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Abstract—The molluskan order Neogastropoda encompasses over 15,000 almost exclusively marine species playing
important roles in benthic communities and in the economies of coastal countries. Neogastropoda underwent intensive
cladogenesis in the early stages of diversification, generating a “bush” at the base of their evolutionary tree, which has been
hard to resolve even with high throughput molecular data. In the present study to resolve the bush, we use a variety of
phylogenetic inference methods and a comprehensive exon capture dataset of 1817 loci (79.6% data occupancy) comprising
112 taxa of 48 out of 60 Neogastropoda families. Our results show consistent topologies and high support in all analyses at
(super)family level, supporting monophyly of Muricoidea, Mitroidea, Conoidea, and, with some reservations, Olivoidea
and Buccinoidea. Volutoidea and Turbinelloidea as currently circumscribed are clearly paraphyletic. Despite our analyses
consistently resolving most backbone nodes, 3 prove problematic: First, the uncertain placement of Cancellariidae, as the
sister group to either a Ficoidea-Tonnoidea clade or to the rest of Neogastropoda, leaves monophyly of Neogastropoda
unresolved. Second, relationships are contradictory at the base of the major “core Neogastropoda” grouping. Third,
coalescence-based analyses reject monophyly of the Buccinoidea in relation to Vasidae. We analyzed phylogenetic signal
of targeted loci in relation to potential biases, and we propose the most probable resolutions in the latter 2 recalcitrant
nodes. The uncertain placement of Cancellariidae may be explained by orthology violations due to differential paralog loss
shortly after the whole genome duplication, which should be resolved with a curated set of longer loci. [Cancellariidae;

marine mollusks; mollusca; phylogenomics; phylogenetic conflict; targeted enrichment.]

Understanding patterns of lineage relatedness is a fun-
damental task of life science and is the ultimate goal of
the Tree of Life (TOL) initiative (Hinchliff et al. 2015).
While the introduction of high-throughput sequencing
technologies was initially believed to render TOL recon-
struction a rather technical task depending mainly on
adequate lineage sampling, it has become evident that
the process is severely challenged by a phenomenon fig-
uratively named “bushes in the tree of life” (Rokas and
Carroll 2006). This pattern typically occurs in lineages
that have undergone multiple cladogenesis events in a
short time span (Rokas and Carroll 2006). Because the
amount of phylogenetic signal is proportional to the
TOL stem lengths, short stems require an increasingly
large amount of data to be resolved (Lanyon 1988), and
the inference of true topology in these segments of a tree
is increasingly confounded by homoplasy (Takezaki
et al. 2004). Nevertheless, quickly radiating lineages
are among the most interesting to investigate, because
intensive cladogenesis is a signature of evolutionary

success of the lineages (Hunter 1998), and understand-
ing the origin of their prosperity requires a robust phy-
logenetic hypothesis (Whitfield and Lockhart 2007;
Prum et al. 2015).

Being the second most species-rich phylum, Mollusca
encompasses taxa with a remarkable diversity of body
plans (Modica et al. 2019; Wanninger and Wollesen 2019;
Kocot et al. 2020; Ponder et al. 2021) and unresolved or
contentious relationships (Cunha et al. 2022; Uribe et al.
2022). Molluscan phylogenetics is challenged by the
coexistence of uncertainties regarding the placement
of ancient lineages, many of them being extinct (Sutton
etal. 2016; Wanninger and Wollesen 2019), and a plethora of
relatively recent successful radiations. The largest marine
gastropod order, the Neogastropoda, is perhaps the most
conspicuous example of the latter situation. Having radi-
ated in the late Cretaceous and early Cenozoic, in the con-
text of the Mesozoic Marine Revolution (Vermeij 1977), the
Neogastropoda flourished in Cenozoic seas. Currently,
the Neogastropoda exhibit a tremendous species richness
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with over 15,000 species, corresponding to about one-fifth
of the present-day molluskan diversity (MolluscaBase,
available at https://www.molluscabase.org/). The vast
majority of neogastropod species are carnivores. Being
slow in motion, many lineages have developed a unique
array of biochemical adaptations to mediate interactions
with their prey and predators (Olivera et al. 2014; Ponte
and Modica 2017; Kuznetsova et al. 2022). Deadly ven-
oms of cone snails, comprising a high number of struc-
turally and pharmacologically diversified neuropeptides
referred to as conotoxins, are the best-known example of
these biochemical adaptations. The unique pharmaco-
logical properties of conotoxins and their relevance for
drug development (Safavi-Hemami et al. 2019) fuel the
increasing multidisciplinary interest in Neogastropoda.
However, the lack of a robust phylogenetic hypothesis of
Neogastropoda is an impediment to the systematic inves-
tigation of the translational applications of their bioactive
compounds. Therefore, reconstructing the phylogeny
of the order will not only enable a reassessment of neo-
gastropod systematics but also streamline evolutionary
and biochemical research on this successful molluskan
lineage.

