene (16S), 40 taxa and one calibration point, which we did not include
as we did not have sequences pertaining to that node. While one might postulate that extinct
bryozoan groups that are contemporary with this “invisible” stem-lineage could be possible
cheilostome progenitors, we currently have no clear candidates that we can reasonably
suggest from the fossil record (7). Both our tree topology and our understanding of their
morphology points to the gymnolaemate order Ctenostomata as the most likely ancestor for
crown-group Cheilostomata. However, ctenostomes are known only from borings in the
Paleozoic and there are only a few fossils of ctenostomes, even in the more recent fossil
record (38). This hints at largely uncalcified stem and ancestral crown cheilostome lineages
(e.g. calcified skeletons in crown group cheilostomes may have multiple origins), and/or
perhaps encrusting, calcified taxa favoring substrates that do not easily preserve. It is

plausible that increasing taxon-sampling and/or applying more complex models that allow for
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total-evidence analyses could help us refine this and other age estimates in our bryozoan tree
(39), but data for such analyses are not yet available. Interestingly, four of the seven deep
branches emerging from the backbone (Fig. 1) emerged throughout the Jurassic, at the end of
which the fossil record of cheilostomes began with a trickle. Similarly, many lineages leading
to extant genera are inferred to have originated in the Cretaceous (Fig. 2), when the fossil
record of cheilostomes exploded in its morphological disparity and observed abundance. This
suggests that when cheilostomes lineages are observed in the fossil record, they are likely to
have been extant for a substantial amount of time, perhaps at lower abundances or in cryptic
habitats that enter the fossil record at a much lower rate. The continued exploration of the
fossil record of bryozoans may yet reveal surprises, as even originations of groups as well-
studied as land plants continue to astonish (40) and the relationships among metazoan groups
remain elusive (417).

A planktotrophic larva, associated with a non-brooding state, is found to be the
ancestral condition in cheilostomes, based on the topology of our inferred tree, as long
hypothesized in the literature (/9, 34). This is despite the living members of ctenostomes
(putative ancestors of cheilostomes) displaying varied levels of parental care, ranging from
planktotrophic larvae to complex forms of embryonic incubation (42, 43).

Parental care is thought to not only confer fitness advantages (44) but in the case of
cheilostomes it is also hypothesized to be associated with increased speciation rates (/6). The
given reason is the association of brooding with non-feeding larvae that are unable to survive
in the water column for extended periods of time and that hence settle close to their parental
colonies. The evolutionary reversal of non-feeding back to feeding larvae is thought to be
uncommon among marine invertebrates (45) and we have shown here for cheilostomes that
this is true: feeding larvae, once lost, never re-evolved. Although brooding and non-feeding

larvae are “irreversibly” evolved very early in their history, the apparent higher speciation
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rates of cheilostomes that brood are unlikely due (directly) to the brooding/non-feeding
larvae. This is in contrast to other empirical studies based on different taxa, that suggest larva
dispersal modes or geographic range sizes associated with them directly influencing
diversification rates (46). Rather, it could be “external” factors, such as the
macroevolutionary influence from a competing clade, the cyclostomes, that drove their
diversification (/3) as suggested by a character-independent model of speciation and
extinction (Table 1). Alternatively, an unmeasured trait that is associated with brooding/non-
feeding larvae, could be responsible for differential rates of diversification in cheilostomes
(Table S7). One such trait could be increased polymorphism. For example, spines, considered
as modified polymorphic zooids, can (evolutionarily) develop into brood chambers or frontal
shields, i.e. morphological structures with functions different from the original ones (29). A
diversity of traits, derived from polymorphs in a modular construction, that permit varied or
even novel ecological function, could allow the occupation of new niches and thus promote
macroevolutionary diversification (28).

Phylogenetic topologies and inferences made from them are limited by both taxon and
gene sampling (47, 48). Although our phylogeny is the largest in terms of both taxon and
gene sampling for cheilostome bryozoans, the inferences presented here are far from final.
However, our data are the seed for new data accumulation and our inferred tree a starting
point for many more sophisticated macroevolutionary analyses. Our estimated node ages are
subject to the well-known and well-studied limitations of the molecular clock (49), our
knowledge of the evolution of the group and its fossil record. The ancestral state
reconstructions we performed did not incorporate trait information from fossil taxa, whose
inclusion would most definitely improve such analyses (50). While Hidden State Speciation
and Extinction Rate models (25) overcomes some statistical issues inherent in earlier related

models (57), extinction rates estimated from phylogenies based only on extant taxa are still
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non-ideal and also limit the interpretation of our analyses (24, 25), even though we focused
on trait and speciation rate estimation. Despite the limitations listed, this largest cheilostome
tree to date has provided first glimpses of the timing and tempo of evolution of main clades
and a key trait for an ecologically and evolutionarily important order that has been
overlooked for too long.

This work emphasizes that continued collaborative research between molecular
phylogeneticists, systematists, paleontologists and macroevolutionary biologists can confirm
and elucidate relationships, identify important gaps, understand timing and rates of evolution
and open a window into evolution itself, even before integrating substantial data from the

fossil record.

Methods

2.1. Sampling and taxon identification

The procedure summarized from Sections 2.1 to 2.5 follows (20) closely with minimum
modifications. Colonies whose sequences are presented here were collected and preserved in
70-96% ethanol (Table S1). Each colony, preliminarily identified to the lowest possible
taxonomic level using a stereoscope, was subsampled for DNA isolation and scanning
electron microscopy. While we aimed at sequencing a colony for each distinct species,
uncertainty in initial taxon identification using a stereoscope combined with a realization that
within-taxon replicates are important for sequence verification, compelled us to include such
replicates. The scanning electron micrographs (see SEM cards deposited in Zenodo
https://zenodo.org/record/5721078#.YZz39VMo _{fY), taken with a Hitachi TM4040PLus
after bleaching to remove tissue where appropriate, are required for species-level
identification and serve as digital vouchers, in addition to physical vouchers deposited at the

Natural History Museum in Oslo (Table S1). Taxonomic identifications were made
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independently of, but are subsequently verified using the phylogenetic inference and
metadata.

Due to the microscopic nature of cheilostomes and their benthic and often encrusting
lifestyle, each visible colony (see paragraph above) is often a mixed tissue sample that could
consist of other organisms including non-target cheilostome species. Rather than treating
non-target species as contaminants to be discarded, we leverage these to lend clarity to the
cheilostome phylogeny (Fig. S1). There are three classes of non-target specimens. The first is
where we have found enough macroscopic remains of the non-target cheilostome, post-
sequencing, for imaging. In the second class, we did not find any remaining macroscopic
material but given our taxon sampling and observed sequences, we are certain that the
contaminant belongs to a given taxon (these are labeled with taxon names and “SEQ” in Fig.
S1). In yet other cases, given the tree topology and observed sequences, we do not assign the
unvouchered sequences to any known taxon name (these are labelled “UNKNOWN” in Fig.
S1, see SM for criteria and examples of all three types of non-target sequences and Table S1

for their metadata).

2.2. DNA isolation, sequencing and assembly

The subsamples of colonies (henceforth “samples’) were dried before genomic DNA
isolation using the DNeasy Blood and Tissue kit (QIAGEN, Germantown, MD, USA).
Samples were homogenized with a pestle in lysis buffer, in the presence of proteinase-K.
Genomic DNA were sequenced at the Norwegian Sequencing Centre (Oslo, Norway) using
[llumina HiSeq4000 150 bp paired-end (PE) sequencing with a 350 bp insert size.
Approximately 20 samples were genome-skimmed (multiplexed) on a single lane. [llumina
HiSeq reads were quality checked using FastQC v.0.11.8 (52) , then quality- and adapter-

trimmed using TrimGalore v0.4.4 with a Phred score cutoff of 30 (53). Trimmed reads were
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de novo assembled with SPAdes 3.13 (54) using k-mers of 21, 33, 55, 77, 99 and 127. The
mitogenome and rRNA operon of each sample were identified separately with blastn (55)
using blast+ against a database constructed from cheilostome sequences available in NCBI
(20). An E-value of 1.00e-185 and maximum target sequence of 1 were used to filter any

blast hits of non-cheilostome origin.

2.3. Annotation

Mitogenomes for each of the samples were annotated with Mitos2 using a metazoan
reference (RefSeq 89) and the invertebrate genetic code (56) to identify two rRNA (rrnL and
rrnS) and 13 protein coding genes (atp6, atp8, coxl, cox2, cox3, cob, nadl, nad2, nad3, nad4,
nad4l, nad5, and nad6). Two nuclear rRNA operon genes (ssu/18s and Isu/28s) were also
identified and annotated using RNAmmer (57). 315 published cheilostome sequences (20,
58-60) and the mitogenomes and rRNA operons of 31 non-cheilostome outgroup taxa, both
bryozoan and non-bryozoan, were aligned with our sequences to compile a broader outgroup

taxon sample (Table S3).

