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1   |   INTRODUCTION

Mitogenomes constitute one of the best compromises be-
tween informativeness and cost (both in terms of time and 

money) when it comes to selecting a suitable set of charac-
ters to resolve phylogenies (Zaharias et al., 2020). If it re-
mains not informative enough for very deep relationships 
and is sometimes prone to long-branch artefacts (Schrödl 
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Abstract
The Neogastropoda (Mollusca, Gastropoda) encompass more than 15,000 de-
scribed species of marine predators, including several model organisms in toxi-
nology, embryology and physiology. However, their phylogenetic relationships 
remain mostly unresolved and their classification unstable. We took advantage 
of the many mitogenomes published in GenBank to produce a new molecular 
phylogeny of the neogastropods. We completed the taxon sampling by using an 
in-house bioinformatic pipeline to retrieve mitochondrial genes from 13 tran-
scriptomes, corresponding to five families not represented in GenBank, for a 
final dataset of 113 taxa. Because mitogenomic data are prone to reconstruction 
artefacts, eight different evolutionary models were applied to reconstruct phylo-
genetic trees with IQTREE, RAxML and MrBayes. If the over-parametrization 
of some models produced trees with aberrant internal long branches, the global 
topology of the trees remained stable over models and softwares, and several re-
lationships were revealed or found supported here for the first time. However, 
even if our dataset encompasses 60% of the valid families of neogastropods, some 
key taxa are missing and should be added in the future before proposing a revi-
sion of the classification of the neogastropods. Our study also demonstrates that 
even complex models struggle to satisfactorily handle the evolutionary history of 
mitogenomes, still leading to long-branch attractions in phylogenetic trees. Other 
approaches, such as reduced-genome strategies, must be envisaged to fully re-
solve the neogastropod phylogeny.
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& Stöger, 2014; Uribe et al., 2019), it has been widely used 
in various groups of organisms, and in particular in mol-
luscs, where it helped to clarify relationships from the 
species level (Abalde et al., 2017) to deeper relationships 
between lineages separated since several hundreds of MY 
(Uribe et al., 2019; Williams et al., 2014). And even in an 
era when datasets based on transcriptomes or reduced ge-
nomes are becoming more and more common, new mi-
togenomes are being produced regularly. Furthermore, 
in gastropods, the publication of a new mitogenome(s) 
provides often the opportunity to produce a new phylog-
eny by combining the newly produced mitogenome(s) 
with previously published ones (Barghi et al., 2016; Choi 
et al., 2021; Harasewych et al., 2019; Huang et al., 2021; 
Wang et al., 2021).

However, such publications generally limit the scope 
of the phylogeny to a few mitogenomes among those avail-
able in public databases, and the phylogenetic analyses 
conducted are often limited to one method, and do not 
test for various methods and/or models in order to more 
thoroughly reconstruct phylogenetic relationships. One of 
the groups that would benefit from such a more complete 
analysis are the neogastropods. This crown group of the 
caenogastropods is composed of more than 15,000 de-
scribed species, mostly predators, and their evolutionary 
success has regularly been suspected to be linked to their 
capacity to produce various molecular compounds to cap-
ture their prey, such as anaesthetics, anticoagulants and 
neurotoxins (Bose et al., 2017; Modica et al., 2018; Olivera 
et al., 2017). However, the lack of a clear and robust phylo-
genetic context for the group, illustrated by their unstable 
superfamily and family-level classification, makes it diffi-
cult to test such hypothesis (Kuznetsova et al., 2022).

The current state-of-the-art of the neogastropod clas-
sification, as provided in WoRMS (WORMS,  2018, con-
sulted on the 14 March 2022), is mostly based on the 
molecular phylogenies published in the last 10 years and 
the associated taxonomic revisions. Thus, the superfami-
lies Conoidea (Abdelkrim et al., 2018; Bouchet et al., 2011; 
Kantor et al., 2012; Puillandre et al., 2011; Yang et al., 2021), 
Buccinoidea (Couto et al., 2016; Galindo et al., 2016; Kantor 
et al., 2021; Oliverio & Modica, 2010), Mitroidea (Fedosov 
et al., 2015, 2018; Kantor et al., 2014), Olivoidea (Kantor 
et al., 2017), Muricoidea (Barco et al., 2010), the families 
Cancellariidae (Modica et al., 2011), Costellariidae (Fedosov 
et al.,  2015, 2017) and the marginellids (Cystiscidae, 
Granulinidae, Marginellidae, Marginellonidae—Fedosov 
et al., 2019) have been found monophyletic, and the fam-
ily- and/or genus-level classifications have been deeply 
revised. In some cases, the reconstructed phylogenetic re-
lationships necessitated the introduction of a large number 
of new family-level taxa, in particular within the Conoidea 
and Buccinoidea, that switched from 7 and 9 families, 