The 60 currently recognized Neogastropoda families
are classified into 7 superfamilies (Bouchet et al. 2017,
with updates as per MolluscaBase); however, mono-
phyly of the order remains questionable, and interrela-
tionships among its main taxa are poorly understood.
The published studies addressing Neogastropoda phy-
logenetics suffered complementary flaws. Morphology-
based cladistic analyses (e.g., Riedel 2000; Simone 2011)
were misled by the widespread homoplasies in char-
acter evolution. Molecular phylogenies based on the
Sanger approach (e.g., Zou et al. 2011; Fedosov et al.
2019) lacked resolution at deep nodes, due to the clearly
insufficient number of characters included. In turn,
phylogenomic studies (Osca et al. 2015; Abdelkrim et al.
2018; Cunha and Giribet 2019; Lemarcis et al. 2022) had
incomplete and unbalanced taxon sampling and/or
suffered from the limitations inherent to mitogenome-
based phylogenomics (Duchéne et al. 2011). The goal of
this study is to resolve backbone Neogastropoda rela-
tionships through extensive lineage sampling and the
application of a leading-edge phylogenomic approach
to data generation and analysis. We successfully recon-
structed a largely supported phylogenetic framework
for the Neogastropoda, establishing for the first time
affinities of previously enigmatic lineages. While our
results suggest major revisions in the systematics of the
Neogastropoda, their formal implementation extends
beyond the scope of the present work.

MATERIALS AND METHODS

Bait Design and Taxa Sampling

Details of the probe kit design, taxonomic sam-
pling, lab work, and a comprehensive account on the
initial stages of the data analysis are provided in the

Supplementary Material. Briefly, 46 transcriptomes of
32 caenogastropod species were used for bait design
(Zaharias et al. 2020; Lemarcis et al. 2022). All transcrip-
tomes were (re)-assembled as detailed in Fassio et al.
(2019) and then aligned against the genome of Lottia
gigantea to identify exon/intron boundaries (Abdelkrim
et al. 2018). Then, we identified a subset of 4456 exons
(>180-bp) spanning approximately 1.3 Mb that were
present in at least 2 families of Conoidea, and in at
least 3 non-conoidean transcriptomes. The empirical
exon sequences (i.e., those present in analyzed tran-
scriptomes) were used alongside reconstructed ances-
tral sequences (in fast-evolving loci) for probe design,
producing a set of 42,011 2x tiling 100-bp baits. After
duplicate removal, the final set comprised 40,040 baits
developed into a MyBait generation-5 biotinylated
probes kit (Mycroarray, Arbor Biosciences, CA).

We obtained ethanol-preserved tissue samples of 135
taxa, covering 51 families of Neogastropoda and related
lineages (Fig. 1, Supplementary Table S1), and comple-
mented these data with 12 transcriptomic data sets that
had the highest BUSCO completeness (Waterhouse et al.
2018). Library preparation was performed in 3 batches:
the protocol detailed in Abdelkrim et al. (2018) was
used for the specimens in the first and second batches,
while the KAPA protocol was used for the third batch
specimens. The libraries were paired-end sequenced on
Humina HiSeq 4000 and Illumina NovaSeq platforms,
with read lengths of 100 and 150 bp, respectively. The
final number of reads per library ranged from 851,299
(MNHN IM-2013-43718, Glabella rosadoi) to 44,946,221
(MNHN IM-2013-48309, Xenophora sp.), with a median
number of 11,4517,88 reads per library.

Data Assembly and Loci Recovery

Data assembly and processing generally followed
Abdelkrim et al. (2018). To maximize recovery of tar-
geted loci for exon capture datasets we used 2 assem-
blers, SPAdes (v3.14) (Bankevich et al. 2012) and
TRINITY (v2.9) (Grabherr et al. 2011), whereas only
TRINITY was used for the transcriptomes. For each
exon-capture sample, SPAdes and TRINITY assemblies
were merged and clustered by running CD-HIT (Fu et
al. 2012) with 99% identity.