2.4. Sequence alignment

MAFFT (61) was used for alignment with default parameters: for the four rRNA genes
(nucleotide) the Q-INS-i model, considering secondary RNA structure, was utilized; for the
13 protein-coding genes, in amino acid format, the G-INS-I model was used. The 17 separate
alignments were edited manually using Mesquite v3.61 to remove any uncertain characters
(62). Ambiguously aligned characters were removed from each alignment using Gblocks (63)
with least stringent parameters. The single-gene alignments were concatenated to a
supermatrix using the catfasta2phyml perl script (64). The alignments (both masked and

unmasked) will be available through Dryad (https://doi.org/10.5061/dryad.2vowwpzp9)
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Access for reviewers is currently available here:

https://datadryad.org/stash/share/NOOEY 8a339xu2E0g2 X4Eirzb--OwL7s6uZaJ0AMnQ70

2.5. Datasets for phylogenetic reconstruction

As mentioned in section 2.1, cheilostomes are small and attached to substrata so even the
most macroscopically pristine sample may have sequences of non-target species included.
Where the contaminants are non-cheilostome, they are removed bioinformatically (see
section 2.2). Here, we utilize the non-target cheilostome sequences (see also 2.1). As such,
two concatenated datasets are presented: 1) “Full alignment” is the alignment with our largest
taxon sample. It includes both “UNKNOWN” (cheilostomes lacking both a voucher (physical
and/or SEM) and an inferred taxonomic identity) and “SEQ” (cheilostomes lacking a voucher
(SEM) but with an inferred taxonomic identity), constructed to show the hidden diversity
within the phylum (Fig. S1). “Full alignment” also includes cheilostomes previously
sequenced and available from NCBI and non-cheilostome and non-bryozoan outgroups
(Table S2). 2) “Trimmed alignment” is the alignment where "UNKNOWN”, “SEQ”, and
those taxa with less than three genes and “rogue taxa” are pruned using RogueNaRok (635).
We picked a three-gene cut off after preliminary analyses showed that this is the best
compromise between the number of taxa included and bootstrap support for our tree
inference. “Rogue taxa” are those with unstable phylogenetic affinities based on evaluation of
the extended majority-rule consensus (MRE) threshold, optimized for support and with a
maximum dropset size of 1. Those with a sum >0.2 were pruned from the “trimmed
alignment” dataset. Note that the ML tree topologies are respectively termed “Full tree” and
“Trimmed tree” from the full alignment and trimmed alignment datasets respectively. For
each of the two datasets, ambiguously aligned characters were removed from each single

gene alignment using Gblocks (63) with least stringent parameters prior to concatenation.
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2.6. Phylogenetic reconstruction and congruence test
Maximum likelihood (ML) phylogenetic analyses were carried out for each single gene
alignment using the “AUTO” parameter in RAXML v8.0.26 (66) to establish the evolutionary
model with the best fit. The general time reversible (GTR+G) was the preferred model for the
four rRNA genes (18s, 28s, rrnS and rrnl), and MtZoa+G for all 13 protein coding genes.
The two concatenated datasets (see section 2.5) were divided into four separate rRNA and 13
protein gene partitions each (17 partitions in total) with its own distinct gamma distribution to
accommodate for different substitution patterns among sites, and were analyzed using
RAXML. For comparison, a partitioning scheme based on AICc and a greedy search
scheme suggested by PartitionFinder2 (67) was also analyzed using RAXML. The topology
with the highest likelihood score of 100 heuristic searches was chosen and bootstrap values
were calculated from 500 pseudo-replicates. As the first partition scheme (17 partitions) gave
a higher likelihood score, we present the topology based on that, rather than the one
suggested by PartitionFinder2. Bootstrap values presented were calculated from 500 pseudo-
replicates.

The topology of the phylogenetic tree in this contribution was compared to that from
(20) to gauge if a substantial increase in sampled taxa had any detectable bearing on the
inferred topology. To this end we trimmed samples not represented in (20) from the full tree
(Fig. S1) and using Dendroscope (68) compared the topology of their remaining 263 shared

taxa using the /cong index (69).

2.7. Fossil-calibration and Bayesian divergence time estimation
We use MCMCTree v4.9 (70) for divergence time estimation as it allows us to analyze amino
acid and nucleotide partitions simultaneously and takes relatively less computational power

than other comparable software. As input to MCMCTree, we use the trimmed tree (Fig. S2),
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but to reduce computational burden further we removed the following taxa: (i) those lacking
species and/or genus designations and those assigned “cf. and aff.”; and (ii) species
duplicates with the largest number of alignment gaps. If a genus is represented by multiple
species, a maximum of three different named species were retained, choosing those with the
least number of alignment gaps. Note that this dataset was created before minor changes
detailed in the SM (section 4). Excluded taxa were deleted from the amino acid and
nucleotide alignments, whilst corresponding leaves for the same taxa were removed using
Dendroscope (68) thus maintaining the topological branching pattern of the original rooted

input tree (Fig. S2). The resulting dataset consisted of 363 taxa where 335 are cheilostomes.

We applied a hard upper limit of 636 Mya to the root, representing the bilaterian
maximum (77, 72). We used 18 internal fossil calibrated nodes (see Table S4 and Fig. S3 for
details). To explore the impact of calibration prior choice we ran different sets of analyses: (i)
“L”, with minimum constraints only (Table S4), using the truncated Cauchy distribution with
a soft minimum and a diffuse tail; (i1) “B”, with uniform constraints with soft minimum and
maximum bounds corresponding to the fossil ages; (ii1) “ST”, with a skew-T distribution such
that the 1% and 99% probability tails correspond to the minimum and maximum constraints
(Table S4). In all cases we always used “soft bound” where there is a 1% chance that a node
could be younger or older than the specified constraints. Upon examining initial results for
“B” and “ST”, we find that we had to impose a hard minimum constrain within our outgroup
on the Pancrustacea node, otherwise we recovered an unreasonably young posterior
distributions (although we note this does not affect the ages recovered for the ingroup nodes,
see Fig. S4). We hence also present the “B” and “ST” analyses with a hard constraint on the
Pancrustacea node only (“BL” and “STL”, respectively). For all five sets of analyses (B, BL,
L, ST, STL), we ran both independent and autocorrelated molecular clock models. The main

results we present use the independent clock model and “STL”, as branches close to the root
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of the tree represent huge evolutionary distances and because it seems logical to put prior
weight around the ages of the fossil calibrations since the fossil record of cheilostomes is
considered excellent. Mixing was checked by inspecting the trace plots and ensuring the
effective sample sizes were greater than 200 for all node ages and model parameters. In
addition, we ensured that independent chains converged on the same values. For details of the

substitution model, MCMC settings see the SM section 3 “MCMCtree settings”.

2.8. Ancestral state reconstruction and HiSSE

Data for non-brooding species with planktotrophic larvae (state = 0) and brooding species
with non-feeding larvae (state = 1) of all the cheilostomes species included in the calibration
tree (N = 335), are provided in Table S5. To estimate brooding states of the internal nodes,
we use a standard Markov model of binary character evolution (23) implemented in ape (73),
where a maximum likelihood joint estimation procedure was performed. Note that although
the tree for the analyses described in this section is pruned, the non-brooding/brooding states
we are concerned are conserved at genus-level. To detect possible differences in
diversification rates associated with the non-brooding or brooding state, we applied trait-
dependent speciation and extinction models (SSE) implemented in the R package HiSSE (25)
to the fossil calibrated tree (N= 355) where we used the STL calibration with an independent
clock model (see section 2.7). We estimate that we have sampled 0.7% and 9.5% of species
of non-brooders and brooders (/7), respectively, in our calibration tree and use this as
information to account for biases due to incomplete sampling. We ran three different null
models (“null”, “cid2” and “cid4”), a binary state speciation and extinction model (BiSSE)
and a hidden state speciation and extinction model (HiSSE) to investigate if brooding might
be associated with higher speciation rates. The “null” constrains speciation and extinction to
be equal regardless of brooding state. A BiSSE model allows speciation and extinction to be

different for the non-brooding versus brooding state. The first character-independent model



493  (*cid2”) allows two different sets of speciation and extinction to be estimated but does not
494  link these to the observed traits, such that it has the same level of complexity as the null

495  version of the BiSSE model. A HiSSE model assumes that there are unmeasured states that
496  display distinct rates of speciation and extinction but that these states are associated with the
497  coded state. In other words, HiSSE allows for the scenario in which a state co-associated with
498  brooding drives the differences between the observed differences in speciation among species
499  with and without brooding. The second character-independent model (“cid4”) allows four
500 different sets of speciation and extinction, such that the model has the same level of

501  complexity as a HiSSE model and serves as its null model. The five models are compared
502  using AIC model weights and their parameter estimates also presented.