respectively, to 17 and 20. The superfamily Turbinelloidea 
still awaits to be revised, although Fedosov et al.  (2015, 
2017) already started the work, and only a few families re-
main virtually untouched by molecular phylogeneticians 
(Volutidae, Harpidae, Babyloniidae and Strepsiduridae—
but see Ravitchandirane and Sukumar  (2013) for the 
Babyloniidae).

But the main challenge of the neogastropod phyloge-
netic reconstruction is to clarify the relationships at the su-
perfamily level: three families (Harpidae, Babyloniidae and 
Strepsiduridae) remain unassigned in a superfamily and 
the relationships between the seven currently recognized 
superfamilies (and the three unassigned families) are vir-
tually unknown. All the previously published phylogenetic 
studies that, at least partly, dealt with the neogastropod su-
perfamily relationships failed to resolve most of these deep 
relationships. Two notable exceptions are (a) the recovery of 
the sister-taxa Tonnoidea (also revised at the family level—
Strong et al., 2019) and Ficoidea, two superfamilies currently 
not recognized as a Neogastropoda, within the neogastro-
pod clade (as sister to all the other neogastropods but the 
Cancellariidae; Colgan et al.,  2007; Fourdrilis et al.,  2018; 
Harasewych et al.,  2019; Machkour-M'Rabet et al.,  2021; 
Osca et al.,  2015; Wang et al.,  2017, 2021); (b) the mono-
phyly of a group that includes all the neogastropods except 
the Volutoidea (Cancellariidae, marginellids, Volutidae), 
the Tonnoidea and the Ficoidea (Abdelkrim et al.,  2018; 
Choi et al., 2021; Cunha et al., 2009; Fourdrilis et al., 2018; 
Harasewych et al.,  2019; Machkour-M'Rabet et al.,  2021; 
Osca et al., 2015; Uribe et al., 2021; Wang et al., 2017, 2021).

In order to further improve our understanding of the 
neogastropod phylogenetic relationships, we propose to 
take advantage of the many neogastropod mitogenomes 
available in GenBank (359 on January 28th, 2022), com-
plemented with several mitogenomes extracted from tran-
scriptomic data obtained from GenBank or other projects 
of our team (unpub.), to reconstruct the most complete 
phylogeny of neogastropods published to date. Even if the 
sampling remains incomplete, as several families of neo-
gastropod are not represented in this mitogenome dataset, 
this phylogeny certainly constitutes a step forward, and 
highlights some previously unnoticed relationships that 
allow us discussing the evolution of morpho-anatomical 
characters and elaborating further on the evolutionary 
success of the neogastropods.

2   |   MATERIAL AND METHODS

2.1  |  Sampling

All the neogastropod, tonnoidean and ficoidean mitog-
enomes from GenBank were downloaded on 28 January 
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2022. A selection of mitogenomes of Littorinimorpha, 
and in particular the most closely related lineages to 
Neogastropoda (Osca et al.,  2015) were added as out-
groups. Following Osca et al.  (2015), Ifremeria nautilei 
(Provannidae) was used to root all the phylogenetic trees. 
The family, genus and species names were updated ac-
cording to WoRMS. To complement the taxonomic sam-
pling, mitochondrial gene sequences extracted from 
publicly available transcriptomes or transcriptomic data 
produced in the framework of other projects by our team 
were added to the dataset. The complete list of mitoge-
nomes from GenBank and mitochondrial gene sequences 
extracted from transcriptomes is provided in Appendix S1.

2.2  |  Mitogenomes extracted from 
transcriptomic data

To complete the taxonomic sampling, 13 partial mi-
togenomes were extracted from transcriptomes (see 
Appendix  S1). We designed a reference-based approach 
with one to four mitogenomes used as reference for each 
transcriptome. A suite of custom python scripts to repro-
duce the pipeline is available at https://github.com/Hyper​
diver​sepro​ject/Neo_mitog​enome​s/.