We associated assembled contigs with targets using
BLASTn, (e-value 1e-20) and used Exonerate (v2.2.0)
under the est2genome model to redefine boundaries
of the targeted exons (Abdelkrim et al. 2018). For each
sample, all contigs that generated BLAST hits against
the exon library were extracted from the assembly. The
quality-trimmed reads were mapped against the con-
tigs of interest with bowtie (v2.2.7) (Langmead and
Salzberg 2012) to assess capture efficiency. We used sam-
tools (v1.9) and bcftools (v1.3) (Li et al. 2009) for single-
nucleotide polymorphism calling, aiming to assess
heterozygosity in the captured sequences. Sites with
coverage <4 were masked as “N,” followed by removal
of short sequences (length <70% of target length),
low-quality sequences (“N” comprising >30% of
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FiGure 1.

Living members of major Neogastropoda lineages. a) Vexillum gruneri (Costellariidae); b) Mitra mitra (Mitridae); ¢) Murex

tenuirostrum (Muricidae), d) Oliva amethystina (Olividae); e) Ticofurcilla sp. (Cystiscidae), f) Marginella festiva (Marginellidae); g) Nassarius glans
(Nassariidae); h) Scalptia contabulata (Cancellariidae), i) Conus tulipa (Conidae), and j) Myurella pygmaea (Terebridae). Photo credits: L. Charles,

A. Ryansky, J. Johnson.

sequence length). Sequences with heterozygosity > 2
standard deviations from the mean were also removed.

Orthology Assessment

The sequences of interest were sorted by target iden-
tity and then aligned using MAFFT (v7.407) (Katoh
and Standley 2013) with G-INS-i, and —adjust_direction
option enabled. The alignments were then translated
using MACSE (v2.06) (Ranwez et al. 2018), and the
obtained amino-acid sequences sorted back by sample
for orthogroup identification with ORTHOFINDER
(v2.5.4) (Emms and Kelly 2019). The 30 most complex
orthogroups comprising multiple sequences for nearly
all samples were removed. Gene trees were recon-
structed for the remaining 3000 orthogroups with 265
samples represented, using RAXML (v8.2.12) under
the GTRGAMMA model with 100 bootstrap replicates
(Stamatakis 2006). When a sample was represented
by multiple sequences in an orthogroup alignment,
we first used a custom Python script S10-3 to remove
residual cross-contamination based on the orthogroup
tree topology, coverage data, and sequences lengths,
and then selected the largest 1:1 ortholog subtree using
PhyloPyPruner (v1.2.6) (Thalén 2018). We removed ter-
minal long branches using the custom Python script
S10-4 and end-trimmed the alignments using TRIMAL
(v1.2) (Capella-Gutiérrez et al. 2009). The 112 taxa with
the highest data occupancy (i.e., the smallest amount
of missing data (highDO taxa)) were retained for down-
stream analyses.

Matrix Assembly and Phylogenetic Analyses

The 1817 orthogroup alignments comprising >35
aa sites with 270 highDO taxa included generated the
matrix NEO70 (total 125,508 sites, 20.4% missing data).
To further reduce missing data, a subset of 731 align-
ments comprising 295 highDO taxa were selected to
build the matrix NEO95 (total 52,805 sites, 11.4% miss-
ing data). We used RAXML with a PROTGAMMALG4X
model and 20 rapid bootstraps (Cunha et al. 2022) for
a second-round gene tree reconstruction, and fur-
ther subsampled the matrix NEO95 using GenesortR
(Mongiardino Koch 2021). GenesortR first scores all
loci based on 7 parameters reflecting phylogenetic
“usefulness,” so the loci that could bias phylogenetic
reconstructions can be removed. The obtained matrix
NEO95-GSR500 consisted of the 500 “best” loci and
included 37,958 aligned amino-acid sites.