503 Because the topological placement of Lunularia is starkly incongruent with

504  morphology as we understand it (see SM), we also compared the same five models with a
505  time-tree where Lunularia is removed. Additionally, as the BS support for Conopeum is

506  weaker than for other major nodes in our tree and because it is a key taxon, we again

507  compared the same models but using an alternative topology where Conopeum is placed as
508  sister to all other cheilostomes.
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Main text figures and legends

Fig. 1. Overview of the major bryozoan clades. This figure shows non-bryozoan, non-
cheilostome bryozoan outgroups (white “fans”) and the major cheilostome clades (grey
“fans”) radiating from our inferred phylogenetic backbone. The colored letters associated
with the extant cheilostome clades correspond to those in Figs. S1 and S2. Each “fan” is
represented by a genus in that clade, whose full species designation is given here.
Pectinatella magnifica (class Phylactolaemata) Vuoksa River, Russia (photo by V. Starunov);
Telopora lobata (class Stenolaemata, order Cyclostomata), Northland, New Zealand (photo
by A.M. Smith); Flustrellidra hispida (class Gymnolaemata, order Ctenostomata) Damgan,
Brittany, France (photo by H. De Blauwe). Cheilostome (order Cheilostomata) clades are
illustrated by scanning electron micrographs (see Table S1 for location information for those
with BLEED numbers, where BLEED is short for Bryozoa Lab for Ecology, Evolution and
Development, based at the Natural History Museum, University of Oslo, Norway:
Steginoporella perplexa (Steginoporellidae; BLEED1651); Conopeum seurati (Electridae)
Whangarei, New Zealand (photo by D.P. Gordon); Tegella cassidata (Calloporidae;
BLEEED1245); Margaretta cereoides (Margarettidae; BLEED1852); Nellia tenella
(Quadricellaridae; BLEED1433); Microporella orientalis (Microporellidae; BLEED959);
Parasmittina galerita (Smittinidae; BLEED 1498). In this study, A through G are inferred
using 75 (A), 2 (B), 318 (C), 38 (D), 6 (E), 150 (F), 235 (G) sequences (corresponding to
taxon-tags presented in Fig. S1 and S2) in which more than half are newly sequenced herein.

The seven highly supported (Bootstrap BS > 90%, Fig. S2) ancestral nodes that gave rise to
the extant cheilostome clades (A-G) are shown will filled circles (color corresponds with the
extant daughter clade). The exception being the ancestral node that gave rise to clade B (BS

64%). Each extant clade is highly supported (Bootstrap BS > 90%, Fig. S2).
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Fig. 2. Fossil-calibrated bryozoan tree. The topology is based on our trimmed tree (Fig.
S2). Posterior distributions, based on the “STL” age priors and an independent molecular
clock (see Fig. S3 for joint time priors), are shown in grey and salmon-pink, where the latter
are nodes used for calibration (roman numerals correspond to those in Table S4). This figure
spans two pages.

Fig. 3. Lower section of cheilostome tree with parental care states. The topology shows
the lower part of the cheilostome tree where brooders with non-feeding larvae are marked in
dark blue and non-brooders with planktotrophic (feeding) larvae are marked in light blue. For
the probability of transition of every node, including those not shown here, see Fig. S5.
Numbers show the transitions to a brooding state that are inferred, where transition 1 (as early
as the Carboniferous Figs. 2, S5) led to Scruparia (with a skeletal ovicell-like brood
chamber), transition 3 (as early as the Jurassic) led to Eucratea (with external membranous
brooding sacs), transition 4 (as early as the Triassic) to the clade including Steginoporella
(some with internal brooding sacs and others with skeletal brood chambers), and transition 5
(as early as the Triassic) to ‘neocheilostomes’ (cheilostomes with brooding structures called

ovicells or brooding sacs). See SM for a discussion of transition 2.
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Table 1. Comparison of trait-(in)dependent models of diversification. Models of

speciation and extinction rates of non-brooding and brooding cheilostomes are compared

using Akaike criteria. The bolded model (cid2, a character independent model that is the

“null” version of a binary state (BiSSE) model) has the AIC highest model weight in this set

of models, followed closely by a more complex character-independent model (cid4). See

Table S7 for results based on other topologies.

Model Log Likelihood AIC model weight
Null -254.163 5.20E-06

BiSSE -248.735 4.22E-04

cid2 (BiSSE null) -240.472 0.581

cid4 (HiSSE null) -238.748 0.402

HiSSE -239.791 0.017
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Supplementary Text for Methods

1. Choice of outgroups

We selected both bryozoan and non-bryozoan (metazoan) outgroups for our phylogenetic
inferences and fossil calibrations, given their availability in NCBI and supplemented these
with sequences from non-cheilostome bryozoan outgroups newly sequenced within this
study. There are three extant, non-cheilostome clades of bryozoans, namely phylactolaemates
(represented by Cristatella and Pectinatella from NCBI in our trees), cyclostomes
(represented by Tubulipora from NCBI and Crisia, Spinihornera, Heteropora, and two
Telopora species we newly sequenced), and ctenostomes (represented by Flustrellidra and
Alcyonidium from NCBI and another Flustrellidra specimen we newly sequenced). In
addition, diverse short-branching lophotrochozoans (given our set of taxa represented) which
provided nodes that were amenable to fossil calibration were also chosen. A notable absence
among the lophotrochozoan outgroup is Mollusca as they were polyphyletic and had long
branches in our preliminary analyses, given our choice of genes extracted for the bryozoan
ingroup. In addition to those stated above, a common criterion for the selected sequences

from NCBI was the availability of a mitochondrial genome.

2. Choice of fossil calibration points

We selected 18 primary fossil calibration points for our tree. Four of these are non-bryozoan
calibrations, where we base our input on the Fossil Calibration Database (7/) with the
exception of Brachiopoda, whose oldest described fossil is placed in Cambrian Stage 2 c. 529
to 521 Mya (74). In all cases where an age range is given for a fossil, we conservatively use
the upper bound as a minimum age. We discuss our bryozoan calibrations briefly below and
tabulate all calibration points in Table S4, and illustrate the joint prior age distributions given

only the tree topology in Fig. S3.
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We do not input any calibration for phylactolaemates, whose fossil record is based
solely on statoblasts and where most examples are from the Holocene and Pleistocene.
Although there are records of statoblasts from as early as the Permian (75) these ages are
severe underestimates for the phylactolaemate lineage, which is sister to all other living
bryozoan groups, namely ctenostomes, cyclostomes and cheilostomes, all which have older
fossil records (see paragraphs below). We also note that we do not consider the Cambrian
fossil Pywackia baileyi a bryozoan (see section 6 below). However, as already mentioned in
the main text, we note that there are now highly reliable observations of Cambrian bryozoan
fossils, newly named Protomelission (9). In each case detailed below in this section, we
select the oldest known fossils of the groups for which we could verify the morphology of the
named species with an available Scanning Electron Micrograph or at least a high-quality
photograph, and where the stratigraphy has been confirmed. All fossil ages, if not specified
numerically in the reference describing the species, are based on our understanding of the
described stratigraphy using the updated online version (v 2020/01) of the International
Chronostratigraphic Chart (76).

The oldest known fossil cyclostome is Wolinella baltica Dzik, 1981. This fossil has
been assigned to the Volkhov Stage of the Early Ordovician (corresponding to the Arenigian
478.6-471.8 Mya, where Mya = million years ago).

The oldest known fossil ctenostome is Ropalonaria venosa Ulrich, 1879 an endolithic
ctenostome from the Upper Ordovician (Cincinnatian Series) of the Waynesville Formation
(Katian) (77). We give this fossil an estimated age of 453—445.2 Mya (from the bottom to the
top of the Katian). Note that the first body fossil (bioimmured) of ctenostomes is from the

Ladinian in the Middle Triassic (78).
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The oldest known fossil of Cheilostomata is Pyriporopsis pohowskyi Taylor, 1994
from the Oxfordian-Kimmeridgian. We hence put the age of this fossil at 163.5-152.1 Mya

(from the base of Oxfordian to the top of Kimmeridgian).

Three oldest known Steginoporella species have their earliest appearance in the
Lutetian (47.8—41.2 Mya) namely S. asymetrica (Canu, 1907), S. firma (Canu, 1907) and S.
immanis (Canu & Bassler, 1929). Note that the taxonomic status for S. rhomboidalis (Hennig,
1892) found in the Campanian of Sweden is uncertain and we do not use it here. Likewise,
the oldest known Labioporella, Calpensia and Thalamoporella, respectively L. dartevillei
Cheetham, 1966, C. profunda Canu, 1919, and T. minuta Guha & Gopikrishna, 2004, T.
domifera Guha & Gopikrishna, 2004, T. dorothea Guha & Gopikrishna, 2004 are all from the
Lutetian. We hence use the top of the Lutetian as a minimum for this clade.