First, a BLASTn (Camacho et al., 2009) search of the 
transcriptomes against the reference mitogenomes was 
performed and the contig with the best hit (e-value < 1e-
10) was retained. In parallel, a BLASTp search was also 
performed. Assembled contigs were translated from 
transcriptomes using open reading frames (ORF)finder 
(Rombel et al., 2002), and translated genes were retrieved 
from reference mitogenomes directly from GenBank.

To ensure contig quality and avoid contaminations, 
raw reads from transcriptomes were mapped against 
the best hit contigs from BLASTn and BLASTp searches 
using Bowtie2 (Langmead & Salzberg,  2012). The depth 
of coverage was calculated with the option ‘coverage’ of 
samtools (Danecek et al.,  2021). If two contigs from the 
same transcriptome aligned in the same region of the ref-
erence mitogenome, the contig with the highest depth of 
coverage was selected. Hit contigs were then merged and 
aligned against the mitogenome references with multiple 
alignment using Fast Fourier Transform (MAFFT) and ‘lo-
calpair’ and ‘addfragments’ options (Katoh & Frith, 2012).

A second round of filtering was performed by calculat-
ing the number of differences (‘genetic distance’) between 
the contig sequence and the sequence of the closest refer-
ence mitogenome: if the contig had genetic distance >50% 
of the sequence length, the contig was removed from the 
alignment. Remaining contigs were realigned against the 
reference mitogenomes and contigs not aligned with a 
mitochondrial gene were removed from the alignment. 

The pipeline resulted in 13 partial mitogenomes extracted 
from transcriptomes (Appendix S1).

2.3  |  Subsampling and data cleaning

Single mitochondrial genes (13 protein-coding genes 
and ribosomal genes) were extracted from GenBank 
mitogenomes using AnnotationBustR (Borstein & 
O'Meara, 2018). Given that some lineages (species, genera) 
are overrepresented in the GenBank mitogenome dataset, 
we first performed a phylogenetic analysis (Neighbour-
Joining with MEGA—Kumar et al., 2016) to confirm that 
conspecific and congeneric mitogenomes were clustering 
together, and then to select one mitogenome per genus, 
the one corresponding to the type species and/or with less 
missing data. One exception is the genus Turricula, for 
which two available (partial) mitogenomes do not cluster 
together: one (extracted from a transcriptome) cluster with 
the other Clavatulidae, the other (Turricula nelliae spu-
rius, MK251986) within the Pseudomelatomidae. Given 
the morphological resemblance of Turricula nelliae with 
some members of Pseudomelatomidae (e.g. Comitas), we 
suspect here a misidentification. In any case, both mitoge-
nomes were retained in the analyses. The resulting dataset 
comprised 114 taxa, including 10 outgroups.

Each gene was then aligned using MAFFT v7.490 (Katoh 
& Standley, 2013) auto mode and phylogenetic trees were 
reconstructed with IQ-TREE v2.1.3 (Minh et al.,  2020) 
with General Time Reversible (GTR) + Gamma (G) in 
order to detect potential misalignments and contamina-
tions. Indels in coding genes (when not a multiple of 3) 
were manually removed, as well as sequence fragments 
at the beginning or end of the alignment that were out 
of the gene ORF. Two gene fragments were also removed 
from the dataset: the first 600 nucleotides (NTs) of the cy-
tochrome c oxidase subunit III (cox3) gene of JQ446041 
(Concholepas concholepas) had no blast hit in GenBank; 
the second part of the cytochrome c oxidase subunit I 
(cox1) of MW316798 (Aspa marginata) was obviously mis-
aligned, leading to a very long branch. We also removed 
the mitogenome of Ceraesignum maximum (Vermetidae, 
HM174253), because it constituted a very long branch and 
was not crucial for neogastropod phylogeny, as an early 
branching taxa within Caenogastropoda (Osca et al., 2015; 
Rawlings et al.,  2010), thus leaving 113 taxa in the final 
dataset.

2.4  |  Phylogenetic analyses

Sequences from coding genes were translated from NTs 
to amino acids (AAs) using the translateNT2AA program 

https://github.com/Hyperdiverseproject/Neo_mitogenomes/
https://github.com/Hyperdiverseproject/Neo_mitogenomes/
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implemented in MACSE (Ranwez et al., 2011) and then 
aligned with MAFFT using the G-INS-i algorithm. We 
used MAFFT E-INS-i for non-coding mitochondrially en-
coded 12S and 16S RNA. The program reportGapsAA2NT 
in Multiple Alignment of Coding SEquences Accounting 
(MACSE) was used to derive each NT alignment from 
each MAFFT AA alignment. Finally, the 15 genes were 
concatenated in two ways: only NTs (all 15 genes) or AAs 
for the 13 coding genes + 12S and 16S in NTs. We will 
refer to the two datasets as the NT matrix or AA + NTs 
matrix.