Multispecies coalescent phylogenies were recon-
structed from 3 respective sets of gene trees by using both
ASTRALIII (v5.6.3) (Zhang et al. 2018) and ASTEROID
(v1.0) (Morel etal. 2023). Maximum Likelihood phyloge-
nies were reconstructed with IQ-TREE (v.2.2.1) (Minh et
al. 2020), performed on both gene-partitioned (IQ-part)
and on unpartitioned matrices with best-fit profile mix-
ture models (IQ-PMM). In partitioned analyses, best-fit
models were estimated for edge-unlinked partitions,
and the partitions with compatible model parameters
merged prior to the tree search (-st AA -msub nuclear
-ninit 10 -bb 1500 -sp partition_file -m MFP + MERGE
-rcluster 10 -madd LG4M,LG4X -mrate G,R,E). Due
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to the prohibitive runtimes of the MFP-MERGE mode,
partition merging was not performed on the NEO70
dataset. In the IQ-PMM analyses, the command line
of Cunha et al. (2022) was run to identify the best-fit
exchange matrix (-st AA—msub nuclear -ninit 10
-bb 1500 -m MFP -mset LG,WAG -rcluster 10 -mfreq
F + C40/60 -mrate G,R). Sixty mixture classes (C60)
were enabled for NEO95 matrices. In contrast, we only
allowed 40 mixture classes (C40) for NEO70 due to 1 TB
RAM limitation of our phylogenetic server.

We performed Bayesian inference by running
PhyloBayes (v4.1) (Lartillot et al. 2013) on the 2 NEO95
matrices, under CAT-GTR model, disregarding constant
sites. Each analysis was run in 4 chains and terminated
once convergence criteria (accessed with tracecomp)
were achieved for at least 2 chains (8771 and 11,760
generations for NEO95 and NEO95-GSR500 matrices,
respectively).

To visualize overall similarities among the obtained
tree topologies, we first ran a custom Python script
510-6 to retrieve all unique clades comprising 2 or more
taxa from the trees from the analyses described above
(Fig. 2a), and then compiled a clade presence—absence
(coded as 1 and 0) matrix for these 14 trees. This matrix
was subjected to principal component analysis (PCA)
using PAST (Hammer et al. 2001).

Our phylogenetic analyses repeatedly recovered
alternative topologies at three backbone nodes. The
nodes that produced conflicting topologies define (i) the
placement of Cancellariidae (referred to as baseNEO),
(ii) the first offshoot of Core Neogastropoda (baseCore)
(iii) the affinities of early branching Buccinoidea (base-
Buc) (Fig. 2a—e). To understand the source of support
for these conflicting hypotheses, for each contradictory
relationship, we performed site-wise phylogenetic sig-
nal measures (ASLS) as detailed by Shen et al. (2017).
First, 6 analyses under constrained topologies were run
on the matrix NEO95 (two for each node, one under
ML-PMM, another with partitions) to obtain best-
scoring alternative topologies. Then for each pair of
alternative trees, SLS (per site likelihood score) was cal-
culated under respective model (PROTGAMMALG4X
was run as unpartitioned model), by running RAXML
with —f G option.

We calculated site-wise phylogenetic signal (ASLS)
by subtracting an alternative topology” SLS from the
main topology” SLS (therefore, positive ASLS values
are those supporting the main topology). We employed
Approximately Unbiased (AU) test in CONSEL
(Shimodaira and Hasegawa 2001) to check if one topol-
ogy is significantly better than the alternative. By sum-
ming up ASLS values for each locus, we computed
AGLS values as a proxy of gene-wise phylogenetic sig-
nal (custom Python script S10-7). In addition to AGLS,
we calculated standard deviation for ASLS values of
each locus, and we used proportion of SD(ASLS) to
AGLS as a measure of noise in the phylogenetic signal.
If this proportion exceeded 10 for a locus (suggesting
highly dissimilar site-wise signals, summing up to

close-to-zero AGLS), this locus was excluded as bearing
a contradictory signal. The remaining loci were divided
into 3 subsets: 10% loci with the lowest AGLS, 10% loci
with the highest AGLS, and the remaining 80%. Then
we performed a t-test to find out whether there was a
significant difference among the subsets with respect to
potential biases (Saturation, Compositional heterogene-
ity, Evolutionary rate), assessed by GenesortR.