Several species of Lunularia are known from the Cretaceous (Campanian 83.6—72.1
Mya), namely, L. declivis and L. marssoni (Brydone, 1911) from England, and L. excavata
(Hennig, 1892) from Sweden.

Electra everretti Taylor & McKinney, 2006 is the oldest confirmed Electra from the
Peedee Formation of North Carolina, USA, which is assigned to the Maastrichtian (72.1-66
Mya).

The earliest known species of Monoporelloidea is Monoporella sp. (79) from the
Campanian—Maastrichtian (83.62—66 Mya, from the bottom of the Campanian to the top of
the Maastrichtian) of Need's Camp near East London in Cape Province, South Africa.

The earliest known Cellaria is C. inaequalis d'Orbigny, 1851 from the Late
Cretaceous (Campanian—Maastrichtian, 83.6-66 Mya) of France, Charente-Maritime, where
we confirmed its identity with the publicly available syntype image from the

https://science.mnhn.fr website.
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The earliest known Adeonellopsis and Adeonidae is Adeonellopsis incompta Gordon
& Taylor, 2015 from early Waipawan (Eocene, Ypresian 56.5-52 Mya).

The earliest known Nellia is from the Maastrichtian of Jamaica (72.1-66 Mya) as
noted in (80).

The earliest known Microporella is M. waghotensis Guha & Gopikrishna, 2007 from
the Aquitanian (23.03-20.44 Mya) Gujarat, India. Note that M. fallax Canu, 1904 from the
San Julian Formation of Bajo di San Julian, Argentina is not published with adequate
imaging or drawings and has an uncertain identity as such. Its purported Paleogene age is also
uncertain and we hence do not use it as a calibration even though it could be older (but also
younger) than M. waghotensis.

The earliest known Fenestrulina is F. harmelini David, Mongereau, & Pouyet, 1972
from the Burdigalian (20.44—-15.97 Mya) of France.

The earliest confirmed record of Celleporidae is Osthimosia aurora Gordon & Taylor,
2015 from the Chatham Islands with an estimated age of early Waipawan (56.5-52 Mya).

The earliest confirmed record of Phidoloporidae is Reteporella mediocris Gordon &
Taylor, 2015 also from the Chatham Islands with an estimated age of early Waipawan (56.5—
52 Mya).

The earliest known Parasmittina are P. harudiensis Guha & Gopikrishna, 2005 and P.
gujaratica Guha & Gopikrishna 2005, both from the Lutetian (47.8—41.2 Mya) of India
Gujarat. We include Pleurocodonellina as a descendent of the Parasmittina lineage due to

their very close morphological affinity.

3. MCMCTREE settings

Distribution parameters for node calibrations implemented in MCMCTREE (70) were

obtained using the R package MCMCTreeR (87). We used the GTR G4 model for the



964

965

966

967

968

969

970

971

972

973

974

975

976

977

978

979

980

981

982

983

984

985

986

987

988

nucleotide dataset (partition) and MTZoa for the amino acid dataset. The alpha parameter for
gamma distributed rate variation across sites was estimated using RAXML (66) for each
partition. The overall substitution rate and variance parameter are specified using a gamma-
Dirichlet prior. For the prior on the mean rate of each locus we used a gamma

distribution G(2, 20), which has a mean of 0.1 changes per site per 100 million years, while
the relative variation across loci is specified using a symmetric Dirichlet distribution with
alpha = 1. For the prior on the variance parameter we used a gamma distribution G(1, 10) and
a symmetric Dirichlet distribution with alpha = 1. The branching process prior, the
parameters of the birth-death process (birth, death and species sampling) were set to 1, 1 and
0.1, as we have sampled about 10% of all described species. This combination of parameters
produces a broad prior on the node ages of uncalibrated nodes, chosen to represent a large
degree of uncertainty. MCMC runs for each set of calibrations were first carried out without
sequence data to estimate the effective joint time priors and to check for consistency with the
specified fossil calibrations. MCMC chains were twice run for 1.7 million generations with
10% burn-in for each combination and convergence ensured. Mixing for each chain was
checked by inspecting the effective sample size (ESS) and the traces of each node. As the
exact calculation of the likelihood function during Markov chain Monte Carlo (MCMC)
iteration is computationally heavy, we employed an approximate method (§2). Joint time
priors and posterior distributions of node ages are figured using the R package MCMCTreeR

(81).

4. Taxonomic name updates after the selection of a further pruned tree for calibration.

The dataset described in section 2.7. in the main text “Fossil-calibration and Bayesian

divergence time estimation” was selected before the following updates of names listed below:
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Two of the sequenced specimens we previously labelled as “unknown” have been united with
our SEM card vouchers and they are hence:
UNKNOWN SEQ BLEED1948 = Marcusadorea sp. BLEED 1948

UNKNOWN SEQ BLEEDI1866 = Thrypticocirrus phylactelloides BLEED1866

Two sequences that were thought to be contaminants of the macroscopic, vouchered
specimens (Hippoporina indica) are reinstated as we confirmed these sequences with very
high identity (BLEED 839 and BLEED 1248) from two very different localities, California
and Singapore. H. indica is an invasive species that is actually quite well known

https://invasions.si.edu/nemesis/species_summary/-453 and appears to be nested within the

very well sampled Parasmittina clade. They are:
Parasmittina_sp SEQ _BLEEDS839 = Hippoporina indica BLEED839

Parasmittina_sp SEQ _BLEED1248 =Hippoporina indica BLEED1248

None of these appear in the calibrated trees (Fig. 2 and Fig. S3) but their phylogenetic
positions can be found in Figs. S1 and S2 (as the updated names, and the same BLEED

numbers).
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Supplementary Text for Results and Discussion

1. Extended discussion of the RAXML tree

The inferred phylogeny (Fig. 1, Fig. S1 and S2) we present is large and suggests both
controversial and less controversial hypotheses. The cheilostome “fan blades” in Fig. 1 each
include a total followed by samples new to this study A 68:51, B 2:0, C 267:126, D 30:11, E
5:5, F 122:63 and G 197:130 for Fig. S2. Likewise, for the full tree (Fig. S1): A 75:57, B 2:0,
C 318:169, D 38:19, E 6:6, F 150:90 and G 235:166. We present and discuss a selection of
key observations that may be of interest to specialists here. We also note that the specialist
may notice further apparent phylogenetic affinities presented in the inferred topologies that
we do not discuss. All topological inferences should be interpreted while considering the
bootstrap values associated with those nodes and the taxon sampling around those nodes (as
exemplified below).

The general structure of the cheilostome phylogeny presented here corresponds to that
inferred in an earlier publication (20), where Icong index = 8.41; probability that they are
topologically unrelated = 2.15e-101, based on the index suggested by (69). As mentioned in
the main text, our phylogeny has a well-supported backbone (Fig. 1) and a relatively high
mean bootstrap (BS) support of 88.94% per node (calculated based on Fig. S2 with 721 taxa).
The latter is comparable to a mean BS support of an earlier but less broadly taxonomically
sampled tree with 165 species (20) at 89.95% per node.

Some nodes that were less supported before [e.g. (Rhynchozoon + Stephanollona),
(Phidolopora, Hippellozoon and lodictyum) BS 62% in (20)] have greatly improved support,
with newly sequenced genera added to each of these clades (e.g. Dentiporella,
Plesiocleidochasma, Fig. S2). Another such example is [(Bugula+Bicellariella), (Beania)]
which had only 51% BS support, but now has 100% BS support, with many of the taxa that

were previously not sequenced and included filling the taxon “space” between the more
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distantly related taxa. Support for some other nodes “worsened” compared with those in (20)
[e.g. (Caleschara), (Cellaria+Steginocellaria)] but there is more taxonomic resolution with
newly added taxa (e.g. Melicerita, Swanomia).

Of the seven highlighted extant clades, that emerged from the corresponding ancestral
diversions from the cheilostome backbone (Figs. 1, S1 and S2), Conopeum deserves a special
mention as it is relatively poorly supported. An earlier molecular study inferred Conopeum as
the earliest diverging cheilostome based on a handful of genes (83), giving support to the
general view of its simple zooidal morphology, planktotrophic larvae, and lack of embryonic
incubation (brooding). Its molecular phylogenetic placement in our inference, based on 17
genes, is different from that inferred in (83), such that it is plausible Scruparia (with
lecithotrophic larvae and ovicell-like brood chamber, both thought to be more derived traits)
could have evolved from the earliest diverging branch of cheilostomes instead (84). This
“Conopeum/Scruparia challenge” also highlights the cryptic phylogenetic diversity among
genera currently placed in the family Electridae, members of which have relatively few
phenotypic characters (85). However, we do note that our ancestral state reconstruction infers
that a non-brooding/planktotrophic state is basal, so even if the lineage of Scruparia is sister
to all other extant cheilostomes, the lineage leading up to the extant representative we
sequenced would have transitioned from non-brooding/planktotrophic to brooding/non-
feeding some time before the Recent. Note also that because an alternative topology with
respect to Conopeum may affect our inference in the analyses of brooding and speciation, we
ran analyses without Conopeum as sister to all extant cheilostomes as part of our sensitivity
analysis (see results in Table S7 and also later paragraph on Lunularia).

