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The almost simultaneous emergence of major animal phyla during the early Cambrian
shaped modern animal biodiversity. Reconstructing evolutionary relationships among
such closely spaced branches in the animal tree of life has proven to be a major chal-
lenge, hindering understanding of early animal evolution and the fossil record. This is
particularly true in the species-rich and highly varied Mollusca where dramatic incon-
sistency among paleontological, morphological, and molecular evidence has led to a
long-standing debate about the group’s phylogeny and the nature of dozens of enigmatic
fossil taxa. A critical step needed to overcome this issue is to supplement available
genomic data, which is plentiful for well-studied lineages, with genomes from rare but
key lineages, such as Scaphopoda. Here, by presenting chromosome-level genomes from
both extant scaphopod orders and leveraging complete genomes spanning Mollusca, we
provide strong support for Scaphopoda as the sister taxon of Bivalvia, revitalizing the
morphology-based Diasoma hypothesis originally proposed 50 years ago. Our molecu-
lar clock analysis confidently dates the split between Bivalvia and Scaphopoda at ~520
Ma, prompting a reinterpretation of controversial laterally compressed Early Cambrian
fossils, including Anabarella, Watsonella, and Mellopegma, as stem diasomes. Moreover,
we show that incongruence in the phylogenetic placement of Scaphopoda in previous
phylogenomic studies was due to ancient incomplete lineage sorting (ILS) that occurred
during the rapid radiation of Conchifera. Our findings highlight the need to consider
ILS as a potential source of error in deep phylogeny reconstruction, especially in the
context of the unique nature of the Cambrian Explosion.

Scaphopoda | mollusc phylogeny | mollusc fossils | incomplete lineage sorting |
Cambrian explosion

The Cambrian Explosion marks a crucial but mysterious point in the history of life on
Earth when almost all major animal phyla simultaneously emerged (1). Because of its rich
fossil record, Mollusca is potentially one of the most informative clades for understanding
the nature of Cambrian Explosion (2, 3), However, the extreme disparity of molluscan
body plans, exemplified by well-known representatives (snails, slugs, clams, octopuses,
chitons, etc.) and other rare groups (aplacophorans, monoplacophorans, and scaphopods)
and incongruent results in molecular phylogenetic studies have given rise to conflicting
phylogenetic hypotheses, hindering interpretation of the group’s fossil record and under-
standing of its early evolution (3-5).

Although analyses of morphology and molecular phylogenetic studies based on a small
number of loci have rarely found strong support for class-level relationships within
Mollusca, phylogenomic studies (6—8) have made significant progress in recent years.
These studies have consistently supported a “basal” dichotomy that separates Mollusca
into two lineages, Aculifera (Solenogastres + Caudofoveata as a monophyletic Aplacophora,
which is the sister taxon of Polyplacophora) and Conchifera (Bivalvia, Gastropoda,
Cephalopoda, Monoplacophora, and Scaphopoda; a clade of uni- or bivalved mollusks).
However, within Conchifera, higher-level relationships have been difficult to resolve, even
with the application of phylogenomic approaches. A major question and long-standing
debate is placement of Scaphopoda (“tusk shells”) (4—11). Scaphopods (Fig. 1 A and B)
are among the least commonly encountered and least studied members of Mollusca that
display morphological, ontogenetic, and even genomic features resembling those of ceph-
alopods, gastropods, and bivalves (12). At least four competing hypotheses regarding the
phylogenetic position of Scaphopoda have been proposed (Fig. 1 C-F). Resolution of the
phylogenetic position of Scaphopoda is of great interest to paleontologists because several
laterally compressed Cambrian mollusk fossils have been interpreted as stem taxa belonging
to the clade that gave rise to Scaphopoda and the extinct Rostroconchia, stem bivalves,
or stem diasomes (3). Phylogenetic placement of Scaphopoda would also benefit
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interpretation of the evolutionary trajectory of key morphological
traits that have been interpreted as synapomorphies of various
hypothesized clades (10, 11).

Here, we sequenced genomes from both extant scaphopod
orders—Dentaliida (Pictodentalium vernedei) and Gadilida
(Siphonodentalium dalli)—and used genome-scale phylogenetic
analyses to resolve scaphopod placement, which strongly support
a sister taxon relationship between Scaphopoda and Bivalvia. We
found evidence for ancient and pervasive incomplete lineage sort-
ing (ILS) in conchiferan genomes that causes gene and species tree
incongruency. Using carefully selected fossil calibrations and
non-ILS genes under both concatenation- and coalescence-based
methods, we inferred the divergence times of major molluscan
lineages, which sheds light on the phylogenetic affinities of several
problematic laterally compressed fossils. This work resolves a
long-standing question in invertebrate zoology, which provides
important insight into early molluscan evolution and highlights
the impact and possible prevalence of ILS because of the rapid
emergence of animals during the Cambrian explosion.

Results and Discussion

Divergent Genomic Architecture of Two Scaphopods. We
sequenced the genomes of S. dalli from the Southern Ocean
and P vernedei from the East China Sea to represent both extant
scaphopod orders—Gadilida and Dentaliida, respectively. The
2.30 Gbp genome of S. dalli and 6.02 Gbp genome of P vernedei
(81 Appendix, Fig. S1) were sequenced with 67x and 85x coverage
of PacBio HiFi reads and Illumina short reads, respectively, and
resulting assemblies were scaffolded using Hi-C. The S. dalli
assembly and scaffolding yielded a contig N50 of 2.11 Mb, a
scaffold N50 of 234.87 Mbp, and 9 chromosomes, while assembly
and scaffolding of P vernedei yielded a contig N50 of 1.83 Mb,
a scaffold N50 of 580.33 Mbp, and 10 chromosomes. These are
among the most contiguous and complete genomes of mollusks
or lophotrochozoans sequenced so far (SI Appendix, Table S1),
with 95.4% and 95.0% BUSCO [Benchmarking Universal Single-
Copy Orthologs (22)] completeness, respectively.

'The P vernedei genome is not only much larger than that of S. dalli,
but also the largest molluscan genome sequenced so far. P vernedei
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and S. dalli have 35,615 and 31,723 protein-coding genes, respec-
tively, comparable to other mollusks. However, comparison of gene
and genome characteristics of P vernedei and 12 other phylogenet-
ically diverse mollusks revealed that long genes and long introns are
strikingly more prevalent in the 2 vernedei genome (SI Appendix,
Table §2). While average coding region lengths in all 13 genomes
were similar (ranging from 1,016 to 1,644 bp), 2 vernedei displayed
much longer introns, with an average intron length of 16,808 bp
versus 777 to 4,820 bp in the other mollusks (S7 Appendix, Fig. S1
and Table S2). Long introns usually have detrimental effects for
transcription and splicing (23), as seen in S. dalli where genes with
the longest total intron length show significantly lower median
expression levels. However, in P vernedei, long introns do not seem
to adversely affect expression (S Appendix, Fig. S2), suggesting the
evolution of efficient transcription systems for accurate exon
recognition.