REsuLTS

Support for Neogastropoda Superfamilies and Families

The composition and relationships within the super-
family level clades are highly congruent among the
17 trees reconstructed from the 3 analyzed datasets
(Supplementary Figs. 52-515). All our analyses support
the monophyly of Muricoidea (=Muricidae), Mitroidea,
and Conoidea. The remaining 4 superfamilies are
consistently recovered as paraphyletic. Volutoidea
comprises 2 unrelated clusters: Cancellariidae and
Volutidae plus marginelliform gastropods (Cystiscidae
and Marginellidae). The Panamanian species Triumphis
distorta traditionally placed in Pseudolividae but
unequivocally recovered within Buccinoidea, violates
reciprocal monophyly of Olivoidea and Buccinoidea.
Whereas Olivoidea excluding Triumphius is consistently
monophyletic, relationships at the base of Buccinoidea
are contradictory (see below). The Turbinelloidea
taxa form five unrelated highly supported clades:
(i) Volutomitridae plus Exilioidea (Ptychatractidae),
(ii) Costellariidae plus Exilia (Ptychatractidae), (iii)
Columbariidae, (iv) Vasidae, and (v) Turbinellidae. The
extant families Harpidae and Babyloniidae, currently
not assigned to superfamilies (Mollusca base accessed
on 17 July 2023), represented by respectively 3 and 1
species in our dataset, do not show consistent affinities
with any other lineage. Of the 25 tonnoidean and neo-
gastropod families represented by two or more species
in our dataset, monophyly is consistently rejected for
Pseudolividae (see above) and Ptychatractidae (with
Exilioidea always being a sister group to Volutomitridae,
and Exilin the sister group to Costellariidae).
Furthermore, in 5 analyses, Volutidae is retrieved as
paraphyletic in relation to the marginelliform clade
(Fig. 2a), and in 6 (all coalescence-based) Nassariidae
is paraphyletic in relation to other Buccinoidea (for
support values of the Volutidae and Nassariidae nodes
see Fig. 2a). One important finding among the family
level relationships is the placement of Columbellidae
within the Buccinoidea as a sister to the Colubrariidae-
Colidae-Prosiphonidae-Eosiphonidae clade, which was
strongly supported in all our analyses.

Backbone Relationships of Neogastropoda

To address backbone Neogastropoda relationships,
we select the IQ-PMM tree obtained from the NEO95
matrix (Fig. 2a), which features the most frequently
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a) IQ-TREE-PMM tree generated with the NEO95 matrix; Ptychatractidae and Pseudolividae consistently recovered paraphyletic.
Node supports for deep nodes summarized from 14 analyses as shown on top-right inset, IQ-PMM, IQ tree under Profile Mixture Model;
tree branches are color-coded according to the current superfamily classification—bottom-left inset; scale as probability of substitution per

site; b—e) alternative topologies, and their support; b) placement of Cancellariidae; c and d) base of the “core Neogastropoda”; and e) base of
Buccinoidea.
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sampled topology at each backbone node (denoted as
A-L), and at the base of Neogastropoda (node Al). We
recognize as problematic nodes those with a consis-
tently sampled alternative topology, criteria for consis-
tency being: recovered (i) in at least 3 analyses, (ii) with
at least 2 different inference methods, and (iii) with
moderate or high support in at least one analysis. The
first such problematic node concerns the placement of
the family Cancellariidae at the base of Neogastropoda,
either as a sister group to the Ficoidea—Tonnoidea clade
(Fig. 2a) or to the rest of the Neogastropoda (Fig. 2b).
The first topology receives high support in all IQ-PMM
analyses, the second in the partitioned IQ-Tree analyses,
whereas the coalescence-based and PhyloBayes infer-
ences lack support for the placement of Cancellariidae.

The remaining neogastropod taxa always form a
maximally supported clade (node B), and the topology
at the three deepest nodes D-E is consistent and highly
supported across most analyses. These nodes corre-
spond to the consecutively branching off (i) Volutidae
plus marginelliform gastropods (C), (ii) Volutomitridae
plus Exilioidea (D), and (iii) Costellariidae plus Exilia (E).
The remaining taxa are always recovered in a highly
supported cluster (node E), which we refer to from
here onwards as “core Neogastropoda.” This clade
comprises 7 major lineages corresponding to (i) family
Columbariidae, (ii) family Muricidae, (iii) superfamily
Olivoidea (except Triumphius), (iv) family Babyloniidae,
(v) family Harpidae, (vi) BV clade (Buccinoidea includ-
ing Triumphius and Vasidae), and (vii) TMC clade,
(Turbinellidae, (Mitroidea, Conoidea)).

Three conflicting topologies at the base of core
Neogastropoda (nodes E1, F) correspond to either
Muricidae (Fig. 2c), or Columbariidae (Fig. 2d), or
Muricidae plus Columbariidae (most consistently
recovered, Fig. 2a), being the sister group to all other
core lineages. The latter topology is supported by 2
IQ-PMM and both PhyloBayes analyses and invariably
places the Olivoidea as the next branching lineage. In
contrast, the partitioned IQ-TREE analyses (except the
NEO95-500 matrix) favor Columbariidae as the first
branching core lineage (Fig. 2c), whereas all coalescence-
based analyses place Muricidae at the base of the core
radiation, and Columbariidae as a sister group to
Olivoidea, though usually without support.