While most genera are inferred to be monophyletic or at least paraphyletic, a few
(especially those that have not been taxonomically revised for a long time) are not, e.g.

Smittina and Porella. As we wrote in the main text and in an earlier paper (20), higher
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cheilostome taxa such as families and superfamilies are currently often poorly circumscribed
and defined. For example, Smittinidae, including Smittina, Parasmittina, Smittoidea and the
newly sequenced Thrypticocirrus, Pemmatoporella, Raymondcia are scattered throughout
clade G. Likewise Bugulidae, including Beania and the newly sequenced Bugulopsis,
Dendrobeania, Crisularia, Virididentula, are scattered throughout clade C (see Figs. S1, S2).
In some cases, phenotypic hypotheses suggested by our molecular phylogeny could help to
resolve debates in the systematic literature.

For instance, it has long been suspected that the family Cribrilinidae s.1. (=
"cribrimorphs") is polyphyletic (86), where ancestors with articulated periopesial spines
evolved non-articulated spines (costae) more than once (87, 88). This is supported not only
by the association of Cribrilina and Juxtacribrilina with non-spinocystal taxa (Klugeflustra
and Valdemunitella) but their clear separation from Puellina and Cribrilaria, which have
more-complex pinnate costae. Euthyroides, also in the same clade in our tree, contains either
species with gymnocystal frontal shields either species having a few or vestigial costae.
While the inference of Retiflustra as belonging to the same clade is somewhat more
surprising, we do not have reason to believe it is problematic as plausible evolutionary-
developmental scenarios can explain its phylogenetic position: we speculate that
developmental suppression of spines could result in non-costate morphology (such as in
Retiflustra). Such suppression has been observed in Corbulipora tubulifera (currently placed
in Cribrilinidae) which manifests costate and non-costate zooids in the same colony at
different stages of development (§9). See (86, 90) for early discussions on the polyphyly of
cribrimorph taxa and (97) for a modern one.

On the basis of detailed morphological analyses of brood chambers in the anascan
families Thalamoporellidae and Steginoporellidae (/9), Ostrovsky concluded that the

phylogenetic and development origins of these structures had to have been independent of
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that in other anascans. Ostrovsky (/9) consequently introduced a new suborder,
Thalamoporellina, to accommodate them. Our results, where Steginoporella
(Steginoporellidae), Labioporella (Steginoporellidae), Thalamoporella (Thalamoporellidae),
Dibunostoma (Thalamoporellidae) form a well-supported clade, support Ostrovsky's
conclusions. We note that Calpensia, which is well-nested within the clade containing
Steginoporellidae and Thalamoporellidae, lacks an external ovicell-like chamber and is
thought to have an internal brood sac, like in Steginoporella. In another example, the ovicells
of Macropora (Macroporidae) and Monoporella (Monoporellidae) were found to be
constructed from basally articulated spines or costae (92), and the superfamily
Monoporelloidea was hence erected to accommodate both families (/9), a hypothesis based
on morphology that is now 100% supported by the available molecular data (Figs. S1, S2).

Other morphological hypotheses are perhaps somewhat more debated than
Thalamoporellina and Monoporelloidea in the above-paragraph, but are also potentially
resolvable based on our inferred topology. It has been argued, for instance, that a fully
cryptocystal-anascan shelf and orifice-like opesia are evolutionarily derived from the
expansion of a narrow periopesial cryptocyst (84, 93). This evolutionary hypothesis is
supported by the close association of Parellisina and Copidozoum (calloporids with a narrow-
to-moderate cryptocyst) with Opaeophora (extensive cryptocystal shelf), demonstrating that
the latter cannot be included in ‘core’ Microporidae (i.e. based on the type genus Micropora,
including also Promicroa and Puncturiella). Both Calloporidae and Microporidae are in dire
need of study and taxonomic revision.

A pedunculate avicularium that can resemble a bird's head appears to have arisen
independently three times—in core Buguloidea consisting of Bugulidae (Bugula,
Bicellariella, Bugulina, Camptoplites, Caulibugula, Cornucopina, Crisularia, Dendrobeania,

Halophila, Himantozoum, Virididentula) and Beaniidae (Beania), Epistomiidae (Synnotum)



1106

1107

1108

1109

1110

1111

1112

1113

1114

1115

1116

1117

1118

1119

1120

1121

1122

1123

1124

1125

1126

1127

1128

1129

1130

and Euoplozoidae (Euoplozoum). The latter two families (currently assigned to Buguloidea
(17)) can be excluded from Buguloidea based on our inferred phylogeny, hence the birds-
head avicularium in Buguloidea as newly circumscribed here, can be considered homologous.

The affinities of Crepidacantha have long been regarded as problematic (94). Based
on the superficial similarity of the pseudoporous ovicell in some Crepidacantha species to
that in Mamilloporidae (consisting of Anoteropora and Mamillopora which we did not have
samples of for sequencing), D.P. Gordon included the Crepidacanthidae in the superfamily
Mamilloporoidea in an unpublished classification of Cheilostomata for the Treatise on
Invertebrate Paleontology. This treatment is currently accepted (95), and is used on the
Bryozoa Home Page (/7). In our molecular phylogenetic inference, Crepidacantha is well
nested in superfamily Adeonoidea where characters shared with Crepidacantha include
numerous basal pore-chambers. It remains to be seen if Anoteropora and Mamillopora might
be closely allied with Adeonoidea.

Some relationships, such as the likely derivation of foraminate-shielded
Arachnopusiidae (Arachnopusia) from anascan Foveolariidae (Foveolaria) previously noted
(20), continue to be supported with greater taxon sampling in the current study, although in
this particular case, no new specimens attributed to these families are sequenced. In the case
of Celleporaria, however, we added taxonomic sampling both within the genus and around it
(Fig. S2) and corroborate our previous inference that Celleporaria should be reinstated in
Celleporidae, despite its umbonuloid frontal shield (20).

Given both the incomplete taxon sampling and a limited set of genes within our study,
we did not expect all the relationships we have inferred to be highly-supported, and/or
morphologically “logical”, given what we know today. For example, the association of
Catenicellidae (Orthoscuticella, Scuticella, Paracribricellina, Costaticella, Talivittaticella,

Pterocella, Cornuticella and Terminocella in our trees) with Myriaporidae
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(Myriapora), Margarettidae (Margaretta), Porinidae (Porina), Gigantoporidae (Cosciniopsis
and Gigantopora) and Exechonellidae (Exechonella) is morphologically challenging.
Margaretta, Myriapora, Porina and Gigantoporidae all have pseudoporous lepralioid frontal
shields and are conceivably evolutionarily closely related. But Exechonella is umbonuloid
while catenicellids have a cribrimorph frontal shield (96). The tantalizing plausibility that the
frontal shield in Exechonella could have evolved from flattened costae (97) suggests that its
current phylogenetic placement could be congruent with morphology. Yet, it is clear from the
support values of these relationships (mostly < 40% BS, some with single digit support, see
Figs. S1, S2) that this current picture is likely to be modified with greater gene and taxon
sampling, and not least, increased efforts in studying the development and morphology of
these taxa.

Perhaps more puzzling is the very highly-supported relationship between the
gymnocystal-shielded Eurystomellidae (Eurystomella, Integripelta) and the cryptocystal-
shielded Euthyrisellidae (Euthyrisella). Euthyrisellidae may have conceivably had a
microporoidean-type ancestor with a perforated cryptocyst (98) as also suggested by our trees
(Figs. S1, S2). But why the Eurystomellidae is part of the highly-supported clade requires
pondering. As these relationships are exemplified by multiple species/specimens of their
genera, we have strongly reduced the plausibility of sample contamination as an explanation.
We also expected Euoplozoum to be allied with the Bugulidae, based on morphology, but
given that we only have a single representative of this genus, we cannot completely rule out
the possibility that we have not sequenced our target Euoplozoum. This can only be alleviated
by sequencing other samples of Euoplozoum.

We also note here that the inferred phylogenetic position of Lunularia is also curious
as it is believed to be a cheilostome that diverged later based on its avicularia and internal

brooding in a brood sac. However, the sequences present in the sample BLEED1770
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contained only one cheilostome species, 15 out of 17 genes were extracted in our pipeline and
the BS support of this node is high and has a relatively large distance to the most closely
related taxon (4etea). If it had been more similar in its sequences to Aetea, we might have
assumed that it was an Aetea contaminant. Note also that Aetea was removed from
downstream analyses as it had unstable phylogenetic affinities (see main text). As this single
taxon may affect our inference in the analyses of brooding and speciation, we ran analyses

without Aetea as part of our sensitivity analysis (see results in Table S7).