Whole-Genome-Based Phylogeny Supports Scaphopoda+Bivalvia.
To resolve the internal phylogenetic relationships of Conchifera and
placement of Scaphopoda, we obtained another 20 high-quality
genomes spanning the higher-level diversity of Mollusca plus two
other lophotrochozoans (Lingula and Eisenia) as outgroups. All
classes of Mollusca were sampled except for Monoplacophora;
the published Illumina-only monoplacophoran genome (8) was
not included here because of its incompleteness and high level
of fragmentation. We identified orthologous sequences using a
conservative bioinformatic pipeline and conducted phylogenomic
analyses on five datasets including a 92% occupancy (i.e., each
gene was sampled for at least 92% of the taxa) supermatrix
composed of 663 genes (92_pct), a 75% occupancy supermatrix
(3,825 genes; 75_pct), a 50% occupancy supermatrix (6,430
genes; 50_pct), and matrices with the top 250 and top 500 genes
scored by genesortR (24). Analyses were performed under multiple
concatenation-based and coalescent-aware methodologies, with
the former analyzed using both maximum likelihood (ML) and
Bayesian inference (BI) implementations of site-heterogeneous
and site-homogeneous models, as these approaches are known to
differ in their susceptibility to model violations (25, 26). Results
were remarkably stable across all datasets and methods, with all
nodes identically resolved, including support for placement of
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Fig.1. Scaphopods and competing hypotheses with respect to Scaphopoda placement. (4) Siphonodentalium dalli male (Left) and female (Right). The anatomical
orientation of the male is indicated in the lower left corner. d/v, dorsal/ventral; a/p, anterior/posterior. (B) Pictodentalium vernedei. (C) The Diasoma-Cyrtosoma
hypothesis proposing a Scaphopoda-Bivalvia (Diasoma) clade, which is supported by similarities in the weakly developed head, pedal morphology, formation of
the mantle and shell, and lateral compression of the body with the Paleozoic group Rostroconchia (13-16). (D) The helcionellid concept which places Scaphopoda
and Cephalopoda as sister taxa, which is established on interpretation of shell coiling direction making Helcionellida a plesiomorphic total group (17, 18) and
additionally some analyses of 18S rDNA sequences (10) and neurophylogenetic interpretations (11). (E) The hypothesis that places Scaphopoda sister to a
Gastropoda-Cephalopoda clade based on shared features including fewer than three dorsoventral muscle pairs and the presence of the hydrostatic muscular
system (19). (F) The Gastropoda-Scaphopoda hypothesis, which was proposed based on similarities of branched head tentacles, prominent dorsoventral body
axes, and the occurrence of shell slits (20, 21) as well as by some phylogenomic analyses (7, 8).
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Scaphopoda as the sister taxon of Bivalvia (Fig. 2 4 and B and
SI Appendix, Fig. S3), bolstering support for the Diasoma (13)
concept—a relationship previously supported by morphology but
hardly recovered by molecular phylogenetics.

Analyses of the 50% occupancy dataset unambiguously sup-
ported placement of scaphopods as the sister group of bivalves
regardless of the chosen method of inference, while only analyses
of smaller datasets (ASTRAL analysis of 92_pct, LG+C60+F+G
analysis of 75_pct, and analyses of the most strict subsampling by
genesortR) resulted in weakened support for placement of
Scaphopoda (Fig. 2B and SI Appendix, Fig. S1). Contentious phy-
logenetic relationships can be driven by a handful of genes with
strong nonphylogenetic signal in phylogenomic datasets (27). We
investigated this possibility by conducting a series of sensitivity
analyses removing a handful of genes (1, 10, 50, and 100) with
the highest difference in site-wise log-likelihood scores (ASLS)
(27) from the 92%, 75%, and 50% occupancy matrices, which
did not alter placement of Scaphopoda (SI Appendix, Fig. S4).

Uncertainty regarding scaphopod placement, as revealed using
likelihood mapping (28), does not stem from a lack of phyloge-
netic signal but rather from the presence of conflicting signal in
the dataset (Fig. 2C). This could explain why scaphopod place-
ment has been difficult to determine in previous studies (5-8, 10,
29, 30). A careful dissection of our data revealed many gene trees
that are incongruent with the inferred species tree with respect to
the internal relationships of Conchifera (Fig. 2D). For 92_pct,
75_pct, and 50_pct, the proportion of genes supporting unrooted
Trl (Scaphopoda+Bivalvia), Tr2 (Scaphopoda+Cephalopoda), and
Tr3 (Scaphopoda+Gastropoda) were quite close, ranging from
35.37 t0 37.25%, 29.93 to 30.48%, and 32.28 to 34.69%, respec-
tively. We also summarized gene tree discordance (Fig. 2E), which
reinforced our finding that a substantial fraction of gene trees are
incongruent with the inferred species tree regarding scaphopod
placement.

Deeply Conserved Synteny and Synteny-Based Orthology
Inference. The large variability of both chromosome number (8 to
46) (31) and genome size (C = 0.3 to 7.98) (32) among mollusks
implies that interchromosomal rearrangements have occurred
frequently over the course of molluscan evolution. Unexpectedly,
comparative genomic studies have revealed gene linkages across
diverse animal lineages, from sponges to bilaterians, which can
be used to infer ancestral karyotypes. A previous study showed
that the scallop Patinopecten yessoensis has retained a near-perfect
correspondence to ancestral bilaterian linkage groups (BLGs),
indicating the ancestral molluscan chromosomes likely resembled
chromosomes of their bilaterian progenitors in gene content and
organization (33). Follow-up studies also found that retention
of ancient BLGs exists at various levels in both gastropods and
Nautilus (34). However, the phylogenetic extent of chromosome-
scale synteny among mollusks remains elusive.