The affinities among the 4 remaining lineages are
generally more consistent and suggest a sister relation-
ship between the BV and TMC clades, with Harpidae
being a sister group to (BV, TMC), and Babyloniidae
a sister group to (Harpidae, (BV, TMC)). Two further
problematic nodes, 12 and L1, concern relationships at
the base of the buccinoidean and conoidean radiations,
respectively. The conflicting topologies at the base of
Buccinoidea concern affinities of the early branching buc-
cinoidean families Belomitridae and Dolicholatiridae.
In all coalescence-based and some ML inferences, either
both these families, or only Dolicholatiridae appear
more closely related to Vasidae than to the rest of the

Buccinoidea (Fig. 2e, coalescence-based analyses, mod-
erately supported, or lacking support).

Finally, fourth major uncertainty affects relationships
at the base of Conoidea, where our analyses were incon-
clusive in defining the earliest branching lineage. A
topology in which Cochlespiridae is the sister group to
all other conoideans (Abdelkrim et al. 2018) is recovered
in both PhyloBayes analyses, ASTEROID and 1Q-PMM
(both on the matrix NEO95_500), whereas the majority
of the analyses suggest a sister relationship between
Cochlespiridae and Marshallenidae. Possibly, this per-
sistent grouping is an LBA artifact that is efficiently
countered by CAT GTR model in Phylobayes (Uribe et
al. 2018). Since the present study focuses on the rela-
tionships among the major Neogastropoda lineages,
and the relationships within Conoidea have recently
been addressed with phylogenomics (Abdelkrim et al.
2018), we have reduced the taxon coverage in this lin-
eage. Having noted the robustly supported monophyly
of the Conoidea in all analyses, we did not examine the
sources of conflict among its lineages.

Sources of Phylogenetic Conflict

The PCA performed on the matrix summarizing clade
presence—absence (Supplementary Fig. S16) shows that
topology at conflicting nodes depends more on the phy-
logenetic inference method than on the matrix used.
The two first principal components explained 45.7% of
the observed variation. The first PC clearly separates
the coalescence-based and concatenation-based analy-
ses, indicating that ASTEROID trees are overall slightly
more congruent with the ML- and Bayesian trees. The
second PC separates the partitioned IQ-TREE trees (on
top of the plot), the IQ-PMM trees, and the PhyloBayes
trees, but also bears some signal of the matrix analyzed:
for each inference method, NEO95-500 trees are placed
on the diagram lower than the trees obtained from the
larger datasets NEO70 and NEO95.

The AU tests on the ASLS values calculated under
GAMMALG4X did notprefer one of the conflicting topol-
ogies over another in any comparison (Supplementary
Table S2). For the partitioned data, only the main topol-
ogy at the nodes I1/12 (monophyletic Buccinoidea) fits
the data significantly better than the respective alter-
native topology. The t-test suggests that regardless of
the query node, the loci with a strong AGLS on average
show a higher evolutionary rate (the reason why they
offer some resolution), and under a partitioned model,
are more likely to be affected by both compositional
heterogeneity and saturation (Supplementary Table S2,
Fig. 3). Under GAMMALGA4X, the loci with a strong sig-
nal favoring affinity of the Cancellariidae with Ficoidea-
Tonnoidea are clearly fewer, and they are significantly
more affected by both saturation and high composi-
tional heterogeneity (Fig. 3d and j). Furthermore, loci
with strong signal favoring Vasidae-Dolicholatiridae—-
Belomitridae affinity at the base of Buccinoidea show
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higher levels of saturation compared to those with
strong support for the main topology (Fig. 31).

DiscussioN

Relationships at the Base of Neogastropoda

Recent studies on various metazoan lineages shared
the common conclusion that the presence of conflicting
signals is an inherent property of phylogenomic data-
sets (Betancur-R. et al. 2019; Parins-Fukuchi et al. 2021;
Cunha et al. 2022; Mongiardino Koch et al. 2023) and
suggested that the true topology could be identified by
accounting for technical errors and exploring sources of
the conflicts (but see Mongiardino Koch et al. 2023). In
our analyses, the most challenging conflict concerns the
placement of Cancellariidae, either as a sister to the rest
of Neogastropoda or to Ficoidea-Tonnoidea, as sup-
ported by partitioned and ML-PMM analyses, respec-
tively. We demonstrate that the latter topology may, at
least partly, be driven by loci with high levels of satura-
tion and compositional heterogeneity.