2. Extended discussion on novel and hidden diversity from target and non-target bryozoans

Bryozoan taxonomy is steadily uncovering new species and the rate of discovery is limited by
the number of available experts rather than sampling efforts. In this study, we aimed to
sequence described species but serendipitously, we also sequenced many species which are
unnamed or even observed and documented for the first time (those labeled n. sp. in Table S1
and our SEM cards, available as SM). The 17 species (c. 4% of colonies newly sequenced
that have physical vouchers) new to science (including one likely to require a new genus
name, see BLEED952 and BLEED1054 in Fig. S1 and SEM cards) we sequenced are likely
an underestimate as we also have taxa for which our morphological vouchers were not
pristine enough to either assign a taxonomic name or recognize the specimen as a new taxon
(i.e. those labelled only sp. in Table S1). While some of these are likely to be previously
described species, others could also be taxa new to science.

As mentioned in the main text, we also present sequences that are not target species
but for which we have found enough of the contaminant for imaging (e.g. BLEED420A was
our targeted lodictyum cf. ornithorhyncus while BLEED420B Reteporella aff. tuberosa was a
contaminant that was later vouchered; BLEED1115B Xenogma rhomboidale was the target

and 1115A Fenestrulina sp. was the vouchered contaminant, likewise for 1818A and B
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Margaretta and Lagenicella, just to give a handful of examples from Fig. S1). Note also that
the use of letters following BLEED numbers are an indication of the presence of non-target
bryozoans, even if not all target/non-target sequences are necessarily presented here (e.g. they
could have been excluded due to extraction of too few genes in our pipeline).

We also uncovered both known and currently unmatched non-target species among
our samples that do not have remaining physical vouchers because our pipeline from DNA
isolation to genome-skimming extracts high-copy sequences from any cheilostome sequences
present in our target sample. For example, given our taxon sampling and observed sequences,
we are certain that some non-target sequences (with no physical material that can be
vouchered) belongs to a given genus, e.g. Galeopsis BLEED1367, Fenestrulina BLEED977,
Microporella BLEED400B, Valdemunitella BLEED1617 (Fig. S1). In a few cases, we are
confident that the unvouchered sequences belong to a specific species. For example,

SEQ BLEED787 (labelled as “Microporella_appendiculata SEQ BLEED787”) has no
genetic distance (given the genes we analyzed) to Microporella appendiculata BLEED1858
for which we have a physical voucher, see Fig. S1). The target sample in BLEED787 was a
cyclostome (Crisia) for which we have both sequences and a physical voucher. BLEED787
and 1858 are from different locations in the Mediterranean, collected on different dates by
different people and two samples were processed and sequenced on different dates, so there is
little to no chance of contamination.

In other cases, the sequence data do not nest in a clade within our tree, e.g.
UNKNOWN_ SEQ BLEED1699 and UNKNOWN SEQ BLEED1702 and are hence labeled
as “unknowns”. We are in general conservative in giving sequences taxon names and urge
further investigation of the remaining samples or colony fragments to yield more

morphological information in future studies.
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Note also that there are some previously sequenced specimens (i.e. they have already
been vouchered in association with previous publications) for which we have re-sequenced

the same colony or improved on our bioinformatic pipelines (e.g. BLEED387, BLEEDS&00).

3. Extended discussion of the fossil-calibrated tree

Our fossil calibrated tree shows the origins of bryozoans to be in the Cambrian or even the
Ediacaran (Fig. 2). The lack of a fossil record of bryozoans in the Cambrian, where all other
skeletal metazoan phyla have fossil representation, has always been a curious observation
(99), although this enigma has very recently been resolved with the description of
Protomelission (9). Previously, the earliest confirmed fossil of a bryozoan is the cryptostome
Prophyllodictya simplex Ma, Taylor, Xia & Zhan, 2015 from the lower Tremadocian (Lower
Ordovician) of China (/00). The late Cambrian fossil Pywackia baileyi Landing, 2001, has
been on occasion attributed to a bryozoan. Taylor et al. (99) re-interpreted Pywackia as a
pennatulacean octocoral, but Landing et al. argued against this reinterpretation (/07). The
latest interpretation is based on skeletal microstructure and taphonomy (Hageman 2018 cited
in (/02)) which shows further evidence that Pywackia is not a bryozoan.

Our fossil calibrated tree shows the origins of cheilostomes to be Carboniferous or
Devonian (Fig. 2). The earliest putative cheilostome, Schallreuterella syltensis Hillmer, 1987,
was suggested to be Ordovician (/03). The zooids were paired at intervals along narrow
kenozooidal stems making up jointed branches, and each zooid was box-like and apparently
operculate. Hiller (/03) hypothesized that Cheilostomata leading to Schallreuterella may
have originated from a stenolaematous ancestor resembling Corynotrypa (Cyclostomata).
Ernst (104) interprets Schallreuterella as a species of Fenestrata and both he and Taylor (7)
concur that Schallreuterella is a case of evolutionary convergence and not a cheilostome.

Based on existing published fossil evidence, there is currently no candidate taxon that would
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serve as a putative ancestor to crown-group Cheilostomata. The only fossils are those
pertaining to several orders of Stenolaemata, all of which are inferred to have had a very
different mechanism for lophophore extrusion. The gymnolaemate order Ctenostomata is
known from early Paleozoic borings but there are no body fossils. Notwithstanding,

Ctenostomata remains the most likely ancestor for cheilostomes.

4. Evolution of parental care and speciation rates of brooders: sensitivity analyses

Because there are few non-brooders among cheilostomes and they all seem to be lineages that
have diverged early in cheilostome history, the trait-based speciation and extinction models
we fit (BiSSE, HiSSE and their null versions) will be sensitive to the topology at the base of
the cheilostome tree. There are two taxa (Conopeum and Lunularia) whose placement are
contentious, as mentioned in the main text and section 4 in this SM (see above). Itis
plausible that a contaminant rather than the true Lunularia has been sequenced, based on our
understanding of morphological evolution, hence we used a topology where this taxon is
completely removed in our trait-based BiSSE/HiSSE analyses. Conopeum has a relative weak
BS support in our tree and has previously be inferred to be sister to all other extant
cheilostomes and hence we used another topology where this taxon branches off first in the
cheilostome tree.

The results of the alternative AIC weights for the five SSE models are shown in Table S7,
where we repeat the results from the main text for easy comparison. The alternative
topologies both show a Hidden State model (HiSSE) as the best model, where the inference is
that a “hidden” or currently unmeasured trait that is associated with (non)-brooding drives
differences in diversification rates among cheilostomes. What this trait might be requires
further exploration that is outside of the scope of this current analysis. We also note that the

number of times non-brooding has transitioned to brooding would have happened one time



1255

1256

1257

1258

1259

1260

1261

1262

1263

1264

1265

1266

1267

1268

1269

1270

1271

1272

1273

1274

1275

1276

1277

1278

1279

less given the removal of Lunularia (given the taxon sampling in this study). Note that it has
been hypothesized that a transition to brooding (embryonic incubation and non-feeding
larvae) occurred 7 times in cheilostome history (/9), but we were not able to successfully
sequence other key taxa (e.g. Tendra, Heterooecium, Leiosalpinx, Bellulopora) that might

have lent support to this hypothesis.

5. Sampling and sample permits

All new samples presented in this paper are collected and sequenced legally and
where applicable conforming to the Nagoya Protocol. The following are a list of permit
numbers where applicable with the initials of the responsible coauthors in parentheses.
Great Barrier Reef specimens collected under the following permits (RC): Seabed
Biodiversity Project — Great Barrier Reef Marine Park Authority Collection Permit
G03/7584.1, G05/14726.1; CReefs Project 2008—2010 — Great Barrier Reef Marine Park
Authority Collection Permit G08/27858.1 (RLC). Western Australian specimens collected

under the following permits: SF010720, (DoF) 2721; SF010627, (DoF) 2677 (RLC).

Heron Island: Great Barrier Reef Marine Park Authority collecting Permit G17/40024.1
(AW). Tasmanian Government Department of Primary Industries, Parks, Water &
Environment - Wild Fisheries Branch Scientific Permit (Fauna) number 17145 (AW).
Singapore National Parks Board permit number: NP/RP19-006 (DWH).