We retrieved 23 BLGs (34) and inferred chromosome-scale syn-
teny and karyotype evolution among the assembled scaphopod
genomes and previously published chromosome-level genomes of
the bivalve P yessoensis, the gastropod Achatina fulica, and the ceph-
alopod N. pompilius, a small but diverse set of chromosome-scale
molluscan genomes. As evident from Fig. 34, scallop chromosomes
show clear correspondence to BLGs, with 15 chromosomes having
1:1 correspondence to BLGs, while the remaining four chromosomes
(Chr 1, 2, 3, and 4) have a 1:2 correspondence, indicating that these
four chromosomes are the result of fusion-with-mixing. By compar-
ing the chromosomes of the scallop to the chromosomes of other
conchiferans, we see that three of those four fusions-with-mixing

(scallop Chr 2, 3, and 4) are shared by all sampled conchiferan
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mollusks, implying that they occurred before their divergence and
represent a plesiomorphy of the sampled conchiferans. Meanwhile,
in scallop Chr 1, a fusion-with-mixing result of two BLGs [BLG-M
(brown) and BLG-B1 (cobalt blue), Fig. 34] can be seen as an auta-
pomorphy that is unique to the scallop lineage. This suggests that
the last common ancestor of scaphopods and the other sampled
conchiferans had an n=20 karyotype, the same number as has been
inferred for the common ancestor of bivalves and gastropods (34).

The scaphopod genomes show a near-perfect 1:2 correspond-
ence to the scallop genome (Fig. 34). Most scaphopod chromo-
somes are the result of fusion-with-mixing of two ancestral
linkages (where scallop Chr 1 represents two conchiferan ancestral
linkage groups). Only Chr 3, 4, and 6 of the scaphopods under-
went a more complex process. We infer that the BLG-J1+L (metal-
lic blue+ bud green) and BLG-]2 (brownish orange; represented
by P, yessoensis Chr 4 and 18, respectively) had a reciprocal trans-
location first, then one chromosome fused-and-mixed with
BLG-B1 (cobalt blue), which gave rise to Chr 4 of P vernedei,
while another fused-and-mixed with BLG-C1 (grayish blue),
which led to Chr 6 of P vernedei. Chr 3 in P vernedei likely
resulted from fusion-and-mixing of BLG-N (dark green; scallop
Chr 14), BLG-P (grayish pink; scallop Chr 15), and a segment
from breakage of BLG-A1 (dark pink; scallop Chr 5). Despite 300
million years of divergence, we find a striking near 1:1 correspond-
ence between Gadilida and Dentaliida in terms of BLGs with the
only notable difference being that Chr 3 of S. dalli corresponds
to Chr 3 and 7 in P vernedei, indicating a fusion-with-mixing
during S. dalli’s more recent evolutionary past.

While most genes participate in deeply conserved syntenies
(SI Appendix, Fig. S5A), some genes have “jumped” between chro-
mosomes (gray dots). These nonsyntenic genes account for
between 5.92% (Pictodentalium-Siphonodentalium) and 15.07%
(snail-scallop) of recognized orthologs (S/ Appendix, Table S3) that
are dispersed across noncorresponding chromosomes (omitted for
clarity in Fig. 34). Such variable synteny can be caused by the
cumulative effect of numerous small-scale interchromosomal
translocations over time (35). The rate of gene translocation
among mollusks was estimated to be ~1% per 46 million years,
which is similar to the translocation rate estimated among meta-
zoans (36), and is around 10-fold slower compared to the typical
gene-duplication rate in eukaryotes (37).

Recent studies have demonstrated the utility of synteny infor-
mation in phylogenomics. By enabling the assignment of gene
orthology relationships, synteny blocks can provide an invaluable
framework for inferring the shared ancestry of genes, particularly
for large multigene families where phylogenetic methods may be
inconclusive (38). While this approach has proven effective in
marsupials (38) and teleost fishes (39), its application has been
limited in more anciently diverged lineages such as mollusks. We
applied a likelihood-mapping analysis (28) to visualize the phy-
logenetic information content of the aligned syntenic sequences.
Results (Fig. 3B) show that the Tr1 topology (Bivalvia+Scaphopoda)
has 100% tree-likeness among all quartets, suggesting that this
orthology inference strategy is suitable for phylogenetic recon-
struction. Because most other extant mollusks have not retained
deep ancestral synteny, we thus developed a second approach to
infer orthology based on synteny information from a broader
sampling of Mollusca. These analyses recovered a branching order
(81 Appendix, Fig. S5B) consistent with that recovered in our anal-
yses using more routine orthology inference methods (e.g.,
Fig. 24), with maximal support for nodes. Although both
approaches showed a similar proportion of gene tree discordance
(Fig. 3C), they converged on a single scenario that unambiguously
places Scaphopoda and Bivalvia in a monophyletic clade (Diasoma).

https://doi.org/10.1073/pnas.2302361120 3 of 12
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Fig. 2. Phylogenetic relationships among major clades of Mollusca inferred from genome assemblies. (A) Topology obtained analyzing 92_pct with best-fit
partitioning scheme in IQ-Tree 2. All recovered clades received maximal support in all analyses with the exceptions of placement of Scaphopoda (marked with a
yellow star) and the Scapharca broughtonii-Chlamys farreri clade (marked with a hollow circle). (B) Support for the Scaphopoda-Bivalvia sister group across analyses.
The asterisk indicates BS = 100 or pp = 1. (C) Likelihood mapping analysis showing the proportion of quartets supporting different placements of Scaphopoda.
The vast majority of quartets support the topology depicted in a (shown in blue, Tr1). The 92_pct supermatrix was used for likelihood mapping. (D) Discordance
between gene trees and species trees in the 92_pct, 75_pct, 50_pct orthologous data matrices based on Astral results. Color coding and topological scenarios are
as in C, with the blue column representing gene tree topologies that are the same as the species tree (Scaphopoda-Bivalvia). (F) Gene tree discordance inferred
from DiscoVista. Splits compatible with gene trees are categorized as highly (weakly) supported based on bootstrap support values above (below) the 75%
threshold. Weakly rejected splits are incompatible with the original tree but become compatible if low support branches are collapsed, while strongly rejected
splits remain incompatible even after collapsing low support branches.
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statistically significant enrichment of conserved chromosomal synteny are shown. Between-chromosome synteny was colored according to the 23 bilaterian
ancient linkage groups (BLGs) identified by ref. 34 using the same nomenclature (on the right). (B) Likelihood mapping to visualize the phylogenetic content of
the synteny sequences, with five species in Aincluded in the analysis. Tr1, Tr2, and Tr3 correspond to three tree topologies presented in Fig. 2C. (C) Discordance

between gene trees and species trees in the synteny-based phylogenetic analysis.

We therefore used this tree as the phylogenetic framework for all
downstream analyses.