One further factor adding to uncertainty at this node
is the inevitably difficult orthology inference due to the
whole genome duplication (WGD) event that pre-dated
the neogastropod radiation, confirmed by karyological
(Hallinan and Lindberg 2011) and whole genome data
(Pardos-Blas et al. 2021; Farhat et al. 2023). Although
redundant gene copies are usually quickly lost, the
clades that have diverged shortly after a WGD event
may differentially retain paralogs, leading to inaccu-
rate phylogeny estimates (Xiong et al. 2022). Hence,
the contradictory signals regarding the placement of
Cancellariidae may be explained by a differential pat-
tern of paralogs loss in Tonnoidea, Cancellariidae, and
the rest of Neogastropoda, as the separation of these
lineages was likely one of the first major splits that fol-
lowed the WGD (Hallinan and Lindberg 2011; Farhat
et al. 2023). Because the probability of the gene loss is
proportional to the internal branch length (Xiong et al.
2022), the extent of the differential gene loss should be
less in the pair Cancellariidae/Ficoidea-Tonnoidea com-
pared to the pair Cancellariidae/rest of Neogastropoda,
as the lineages in the latter pair are invariably separated
by a higher sum of branch lengths (custom Python
script S10-8, Supplementary Table S3). As a result, there
would exist a pool of loci alignments where gene copies
in Cancellariidae are orthologous to those in Ficoidea-
Tonnoidea but not in the rest of Neogastropoda,
and these alignments would expectedly favor the
(Cancellariidae, (Ficoidea, Tonnoidea)) grouping.

It is noteworthy that none of our analyses recov-
ered Cancellariidae as a sister to Tonnoidea plus
Neogastropoda, a placement supported by recent
mitogenomic phylogenies (Osca et al. 2015; Lemarcis
et al. 2022) but based on a very limited sampling of
Cancellariidae. Morphological data generally sup-
ports monophyly of Neogastropoda. However, the key

anatomical traits for understanding Neogastropoda
evolution, radula, and valve of Leiblein, are highly aber-
rant in Cancellariidae (Modica et al. 2011), and they do
not provide any clues on the affinities of this enigmatic
lineage. Further genomic data, whole genome assem-
blies, or a carefully curated set of longer loci would be
instrumental for disentangling the relationships at the
base of Neogastropoda radiation.

Relationships Within the Core Neogastropoda

We examined deep relationships within the order
Neogastropoda based on both an unprecedented taxo-
nomic coverage (112 neogastropod taxa representing 48
families) and a representative genomic sampling (from
1817 loci with ~20.4% of missing data to 731 loci with
11.6% missing data only). Although we failed to recover
a single topology for the Neogastropoda tree, high sup-
port was retrieved for most backbone nodes, allowing
to localize uncertainty to 4 specific nodes. Three of them
are associated with the origin of remarkably species-
rich radiations: the core Neogastropoda, the superfam-
ily Buccinoidea, and the superfamily Conoidea.

Within core Neogastropoda, the sister relationship
of Columbariidae and Muricidae is morphologically
plausible, albeit their similarities are mainly limited
to shared plesiomorphies (Kantor 2002). The most fre-
quently sampled alternative topology (Fig. 2c) results
from the coalescence-based analyses, however, with
low support values at query nodes. Furthermore, recent
findings casted doubts on the ability of summary-based
approaches to accurately resolve deep and intricate
phylogenies (e.g., Gatesy and Springer 2014). Therefore,
we regard this alternative topology as rather unlikely.
Similarly, the only analysis supporting Columbariidae
as a sister group to all other core lineages (NEO70,
partitioned IQ-TREE; Fig. 1d) relies on a larger pro-
portion of missing data, with inference performed on
very short loci, resulting in the overall unrealistically
high bootstrap support values (Thomson and Brown
2022). Therefore, we consider the topology where the
Columbariidae-Muricidae lineage represents the first
offshoot within core Neogastropoda as the most prob-
able. This topology is most frequently sampled and is
supported in nearly half of our concatenation-based
inferences.