Australian Antarctic Division Chief Scientist Michael Stoddart for AAS Project

2792 Australia's Census of Antarctic Marine Life project. PERMIT VARIATION:

AMLR 07-08-2792 VARI (PK). DISTANTCOM project (CTM2013- 42667/ANT) funded
by the Spanish government (BF). AREX 2018 RV OCEANIA Permit 18/8560 (PK). South

African permit numbers: RES2017/52, RES2016/09, RES2009/49 (WF). Specimens
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attributed to the Smithsonian Institute are collected with permission of the California
Department of Fish and Wildlife (Permit no. S-191360002-19136-001) and funded by the
United States Coast Guard, Dept. of Homeland Security and the State of California, Dept of
Fish and Wildlife's Marine Invasive Species Program (LM). Specimens provided from the
NIWA Invertebrate Collection were collected on numerous surveys including: Biodiversity
survey of the western Ross Sea and Balleny Islands (TAN0402) undertaken by NIWA and
financed by the former New Zealand Ministry of Fisheries (MFish); Oceans Survey 2020
Southern Colville Ridge (TAN1313) voyage, funded by Land Information New Zealand
(LINZ) and GNS Science; Fisheries research trawl surveys conducted by NIWA and funded
by Fisheries New Zealand (FNZ); Interdisciplinary New Zealand-Australian “MacRidge 2”
research voyage (TANO0803), the biological component of which was part of NIWA’s
research project “Seamounts: their importance to fisheries and marine ecosystems” funded by
the New Zealand Foundation for Research, Science and Technology (FRST) and CSIRO’s
Division of Marine and Atmospheric Research project “Biodiversity Voyages of Discovery”
funded by the CSIRO Wealth from Oceans Flagship; Kerry Walton, University of Otago;
Seamounts project (TAN0905) undertaken by NIWA and funded by FRST, with
complementary funding from MFish; Scientific Observer Program funded by FNZ; Biogenic
Habitats on the Continental Shelf project (voyages TAN1105 & TAN1108), funded by New
Zealand Ministry for Primary Industry (MPI), FRST, NIWA and LINZ; Ocean Survey 20/20
Bay of Islands Coastal Biodiversity, Sediment and Seabed Habitat Project (TAN0906,
KAHO0907), funded and owned by LINZ; Ocean Survey 20/20 Mapping the Mineral
Resources of the Kermadec Arc Project (TAN1104), funded by LINZ, GNS, NIWA and
Woods Hole Oceanographic Institution; Oceans Survey 2020 Reinga (TAN1312) voyage,
funded by LINZ and New Zealand Petroleum & Minerals; Impact of resource use on

vulnerable deep-sea communities project (TAN1503), funded by the Ministry of Business,
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Innovation & Employment (MBIE) with support from MPI; Joint Japan-Tonga Trench leg of
the Quelle 2013 Expedition (YK13-10), funded by JAMSTEC and supported by NIWA;
Food-web dynamics of New Zealand marine ecosystems supported by the New Zealand
government under “Coasts & Oceans” core funding from MBIE (DPG). Samples with
museum numbers (see SEM cards), if not accounted for by the listed permits, are associated

with museum collection permits.

Supplementary Figures

Fig. S1A. Phylogeny based on the full alignment. S1A shows the inferred maximum
likelihood topology (the letters A through G correspond to the major, and extant cheilostome
clades in Fig. 1, with the ancestral backbone node, and corresponding BS support, that gave
rise to this clade highlighted with the matching color) of the inferred phylogeny of bryozoans
and outgroups. This is based on 854 taxa (823 cheilostomes) with 9172 nucleotide and amino
acid characters (18 genes) with bootstrap values (shown at nodes) inferred using RAXML.
Tips are labelled with Taxon tags corresponding to those in Tables S1 and S2. This figure is
supplied as a separate file.

Fig. S1B. Phylogeny based on the full alignment. S1B shows the inferred maximum
likelihood cladogram (the letters A through G correspond to the major cheilostome clades in
Fig. 1, with the ancestral backbone node, and corresponding BS support, that gave rise to this
clade highlighted with the matching color) of the inferred phylogeny of bryozoans and
outgroups. This is based on 854 taxa (823 cheilostomes) with 9172 nucleotide and amino acid
characters (18 genes) with bootstrap values (shown at nodes) inferred using RAXML. Tips are
labelled with Taxon tags corresponding to those in Tables S1 and S2. This figure is supplied

as a separate file.
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Fig. S2A. Phylogeny based on the trimmed alignment. S2A shows the inferred maximum
likelihood topology (the letters A through G correspond to the major cheilostome clades in
Fig. 1, with the ancestral backbone node, and corresponding BS support, that gave rise to this
clade highlighted with the matching color) of the inferred trimmed phylogeny. This is based
on 721 taxa (690 cheilostomes) with 9170 nucleotide and amino acid characters (18 genes),
and with bootstrap values (shown at nodes) inferred using RAXxML. Tips are labelled with
Taxon tags corresponding to Tables S1 and S2. This figure is supplied as a separate file.

Fig. S2B. Phylogeny based on the trimmed alignment. S2B shows the inferred maximum
likelihood cladogram (the letters A through G correspond to the major cheilostome clades in
Fig. 1, with the ancestral backbone node, and corresponding BS support, that gave rise to this
clade highlighted with the matching color) of the inferred trimmed phylogeny. This is based
on 721 taxa (690 cheilostomes) with 9170 nucleotide and amino acid characters (18 genes),
and with bootstrap values (shown at nodes) inferred using RAXxML. Tips are labelled with
Taxon tags corresponding to Tables S1 and S2. This figure is supplied as a separate file.

Fig. S3. Joint time priors for fossil calibration. The topology is based on our trimmed tree
(Fig. S2) and the plotted time priors based on “STL” are shown in grey and salmon-pink,
where the latter are nodes used for calibration (roman numerals correspond to those in Table
S4). The letters A through G correspond to the major cheilostome clades in Fig. 1. This figure

is supplied as a separate file.
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1352 Fig. S4. Different priors and clocks give similar age estimates. Each panel show the five
1353  different fossil age calibrations used where grey points show the median for the joint prior,
1354  pink the posterior using an independent clock model (clock = 2 in MCMCTree) and blue
1355  using an autocorrelated clock model (clock = 3 in MCMCtree). The posteriors for the STL
1356  and clock 2 combination (highlighted in red among the pink) are those shown in Fig. 2. Lines
1357  show 95% credibility intervals. Node labels correspond to those in Fig. 2 and S3.
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1361  Fig. S5. Reconstructed ancestral (non)brooding states. Ancestral reconstruction using

1362  trimmed tree and tip taxa non(brooding) with branch lengths estimated in millions of years
1363  (from “STL” calibration).
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Supplementary Tables

Table S1. Metadata for specimen-vouchered and non-specimen sequences. This table,
supplied as a separate excel file, tabulates taxon and specimen information and gives
locations with names (where available), latitudes (lat) and longitudes (long) and depths (m).
Specimens donated from a museum or institute via a coauthor are also marked, and
alternative codes that could help trace the sample are given where available. Collector and
collection dates are given to the best of our knowledge. Gene bank accessions and voucher

numbers associated with the Natural History Museum Oslo are given.

Table S2. Genes included for samples. This table, supplied as a separate excel file, shows
the total number of mitochondrial (MT) and mitochondrial + 18S and 28S nuclear genes
(TOTAL) and the availability of each gene (0 = unavailable, 1 = available) for our
phylogenetic inference (Fig. S1). There are 854 taxa as these include also non-bryozoan
outgroups. Taxon names and sample number (Taxon tag) are given where the BLEED

sequences originated from our lab.

Table S3. Accession numbers for inclusion from NCBI. This table, supplied as a separate
excel file, gives the NCBI accession numbers for previously published sequences we included
in our tree, as well as their taxon names and sample number (Taxon tag), where the BLEED

sequences originated from our lab.
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Node MCMCTREE input Justification (see SM text for more references and details)

i B(5.14,6.36,0.001,0.001)" Pancrustacea = Drosophila, Squilla, Triops. The calibrated node is placed at the
L(5.14,0.1,0.5,0.001)' split between Pancrustaea and Chelicerata (Limulus) as Pancrustacea cannot be

younger than the oldest pancrustacean fossil known at 514 Mya. This and all
ST(5.14,0.193,50,1)' other nodes are conservatively constrained to being younger than the base of the
tree, set to be the bilaterian maximum at 636 MYA (see SM text)

ii 'B(4.77,6.36,0.001,0.001)" Annelida = Urechis, Platyneris, Perionyx. The calibrated node is placed at the
'L(4.77,0.1,0.5,0.001)' split between Annelida and Sipunulida (Sipunculus) Annelida cannot be younger
'ST(4.77,0.252,50,1)" than the oldest annelid fossil known at 477 Mya (see SM text)

iii 'B(5.21,6.36,0.001,0.001)' Brachiopoda = Terebratulina, Terebratalia, Laqueus. The calibrated node is
'L(5.21,0.1,0.5,0.001)' placed at the split between Brachiopoda and Bryozoa as Brachiopoda cannot be

younger than the oldest brachiopod fossil known at Cambrian Stage 2 (lower
'ST(5.21,0.182,50,1)' limit = 521 Mya). We use the upper bound of the stratigraphic stages, e.g. here it
will be the upper bound of Cambrian 2 at 521 Mya.