Pervasive Signatures of ILS in Scaphopod Genomes. Even though
Scaphopoda+Bivalvia was confidently recovered (Fig. 2 A and B
and ST Appendix, Fig. S5B), we observed substantial discordances
between the species tree (Figs. 2D and 3C, Trl) and gene trees,
with the latter generating two alternative topologies, Tr2 and Tr3.
The high proportion of genes, regardless of the matrix examined
(50_pct, 75_pct, and 92_pct), in support of incongruent topologies
could be explained by systematic error, ILS, or hybridization (40).

To test for systematic error, we plotted the three alternative
topologies in the 92% occupancy dataset by a range of factors that
may cause systematic error (e.g., saturation, compositional heter-
ogeneity, proportion of variable sites) and observed no apparent
clustering (81 Appendix, Fig. S6). We therefore can reject the pos-
sibility that topological conflict may be caused by site-based
inconsistencies among the genes. To evaluate the potential influ-
ence of different orthology assessment methods, orthology was
additionally inferred using BUSCO with the Metazoa_odb10 and
Mollusca_odb10 datasets. Analyses based on this orthology infer-
ence approach also led to a consistent species tree with variable
BS support on the Bivalvia—Scaphopoda node (87 Appendix,
Fig. S7A), and orthogroups inferred using BUSCO showed no
apparent clustering in terms of the three alternative topologies by
the above-mentioned factors (S7 Appendix, Figs. S8 and S9). The
consistency in trees produced among the different approaches
used for identifying orthogroups suggests that our phylogenetic
inferences are robust across methods and that discordance in gene
tree topologies is prevalent regardless of the method of orthology
inference. This was probed further by excluding genes whose trees
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do not recover incontrovertible class-level clades (i.e., monophy-
letic Bivalvia, Gastropoda, and Cephalopoda), as those genes are
likely cases of inadvertent paralogy (41). This stringent subsam-
pling to retain only orthogroups whose gene trees could recapit-
ulate known, incontestable clades (RIC_pass genes in ST Appendix,
Fig. S7B) recovered the same branching order (S Appendix,
Fig. S7C), although the BS value for Diasoma is lower than the
original dataset. The retained RIC_pass dataset in 92_pct, 75_pct,
and 50_pct also showed similar composition of genes supporting
Trl, Tr2, and Tr3, indicating the prevalent presence of conflicting
signals in orthologs regardless of the orthology inference method.
Because errors in alignment trimming could cause errors in tree
estimation (42), we also compared two tools for trimming ambig-
uously aligned positions which yielded the same branching order
(SI Appendix, Fig. S10).

This leaves ILS and hybridization as viable explanations for the
discordance between gene trees and the species tree. A typical feature
of ILS-caused incongruence is that the conflicting gene trees are
usually equal in frequency, while in the case of hybridization, they
are not (43). In this study, genes supporting Tr1, Tr2, and Tr3 are
quite equal in frequency (36%/30%/34% on average), similar to
ILS in marsupials (38) (Fig. 2D and 3C). The best way to distinguish
genome-wide signatures of ILS and hybridization is to inspect the
coalescence times of genome-wide orthologous genes, as ILS occurs
before speciation events, whereas occurrence of hybridization is later
than speciation (Fig. 44). To test whether the observed incongruence
is caused by ILS or hybridization, we partitioned the genomic ort-
hologs into three paired-topology categories (Bivalvia—Scaphopoda,
Bivalvia—Gastropoda, and Scaphopoda— Gastropoda) and recon-
structed phylogenetic trees for each category and estimated diver-
gence times using the same calibrated root age. The estimated
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Fig. 4. Pervasive signatures of ILS in Scaphopoda genomes. (A) Using the estimated divergence times to distinguish between ILS and hybridization scenarios.
As the upper schematic trees illustrate, the coalescence time under ILS (t;) should be earlier than the speciation event (t), whereas the expected divergence
time under hybridization (t;,) should be later than the speciation event (t). The lower trees show the divergence times of major molluscan clades estimated by
MCMCTree with three potential genealogy scenarios as presented on the right. The species tree (non-ILS assumed) was designated as hypothesis 1 (Tr1), and
two alternative genealogies, hypothesis 2 (Scaphopoda-Gastropoda sister group, Tr2) and hypothesis 3 (Bivalvia-Gastropoda sister group, Tr3), represent two
alternative ILS scenarios. Color coding is the same as in Fig. 2C. (B) The topology frequency of observed gene trees and the corresponding simulated trees.

divergence time (t) between Scaphopoda and Bivalvia is expected
to reflect the time of speciation, meaning the estimated divergence
time between Gastropoda and Bivalvia or Scaphopoda from the
other two categories should correspond to a younger expected
divergence time under hybridization (t;) or to a longer expected
coalescence time under ILS (t,). As shown in Fig. 44, MCMCTree
(44) inferred more ancient divergence times for alternative hypoth-
eses Tr2 and Tr3 compared to the Bivalvia—Scaphopoda hypothesis
(Tr1). Given that Tr1 was strongly favored across all datasets and
methods (Figs. 2 and 3), this strongly suggests that pervasive sig-
natures of incongruence across conchiferan genomes were caused
by ILS, rather than hybridization. To corroborate this, we simu-
lated 20,000 gene trees under the multispecies coalescent model
on the basis of the ASTRAL trees (45). We observed high consist-
ency between simulated and empirical gene trees, and the relative
frequencies of various topologies (Tr1, Ti2, and Tr3) were in
accordance with frequencies of ILS (Fig. 4B) as estimated from
our coalescent analyses. These results indicate that ILS accounts
for the incongruent placement of scaphopods rather than system-
atic error or ancient hybridization. While some have argued that
ILS mainly is a concern for more recent divergences, it has been
argued to be just as important and, of concern, in ancient diver-
sification events (46).