Twovery shortbranches at the base of the Buccinoidea
separate first the Vasidae and then the Dolicholatiridae
and Belomitridae from the main stem of Buccinoidea.
Vasidae, Dolicholatiridae, and Belomitridae share
somewhat similar radulae, with bicuspidate lat-
eral teeth (Medinskaya et al. 1996). However,
Dolicholatiridae and Belomitridae, similarly to all
other Buccinoidea, lack accessory salivary glands and
an anal gland, whereas the latter is present in Vasidae.
While it is tempting to speculate that the loss of acces-
sory salivary glands and anal gland in Dolicholatiridae,
Belomitridae, and all other Buccinoidea is a result of
a single evolutionary event supporting their affinity,
a shared loss of a trait cannot be considered evidence
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of affinity (Strong and Lipscomb 1999). Therefore, the
anatomical evidence is inconclusive, as to whether
Dolicholatiridae—Belomitridae are closer to the Vasidae
or to the major Buccinoidea clade. Phylogenetic uncer-
tainty here is likely due to the series of very short
branches followed by a longer one leading to the major
Buccinoidea. Topology resolution in proximity of such
patterns is susceptible to a biased signal from loci
affected by saturation (Breinholt and Kawahara 2013),
and indeed we detected higher levels of saturation in
loci with a strong signal for Vasidae-Dolicholatiridae—
Belomitridae grouping. This result, and the generally
consistent support for monophyletic Buccinoidea in
our concatenation-based analyses, prompt us to con-
sider this topology (Fig. 2a) as the most probable.
Rapid diversification of the core Neogastropoda
coincided with the dramatic paleo-climatic events of
the late Cretaceous and the K-Pg boundary (Vermeij
1977). This period was marked by the origin of many
lineage-specific morphological innovations, mainly
associated with the dynamic evolution of foregut
underpinning the diversification of feeding strate-
gies in Neogastropoda (Ponder 1973; Kantor 2002).
Parins-Fukuchi et al. (2021) suggested that the com-
plex evolutionary patterns of genes linked to bursts
of morphological disparity could also complicate
phylogenetic inference. Similar to Neogastropoda, the
evolutionary histories of two iconic vertebrate radi-
ations—birds and mammals—suffer from a lack of
resolution at the phylogenetic splits typically aligned
with the K-Pg boundary. Remarkably, even with sig-
nificantly more genomic resources available in these
lineages, certain relationships remain challenging
to address due to pervasive phylogenomic conflicts.
Nonetheless, we anticipate that the present phylogeny
will serve as a valuable guide for the future expansion
of genomic resources for Neogastropoda. This expan-
sion is crucial for understanding the evolutionary his-
tory of this remarkable group of marine invertebrates.

Relationships of Neogastropoda and Their Implications
for Systematics

Our findings unequivocally support the mono-
phyly of 5 Neogastropod superfamilies: Conoidea,
Muricoidea, Mitroidea, Olivoidea, and Buccinoidea
(with the reassignment of Triumphius from the Olivoidea
to the Buccinoidea). Within Buccinoidea, we confi-
dently place the previously disputed Columbellidae
as the sister group to the Colubrariidae-Colidae-
Prosiphonidae-Eosiphonidae clade. Furthermore, all
the concatenation-based inferences confirmed the
monophyly of Nassariidae, questioned by Kantor et al.
(2022). Notably, we identify Vasidae for the first time as
the sister group to the Buccinoidea. Indeed, the affinity
of Vasidae and Buccinoidea sensu Kantor et al. (2022) is
recovered in all our analyses and has a much stronger
support than the Buccinoidea clade itself. Based on this
outcome, we propose the inclusion of Vasidae in the
superfamily Buccinoidea.

The scope of the superfamily Volutoidea must be
restricted to the content of the clade including Volutidae
and marginelliform gastropods (Fedosov et al. 2019).
Future investigations are required to validate the
monophyly of Volutidae and ascertain the placement
of enigmatic taxa such as the families Granulinidae
and Marginellonidae. The family Cancellariidae
should definitely be assigned to a separate superfam-
ily Cancellarioidea, as previously proposed by Ponder
(1973) and Bouchet and Rocroi (2005).

Our analyses reveal the polyphyly of Turbinelloidea
(sensu Fedosov et al. 2017), a result that necessitates
profound revisions to neogastropod systematics. Some
changes, such as the inclusion of Columbariidae in
Muricoidea, and Vasidae in the Buccinoidea, can be
readily inferred from the present phylogeny, others
yet to be proposed. The existing scheme with 8 super-
families leaves out of superfamilies at least 4 major
lineages retrieved in our analyses. Therefore, the estab-
lishment of 4 new superfamilies to accommodate (i)
Volutomitridae plus Exilioidea, (ii) Costellariidae plus
Exilia, (iii) Babyloniidae, and (iv) Harpidae, emerges as
the most reliable systematic arrangement based on the
reconstructed tree topology.
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Data available from the Dryad Digital Repository:
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