iv 'B(4.72,6.36,0.001,0.001)" The split between cyclostomes and extant ctenostomes and cheilostomes cannot
'L(4.72,0.1,0.5,0.001)' be younger than the oldest cyclostome fossil Wolinella baltica Dzik, 1981 as we

do not believe members of crown cyclostomes could have given rise to
'ST(4.72,0.26,50,1)' ctenostomes or cheilostomes. This logic is applicable also to other cheilsotome
nodes.

v 'B(4.45,6.36,0.001,0.001)' The split between ctenostomes and cheilostomes cannot be younger than the
'L(4.45,0.1,0.5,0.001)' oldest ctenostome fossil Ropalonaria venosa Ulrich, 1879
'ST(4.45,0.303,50,1)'

vi 'B(1.52,6.36,0.001,0.001)' The base of cheilostomes cannot be younger the oldest cheilostome fossil
'L(1.52,0.1,0.5,0.001)' Pyriporopsis pohowskyi Taylor, 1994
'ST(1.52,0.767,50,1)'

vii 'B(0.41,6.36,0.001,0.001)" The base of Thalamoporellina (Labioporella, Steginoporella, Thalamoporella)
'L(0.41,0.1,0.5,0.001)' cannot be younger than oldest fossils of the group all found in the Lutetian.
'ST(0.41,0.942,50,1)'

viii 'B(0.72,6.36,0.001,0.001)" The split of Lunularia from other genera cannot be younger than the oldest
'L(0.72,0.1,0.5,0.001)' Lunularia fossil.

'ST(0.72,0.893,50,1)'

ix 'B(0.66,6.36,0.001,0.001)' The split of Electra from Eucratea cannot be younger than the oldest Electra
'L(0.66,0.1,0.5,0.001)' fossil
'ST(0.66,0.903,50,1)'

X B(0.66,6.36,0.001,0.001)" '"The base of Monoporelloidea (Macropora and Monoporella) cannot be younger
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L(0.66,0.1,0.5,0.001)

ST[0.66~0.903~50~1]

than the oldest Monoporelloidea fossil Monoporella sp. from the Campanian—

Maastrichtian.

xi

'B(0.66,6.36,0.001,0.001)"

'L(0.66,0.1,0.5,0.001)'

'ST(0.66,0.903,50,1)'

The split of Celleria (including Paracellaria which is morphologically a

Cellaria) from Swanomia cannot be younger than the oldest Cellaria fossil.

xii

'B(0.52,6.36,0.001,0.001)"

'L(0.52,0.1,0.5,0.001)'

'ST(0.52,0.925,50,1)'

The base of the adeonids (4ddeonellopsis to Reptadeonella) cannot be younger

than oldest fossil of the group, which is from the Ypresian.

Xiii

'B(0.66,6.36,0.001,0.001)"

'L(0.66,0.1,0.5,0.001)'

'ST(0.66,0.903,50,1)'

The split of Nellia from other genera cannot be younger than the oldest Nellia

fossil.

Xiv

'B(0.20,6.36,0.001,0.001)"

'L(0.20,0.1,0.5,0.001)'

'ST(0.20,0.976,50,1)'

The split of Microporella (including Flustramorpha) from other genera cannot be

younger than the oldest microporellid fossil.

XV

'B(0.16,6.36,0.001,0.001)"
'L(0.16,0.1,0.5,0.001)'

'ST(0.16,0.982,50,1)'

The split of Fenestrulina from other genera cannot be younger than the oldest

Fenestrulina fossil.

XVi

'B(0.52,6.36,0.001,0.001)"

'L(0.52,0.1,0.5,0.001)'

'ST(0.52,0.925,50,1)'

The base of Celleporidae (Celleporaria...to... Celleporina) cannot be younger

than the oldest Celleporidae fossil

xvii

'B(0.52,6.36,0.001,0.001)"

'L(0.52,0.1,0.5,0.001)'

'ST(0.52,0.925,50,1)'

The split of Philodoporidae (Plesiocleidochasmad...to... Phidolopora) cannot be

younger than the oldest Philodoporidae fossil

XViii

'B(0.41,6.36,0.001,0.001)"

'L(0.41,0.1,0.5,0.001)'

'ST(0.41,0.942,50,1)'

The split of Parasmittina (including the morphologically equivalent
Pleurocodonellina) from other genera cannot be younger than the oldest

Parasmittina fossil.

Table S4. Fossil calibrations. We state and justify the fossil calibration nodes used. Each of

the nodes used in calibration have the same roman numerals in Fig. 2 and Fig. S3. The second

column gives the input used in MCMCTree for the “ST”, “L” and “B” prior age distributions.

Note that for “STL” we simply used “ST” for all nodes, except node i, which is constraint to

be “L”. The same goes for “BL”. Posteriors from the five differering shapes of priors are

shown in Fig. S4 for four key nodes. This Table spans two pages.
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Table S5. Brooding states. This table, supplied as a separate excel file, presents the state of
parental care for the named taxon and sample (Taxon tag) where 0 = non-brooding and 1 =
brooding, used in ancestral state reconstruction and HiSSE analyses. Note that we are here
using the term “brooding” to mean both viviparity (e.g. Synnotum) and external brooding
(e.g. Microporella with calcified ovicells or Eucratea with an external membranous brood
sac) as all “brooders” have non-planktotrophic larvae. Likewise non-incubating (non-
brooding in the terminology used in this contribution) cheilostome taxa have planktotrophic

(feeding) larvae.
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M P Wt T Tau Eps Transition parameters (q)
01 10 AB BA
Null 4 | 5.20E- | NA | 5.87(4.19,8.92) | 037 0.04 (0.03, 0.08) 00, 0) NA NA
BiSSE | 5 | 422E- | 0 | 3.21(2.45,4.73) | 0.21 0.04(0.03,0.09) 0(0,0) NA NA
04 1 [455(346,602) | o,
0A1A 0B1B 1A0A | 1BOB | OAOB | 1A1B | OBOA | 1B1A
Cid2* | 6 | 058 0A | 5.53(3.91,6.45) | 0.24 0.04 (0.02, 0.07) 0(0,0) 0.02(0.10, 0.38)
1A .11,
0B | 3.24(2.05,
1B 0.30)
3 RS
0A1A group 1A0A group 0AOB and q1A1B group
Cidd |8 | 0.04 0A | 3.55(1.15, 0(0,0) 0.04(0.01, 0.08) 0(0,0.1) 0.09(0.05, 0.27)
A1 537)
0B 3.66 (1.00,
18 1511
ocC 1.49 (1.18,
1€ 514
0D | 2.04 (1.39,
10 ] 407)
0A1A 0B1B 1A0A | 1BOB | OAOB | 1A1B | OBOA | 1B1A
HiSSE | 10 | 0.02 0A | 2.97(2.03,3.73) | 0.11(0.04, | 0.05(0.03, | 0(0,0) | 0 0 0.30 (0.12, 0.30(0.12,
1A 2.67(1.91,3.37) 0.15) 0.8) (0,0) (0,0) 0.57) 0.57)
08 | 0(0,0)
1B | 4.44(3.58,5.26)

Table S6. SSE Parameters. This table presents parameter estimates from BiSSE, HiSSE and
their null models (listed in the first column). The log likelihood (Loglik), number of different
parameters (no. Params.) and the AIC model weights are given for each model (also shown in
Table 1), followed by the traits that are assigned separate extinction and speciation rates.
Here, 0 and 1 represent non-brooding and brooding respectively, while letters (A to D)
represent hidden states combined with brooding or non-brooding. Tau represents birth+death
or “turnover” while eps = death/birth or “extinction fraction”, which are estimated in HiSSE
(41). The transition parameters (q) are written as transitioning from the first to the second, i.e.
q01 means the transition from state 0 (non-brooding) to 1 (brooding). Numbers are means,
while those in parentheses are 95% CI given to 2 decimal places). Cid2 is the best model by

AIC criterion and marked with an *, although Cid4 is not far behind.
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Model weights

Lunularia “Basal”
Model: Topology
Main text topology removed Conopeum

Null 5.20E-06 3.38E.07 2.63E-09
BiSSE 4.22E-04 1.56E-05 0.010

cid2 (BiSSE null) 0.581 0.084 1.17E-07
cid4 (HiSSE null) 0.402 0.075 1.58E-06
HiSSE 0.017 0.841 0.980

Instances estimated

non-brooding --> brooding  5.10 4.20 5.12

Table S7. Model weights for alternative topologies. This table shows AIC model weights
of the five diversification trait models (equivalent to Table 1 in main text) for two alternative
topologies, one where Lunularia has been removed and one where Conopeum is alternatively

placed as sister to all other extant cheilostomes (“Basal” Conopeum).