ILS May Have Been Prevalent during the Cambrian Explosion.
The Cambrian witnessed a marked radiation of animal life,
recorded in trace fossil diversity and disparity (47), skeletal fossils
(48), and small carbonaceous fossils (49). From these records,
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a picture emerges within which essentially all phyla diversified
and led to complex macroscopic marine ecosystems during the
Cambrian. Mollusca is one of the most informative clades for
understanding the nature of this event. Thanks to secondarily
phosphatized skeletal elements, the timing of the establishment
of the major clades is well constrained (Fig. 5B) (3). Small shelly
fossils appear near the Cambrian boundary at the onset of the
Fortunian (538.8 Ma) (50), but no molluscan sclerites or shells
are found. Those are soon followed by molluscan fossils including
isolated sclerites of siphogonuchitids and their sclerite-covered
shell plates (Maikhanella) (51). Those taxa resemble aculiferan
mollusks in several respects (52, 53) but could be stem/total group
mollusks (54), while less equivocal aculiferans, such as Halkieria
(3, 54), appeared in the late Fortunian [between 532 Ma and
529 Ma within the Purella biozone (51)]. Diverse taxa considered
the oldest conchiferans appeared later within the same biozone,
represented by a diversity of taxa, most notably the helcionellid
Oclandiella (55). A range of laterally compressed limpet-like or
monoplacophoran-grade taxa have been debated as ecither stem
scaphopod or stem bivalve taxa (56, 57). Key characteristics are
their laterally compressed shells and either internal thickenings
of the shell (pegma) or the presence of laterally divided shells
connected by a toothed hinge (56) and include among others
Anabarella, Watsonella, and Mellopegma. A complicating factor in
establishing the affinity of these taxa can potentially be attributed
to the uncertainty of how scaphopods and bivalves are interrelated.
The univalved taxon Wazsonella has been hypothesized as a stem
bivalve sharing a number of features with the slightly younger,
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bivalved Fordilla and Pojetaia (56, 57) and hence constraining the
divergence of Diasoma and offering a timeline for the divergence
of diasomes from the oldest known conchiferans. Watsonella is a
widespread taxon and defines a biozone that coincides with the
onset of Cambrian Stage 2 about 529 Ma (50). Anabarella shares
characteristics with both stem bivalves and early rostroconchs and
occurs in the upper levels of the latest Fortunian Purella biozone
(51). Therefore, based on this interpretation of the fossil record,
the time between the divergences of Conchifera and Diasoma
is narrowly constrained. Molluscan groups inferably evolved
rapidly, explaining the very short internode branches in molecular
phylogenetic studies. Such phenomena render phylogenetic
inference problematic (58) and, combined with ILS due to
pervasive polymorphisms in large populations, which is likely for
mollusks given their near-cosmopolitan distributions during their
early evolution (59), would complicate the issue further. Such
conflating phenomena likely influenced many other bilaterian
nodes that radiated during the Cambrian explosion.

Divergence Time Estimation and Re-Evaluation of the Fossil
Record. In light of strong support for Diasoma, we revisited the
Early Cambrian molluscan fossil record along with Paleozoic
records that constrain each of the major molluscan classes
represented in our dataset to establish a set of well-justified
node calibrations (Dataset S1). We left the divergence time
of scaphopods unconstrained to compare our divergence time
estimates with hypotheses of their origin based on the fossil record.

Molecular divergence time estimation depends on methodo-
logical choices and confident calibrations from the fossil record.
We analyzed the sensitivity of node ages to alternative methodo-
logical choices including models of molecular evolution
(site-heterogeneous vs. site-homogeneous), gene sampling strate-
gies (five different datasets), and different molecular clocks (cor-
related vs. independent). Considering all these factors, 20 different
calibration settings were investigated using a Bayesian approach
under a constrained tree topology (shown in Fig. 54). We exam-
ined between-group principal component analyses (bgPCAs) and
the distribution of posterior probabilities for node ages to measure
the overall effect of these decisions on inferred dates (Fig. 5 C-E
and ST Appendix, Figs. S11-S13). Our results reveal that the choice
between alternative clock models explained 40.11% of the total
variance in node ages across all analyses (Fig. 5C). In contrast, the
choice of amino acid substitution model and gene sampling had
much lesser effects, explaining 8.82% and 6.07% of the total
variance, respectively (Fig. 5 D and E). A similar result was recently
found in a study of echinoids, emphasizing clock models and
calibrations rather than other factors have the strongest impact
on inferred divergence times (60), in which the autocorrelated
clock model generally resulted in more unbiased results congruent
with the fossil record.

We establish that the sampled conchiferans radiated in the Early
Cambrian, which is largely informed by the molecular clock cali-
brations used (Fig. 54). While we relied on the assumption that
Watsonella is a stem bivalve and hence placed a minimum constraint
for the age of Diasoma at 530.7 Ma, our analysis finds this calibra-
tion to be in violation of molecular clock, and, with our use of
soft-bound calibrations, Diasoma was recovered with a median age
of 520 Ma (Fig. 5G). This age precisely matches the occurrences of
unequivocal bivalves represented by Fordilla and Pojeraia (Fig. 5B).
Our molecular clock analysis therefore suggests that the oldest lat-
erally compressed conchiferans (Anabarella, Warsonella, and
Mellopegma) should be reconsidered as stem diasomes, rather than
stem bivalves or stem scaphopods (Fig. 5B) (3, 61). To further eval-
uate this hypothesis, we performed a divergence time estimation
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without a constraint on the Diasoma node, which resulted in a very
similar inferred split time for Diasoma (519.41 Ma, SI Appendix,
Fig. S144).

Our analyses (Fig. 5A4) also suggest a divergence of the uncon-
strained scaphopod crown group around 355.1 Ma (95% HPD
=376-325). Scaphopods are hypothesized to have evolved from
conocardioid rostroconchs (14, 15, 62). While different rostro-
conch groups evolved tusk-like shells independently (62), mod-
ern scaphopods are thought to have evolved in the Carboniferous
as represented by various taxa documented from at least the
Visean (346 to 330 Ma) (63). While resembling members of the
macroscopic Dentaliida, this group may be anatomically ancestral
and hence represent total group scaphopods. Noteworthy is the
Late Carboniferous (Kassimovian: 307 to 303 Ma) scaphopod
Minodentalium kansasense (64), which exhibits a constricted aper-
ture occurring in members of Gadilida, the other major clade of
living scaphopods (65). These fossils tentatively offer a minimal
bracket of 346 to 303 Ma for the origin of the scaphopod crown
group, consistent with our estimates.

The phenomenon of deep coalescence can give rise to gene tree
heterogeneity, thereby influencing estimates of divergence (66).
Given the high incidence of ILS, we took care to minimize its
impact through appropriate gene sampling by focusing on genes
that supported the Tr1 topology. As an alternative approach to
mitigate ILS in divergence time estimation, we also employed a
coalescence-based approach, namely, StarBeast3 (67). Although
this method produced a wide 95% HPD interval for younger
nodes, the estimates for older nodes, such as Conchifera and
Diasoma, were quite consistent with the results obtained from
concatenation-based methods (S Appendix, Fig. S14). These find-
ings lend further support to our interpretations regarding the early
cladogenesis of major molluscan lineages.

Evolution of Diasome Body Plans. Our phylogenetic framework also
enables reappraisal of the evolution of several clade-defining traits,
for example, the differentiation of a distinct head and the affiliated
cephalic retractor muscles. Whereas Gastropoda and Cephalopoda
have well-developed heads and a single pair of cephalic retractors, the
head of Scaphopoda is simplified and not very distinctive. It does not
protrude from the shell and is not separated from mantle or visceral
sac clearly. However, scaphopods have retained one pair of cephalic
retractors and are thus intermediate between forms exhibiting a well-
developed head (Gastropoda and Cephalopoda) and the “headless”
Bivalvia (10). In light of our reconstructed topology, we pose that the
clade Ganglionata [Conchifera minus Monoplacophora (19)] was
ancestrally cephalate, and dedifferentiation of the head region is a
synapomorphy of Diasoma. Additionally, a lateroventral extension of
the mantle and a shell enclosing the body, a burrowing foot, and an
epiatroid nervous system (i.e., nervous system with closely associated
or fused cerebral and pleural ganglia) can also be interpreted as a
synapomorphy of Scaphopoda and Bivalvia (17).

Homeobox genes are central to body patterning and tissue seg-
mentation during metazoan evolution (68, 69). These genes dis-
play widely conserved synteny among diverse animals, generally
occurring in ordered clusters with the paraHox cluster beginning
with Gsx and ending with Cdx and the Hox cluster starting with
Hox1 and terminating with Post1. Both sets of these transcription
factor-encoding genes exhibit collinear (staggered) expression
along the anterior-to-posterior axis in most metazoans. The mol-
luscan ancestor has been inferred to have intact homeobox clusters,
but deviation from the canonical staggered homeobox gene expres-
sion is well documented in conchiferans (33, 70). In this study,
we show that both scaphopod genomes retain a complete set of
molluscan paraHox and Hox genes but differ from each other in
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the location or orientation of Gsx, Cdx, Lox5, and Postl
(SI Appendix, Fig. S15). S. dalli has an inversion of Gsx and a
translocation of Post] with respect to the ancestral order inferred
for Mollusca [i.e., the arrangement observed in the scallop (33)].
Puvernedeihasatranslocation of Cdx,and translocation-and-inversion
of Lox5. Interestingly, the dentaliid scaphopod Anzalis entails, a
close relative of P2 vernedei, exhibits staggered expression of Hox
genes in early mid-stage trochophore larvae, with exception of
Lox5 and Post1 (12). Disrupting this staggered expression pattern
of Lox5 (and Postl) could be correlated with the translocation
and/or inversion of this gene.

Conclusion

This study presents two genomes for Scaphopoda, an enigmatic
group rarely investigated yet critical for understanding early mol-
lusc evolution. Although the phylogenetic position of Scaphopoda
has been long contentious, our whole genome-based phylog-
enomic analyses consistently place Scaphopoda as the sister taxon
of Bivalvia, consistent with the Diasoma concept, with a split that
dates to 520.6 Ma (95% HDP = 522-517 Ma). The subphylum
Diasoma, originally proposed approximately five decades ago,
posits a common evolutionary origin, ecology, and general mor-
phological bauplan uniting the Bivalvia, Scaphopoda, and the
extinct Rostroconchia (14, 15). However, this hypothesized sub-
phylum has seldom been recovered in prior molecular phyloge-
netic studies. Thus, our present phylogenomic findings provide
critical corroboration for the paleontologically derived Diasoma
hypothesis, demonstrating the explanatory power of integrating
fossil and whole-genome-wide phylogenomic approaches and
datasets to resolve evolutionary relationships.

Moreover, our phylogenetic framework for Mollusca resolved
here sheds light on not only the identity of many important but
controversial Cambrian fossils that show similarities to both bivalves
and scaphopods (such as Anabarella, Watsonella, and Mellopegma),
but also the evolutionary history of several clade-defining traits.
Notably, by inspecting the coalescence times of thousands of genes
across the genome, we show that previous incongruence among
phylogenomic studies concerning placement of Scaphopoda is likely
due to ILS spurred by the rapid radiation of conchiferans in a nar-
row interval of time during the Earliest Cambrian (~520 to 534
Ma). Such ancient but prevalent ILS in scaphopod genome argues
for further consideration of ILS when addressing deep recalcitrant
nodes in the animal tree of life.

Methods and Materials

Sampling and Sequencing. I vernedei and S. dalli were collected
from the east China Sea (27°31'32.73"N, 22°30'39.13"E) and
Southern Ocean(63°56'06.7"S, 56°34'13.9"W), respectively.

DNA was extracted from foot tissue for Pictodentalium and the
whole animal for Siphonodentalium. lllumina paired-end sequencing
was performed on HiSeq X Ten (Illumina, Cambridge, MA) for
Pictodentalium at Novogene Ltd. (Tianjin, China) and NovaSeq S4
flowcell at Psomagen (Cambridge, MA) for Siphonodentalium.
SMRThbell libraries for PacBio sequencing were constructed using
the SMRTbell Template Prep Kit 12.0 (PacBio, Menlo Park, CA,
USA). Pictodentalium were sequenced on six cells of the PacBio RS
1T platform, while Siphonodentalium were sequenced on the Sequel
IT platform with five cells. Hi-C libraries were prepared using the
Animal Hi-C Kit (Phase Genomics, Seattle, WA). The library for
Pictodentalium was sequenced on a HiSeq X Ten at Novogene
(Tianjin, China), and the library for Siphonodentalium was sequenced
on a NovaSeq $4 at Psomagen, both with 2X150 bp reads.
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For transcriptome sequencing, muldple tissues of living
Pictodentalium were dissected and used for RNA extraction. An entire
specimen of Siphonodentalium preserved in RNAlater was dissected
to remove the digestive system, and the rest of the body was used for
RNA extraction. Transcriptomes of both species were sequenced on
an [llumina NovaSeq S4 flowcell with 2X150 bp reads.

Genome Assembly and Annotation. The Pictodentalium genome
was assembled de novo based on PacBio subreads using FALCON
(https://github.com/PacificBiosciences/ FALCONY/). The assembled
sequences were then polished using Quiver (SMRT Analysis v2.3.0)
based on the alignment of PacBio reads to the assembly. Several
rounds of iterative error correction were performed using the
[llumina data. The Siphonodentalium genome was assembled de
novo based on HiFi reads using hifiasm v0.13 (71) with the option -1
3 to exclude redundant haplotigs. To scaffold contigs, we used Juicer
(72) to compute the interaction matrix, then scaffolded contigs
using 3D-DNA pipeline in Juicebox (73). To evaluate genome
quality, we first mapped Illumina reads onto the assemblies with
BWA (74). Next, genome completeness was assessed by BUSCO
v5.4.2b (22). Because an entire animal was used for DNA extraction
for Siphonodentalium, contamination was screened for and removed
with BlobTools2 (75). We removed scaffolds with fewer than 5x
[llumina read coverage, scaffolds not annotated as Metazoa, and
scaffolds with a GC content <0.0.3 or >0.5, which appeared as clear
outliers when GC content was plotted against coverage.

Repetitive sequences were identified through a combination of
homologous comparison and de novo prediction as per Ma et al.
(76). Gene annotation was carried out by a combination of de novo
prediction, homolog-based prediction, and transcriptome-based
prediction. De novo prediction was carried out as per Ma et al.
(76). For homologous annotation, a protein library including
Acanthopleura granulata, Crassostrea gigas, Lottia gigantea, and
Octopus sinensis was used to search against the scaphopod genomes
using TBLASTN (RID: SCR 011822). For transcriptome-based
prediction, RNA-seq data were mapped against the assembly using
HISAT?2 v2.2.1 (77), and the transcripts were converted to gene
models using Cufflinks v2.3.1 (78). All gene models were integrated
via EvidenceModeler (79).

Site-Based Phylogenetic Inference. We selected 24 available genomes
broadly spanning the diversity of Mollusca and other lophotrochozoans
based on their high quality in terms of contiguity and completeness
according to BUSCO (87 Appendix, Table S1). Homologous groups
of sequences (“homogroups”) among those species were identified
using OrthoFinder v2.4.0 (80) with an inflation parameter of 2.1.
Our approach for orthology inference, sequence selection, and matrix
assembly and husbandry followed the bioinformatic pipeline of Krug
et al. (81). Sequences <100 amino acids (a.a.) were removed from
OrthoFinder output fasta files, and those sampled for 250% of taxa
were aligned with MAFFT v7.453 (82). Putatively mistranslated
regions were then removed with HmmCleaner (83), and aligned
homogroups were trimmed to remove ambiguously aligned regions
with BMGE v1.12.2 (84). Approximately, ML trees were constructed
for each alignment with FastTree 2 (85), and PhyloPyPruner v0.9.5
(86) was used to identify strictly orthologous sequences. Orthologous
genes sampled from at least 92%, 75%, and 50% of the taxa were
retained and concatenated into three data matrices, named 92_pct,
75_pct, and 50_pct. The 92_pct dataset was further filtered using
genesortR (24) to quantify phylogenetic usefulness. A ML tree
produced in IQ-Tree 2 (version 2.1.3) (87) based on 92_pct with
the best-fitting model for each partition was used as the reference.
The best 250 and 500 genes were concatenated into another two data
matrices, best_250 and best_500.
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Maximum likelihood analyses were conducted using IQ-Tree
2 and RAXML (88). For IQ-TREE analyses, the best-fitting par-
tition model found by ModelFinder (89) and the LG+C60+F+G
model were used. Topological support was assessed with 1,000
ultrafast bootstrap replicates. For RAXML analyses, the LG4X+R
model was used, and topological support was assessed with 100
replicates of rapid bootstrapping. Bayesian inference analyses were
performed using MrBayes (90) v3.2.0 and PhyloBayes MPI v1.6
(91). For MrBayes analyses, the best-fitting partition model was
found by ModelFinder (89). For PhyloBayes analyses, the CAT-
GTR+G model was used. Two independent runs were practiced
in parallel. Using a burn-in of 1,000, and sampling every 10 trees,
the bpcomp produced the largest (maxdiff) and mean (meandiff)
bipartition discrepancy and the consensus tree. Chains were con-
sidered to have converged when maxdiff reached 0.1. Single-
gene trees were reconstructed using IQ-Tree 2 based on all ortho-
groups of all three datasets. Coalescent-based analyses were esti-
mated by ASTRAL v5.7.1 (92) with species trees inferred.

A likelihood-mapping analysis was implemented in 1Q-Tree 2 to
visualize the phylogenetic signal for alternative resolutions of the quar-
tet including these three lineages (Cephalopoda, Gastropoda, and
Bivalvia) and their sister clade (Scaphopoda). The 92_pct supermatrix
was used for likelihood mapping. To further determine whether the
branching order is influenced by a handful genes with strong phyloge-
netic signals, we calculated AGLS values for each locus and excluded
1, 10, 50, 100, and outlier genes with the highest absolute AGLS
values to see whether removal of these genes affected the branching
order following the approach of ref. 27. Conflict between the recon-
structed species tree and single gene trees was examined using
Phylogenetic_signal_parser v1.1 (27). For each dataset, all genes were
divided into three groups, that supported the Scaphopoda-Bivalvia
tree, the Scaphopoda—Gastropoda tree, and the Bivalvia—Gastropoda
tree, respectively. Gene tree discordance was also examined using
DiscoVista (93). Ten groups were considered, including eight groups
that are identified in the species tree (Mollusca, Conchifera, Bivalvia,
Gastropoda, Scaphopoda, Cephalopoda, outgroups, and Scaphopoda—
Bivalvia) and two conflictive groups (Scaphopoda—Gastropoda, and
Scaphopoda—Cephalopoda). Bootstrap support values higher than
75% were considered as highly supported.

To test whether hidden paralogy in our phylogenomic dataset is
driving alternative topologies in the placement of Scaphopoda, we
employed two strategies. First, comparison of the different
orthogroups inferred using OrthoFinder, BUSCO with the Metazoa
0db10 dataset, and BUSCO with the Mollusca odb10 dataset was
conducted to observe any changes in tree branching order. Ortho-
groups selected using BUSCO with both the Metazoa and Mollusca
datasets were processed as described above, and three matrices with
varying levels of tolerance of missing data were assembled (92_pct,
75_pct, and 50_pct) and used for tree construction in 1Q-Tree 2
using the best-fitting model for each partition. The second strategy
involved subsampling genes as per Mulhair et al. (41) with small
modifications. Briefly, we used 92_pct supermatrix and employed
DiscoVista to screen out orthogroups whose constructed gene trees
could recapitulate known, incontestable clans (Bivalvia, Gastropoda,
and Cephalopoda), while orthogroups whose gene trees did not
recover these predefined clans as monophyletic were removed. After
removing those orthogroups that failed to recover incontestable rela-
tionships, we constructed species tree using 1Q-Tree 2 with the
best-fitting model for each partition. A chi-squared test was applied
to determine whether the number of genes supporting each of the
three topologies were significantly different.

To test whether errors in alignment trimming is driving alter-
native topologies, we also employed Clipkit (94) as an alternative
to BMGE to trim ambiguously aligned positions of the 92_pct,
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75_pct, and 50_pct supermatrices before concatenating and then
used IQ-Tree 2 to analyze the resulting trimmed supermatrices as
described above.

Identification of Conserved Chromosome Synteny and Synteny-
Based Phylogenetic Inference. To identify ancestral linkage groups,
we selected several published mollusc genomes, including .
pompilius (95) from Cephalopoda, A. fulica (96) from Gastropoda,
and P yessoensis (33) from Bivalvia, in addition to our two scaphopod
assemblies. A reciprocal best BLASTp (version 2.13.0+) search was
performed to identify high-confidence homologous genes among
molluscan genomes. Combined with the reciprocal best hits (MBHs,
e-value cutoff of 1¢™), a total of 5,491 core homologous sequences
were obtained, which means that any one gene in a set of homologous
genes is homologous to all other genes. Following Simakov et al.
(36), bilaterian linkage group (BLG) genes in 12 yessoensis were used
to filter the core homologs, resulting in 2,837 gene combinations. To
determine the best chromosome—chromosome associations between
species, we applied Fisher’s exact test against a null model of random
gene permutation. Bonferroni correction was further applied for
the number of chromosome—chromosome tests in each species pair.
Syntenic genes among those five species were used for a quartet
likelihood-mapping analysis (28) following the methods described
above. Because most other mollusks do not retain conserved ancestral
synteny, we used the syntenic genes from the five representative
mollusks as baits, then blasted them against 26 genomes (24 species
in Fig. 2A4 plus P, yessoensis and A. fulica from Fig. 34). The best-
hitting sequences were concatenated and analyzed with ML in IQ-
Tree 2 with the best-fitting model for each partition and with Bl in
PhyloBayes with the CAT+GTR+G model.

ILS Analysis. After having tested for gene tree topology conflict
due to systematic error (amino acid site or orthology-identification
based), we considered hybridization and ILS as possible explanations.
Compared to speciation events, coalescence times for regions under
ILS should be older, whereas hybridization should be younger. To
distinguish between ILS and hybridization, we followed the methods
of Feng et al. (38). We partitioned the genomic sequences into three
paired-topology categories (Bivalvia_Scaphopoda, Gastropoda_
Scaphopoda, and Cephalopoda_Scaphopoda) and reconstructed
phylogenetic trees using concatenated genome sequences whose
single-gene trees supported each grouping. Species divergence time
was calculated with MCMCTree with an approximate likelihood
calculation algorithm in PAML v4.9 (44). Before using gHmatrix
to produce an out.BV file (containing the Hessian matrix), we
applied Baseml in the PAML package to determine alpha and the
substitution rate. Based on these parameters, we used MCMCTree to
estimate divergence times. To improve the accuracy of the estimate,
we constrained the root node at the same age, while other nodes were
not constrained. Besides, we further performed ILS simulation using
Phybase (97) as previously described (98). We then simulated 20,000
gene trees using the R function sim.coaltree.sp implemented in the
Phybase package. The internal branch length of the ASTRAL tree

was used, and all terminal branches were converted to equal lengths.

Divergence Time Calibration. We reviewed the molluscan fossil
record in light of the topology recovered in this study, particularly
with respect to Diasoma. Following the proposed practice for
justifying fossil calibrations, we established eight calibrations for
the major conchiferan crown groups and internodes (Dataset S1).
To test the effect of these calibrations and the sensitivity and
validity of the molecular clock under different permutations, we
did not constrain the scaphopod crown group to derive estimates
and compare those with the fossil record and hypotheses derived
from those for the timing of scaphopod radiation.
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'The sensitivity of divergence time estimation to gene selection,
clock type, and molecular evolution model was tested. We sampled
one hundred of the non-ILS genes from the 75_pct dataset (i.e.,
concatenating orthogroups supporting Bivalvia+Scaphopoda)
according to usefulness, RF distance, root-to-tip variance, and
matrix occupancy as calculated in genesortR. We also sampled
one hundred random non-ILS genes. Two substitution models
(site-heterogeneous CAT+GTR+G and site-homogeneous LG+G)
were also included. All datasets were analyzed in PhyloBayes under
both independent and correlated clock models (UGAM and CIR).
In all cases, we applied an unconstrained birth—death prior and
soft bounds on divergence times. In total, twenty analyses were
conducted based on the combination of these settings. Five hun-
dred random iterations were sampled from the last 10,000 itera-
tions for each analysis. Node ages were subjected to bgPCA using
the Morpho package in R. Separate bgPCAs were performed for
cach of the factors explored, and the proportion of total variance
explained by bgPCA axes was taken as an estimate of the relative
impact of these choices on divergence times. We then selected five
nodes, Mollusca-outgroup, Cephalopoda—Gastropoda—Scaphopoda—
Bivalvia, Gastropoda—Scaphopoda—Bivalvia, Scaphopoda—Bivalvia,
and the origin of Scaphopoda, and generated density distribution
curves for each node under both clock types and all five gene
selection strategies in Origin v.2022b.

According to the sensitivity of major nodes (S Appendix,
Figs. S11-S13), we thus estimated divergence times using Phylo-
Bayes with the autocorrelated CIR clock model, CAT+GTR+G
model of sequence evolution, and one hundred random non-ILS
genes (parameters: pb -d xxxx.phy -T species.tree -cal calib -r
outgroups -cir -cat -gtr -bd -sb -rp 580 30 chain_name). The first
5000 iterations were discarded as burn-in. Then, PhyloBayes sam-
pled every two iterations until it gathered 10,000 samples. Two
schemes for fossil calibrations were applied, one constrained eight
nodes (the eight calibrations in Dataset S1) while the other con-
strained seven nodes (with the Diasoma node excluded).

StarBeast3 (67), a coalescence-based approach, was also applied to
verify the divergence time estimation. One hundred of the non-ILS
genes in the 75_pct dataset were analyzed using the best-fitting model
for each gene as determined with ModelFinder (89) under a relaxed
clock model with seven fossil calibrations (without Diasoma) with
birth—death priors. The chain-length was set to 200,000,000 with the
first 10% discarded as burn-in. We sampled every 500 generations
until the ESS values in Tracer v1.7.1 (99) reached no less than 300.
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