We performed a first round of analyses using IQ-TREE 
to determine the best fit model strategy for the NT ma-
trix. In all cases, ModelFinder Plus (MFP) was used to 
select the best model of substitution (Kalyaanamoorthy 
et al.,  2017). The dataset was partitioned in eight differ-
ent ways (Table  1): a single partition for the entire NT 
(‘single-partition + MFP’), partitioning by gene with 
edge-proportional (‘gene-partitioned + MFP) and edge-
unlinked (‘gene partitioned + MFP + edge-unlinked’) par-
tition models (Chernomor et al.,  2016), partitioning by 
codon (except for 12S and 16S) with edge-proportional 
(‘codon partitioned + MFP’) and edge-unlinked (‘codon 
partitioned + MFP + edge-unlinked’) partition models, 
partitioning by codon (except for 12S and 16S) with a 
selection of the best-fit partitioning scheme by merg-
ing partitions with edge-proportional (‘codon parti-
tioned + MFP + MERGE’) and edge-unlinked (‘codon 
partitioned + MFP + MERGE + edge-unlinked’) partition 
models, by using the GHOST model with four classes, un-
linked branch lengths, substitution rates and inferred base 
frequencies (‘GHOST’; Crotty et al.,  2019). The GHOST 
model was specifically designed to take into account het-
erotachy, that is, variation of the evolutionary rate of site 
through time (Lopez et al.,  2002). Heterotachy is a pro-
cess that is likely to have occurred in large groups and in 

fast-evolving genomes such as the mitochondrial genome. 
Each analysis was run with 1000 standard bootstraps, 
except for GHOST due to numerical underflow issues. 
Because the number of free parameters can greatly change 
from one model to another (Table 1), the Log-Likelihood 
scores alone are not appropriate to compare the different 
models. Instead, we ranked the Akaike information cri-
terion (AICc) and Bayesian information criterion (BIC) 
scores outputted by IQ-TREE for each analysis and com-
pared them (Table 1). The best AICc score was found for the 
codon partitioned + MFP analysis while the best BIC score 
was found for the codon partitioned + MFP + MERGE. 
Since there was no strong argument to support one or the 
other, we decided to run RAxML-ng and MrBayes on the 
NT matrix using both the codon partitioned + MFP and 
the codon partitioned + MFP + MERGE.

The AA matrix data were run with the same strategy 
for IQ-TREE, RAxML and MrBayes; a gene partitioned 
approach was used and ModelFinder identified the best 
fit model for each partition. Unfortunately, the AA ma-
trix did not work with 12S and 16S in IQ-TREE due to a 
software error mentioning running out of RAM (and re-
ported to the IQ-TREE google group). For both the NT and 
AA matrix, when the model of substitution selected by 
ModelFinder did not exist in either RAxML or MrBayes, 
we converted the model into the equivalent model avail-
able in each respective software.

RAxML was run using the ‘all-in-one’ analysis flag 
implying the use of bootstopping criterion (Pattengale 
et al., 2010). The bayesian analyses run in MrBayes v3.2 
(Ronquist et al., 2012) consisted of three parallel analyses, 
each with eight Markov chains of 50,000,000 generations 
and a sampling frequency of one tree each 10,000 gener-
ations. The number of swaps was set to 5, and the chain 
temperature at 0.02. We evaluated the convergence of 
each analyses using Tracer v1.7.1 (Rambaut et al., 2018). 

T A B L E  1   Log-likelihood, number of free parameters, AICc and BIC scores for the IQ-tree analyses performed with eight different 
partitions and models

IQ-TREE model Log-likelihood Nb free parameters AICc BIC

Single partition + MFP −664,013.774 249 1,328,534.31 1,330,412.72

Gene partitioned + MFP −660,006.477 540 1,321,134.938 1,325,185.616

Gene partitioned + MFP + edge-unlinked −658,844.169 3316 1,326,294.878 1,349,452.313

Codon partitioned + MFP −638,265.299 817 1,278,262.591 1,284,356.644

Codon partitioned + MFP + edge-unlinked −632,616.015 9102 1,314,381.131 1,352,420.118

Codon partitioned + MFP + MERGE −639,582.443 510 1,280,222.257 1,284,050.178

Codon partitioned + MFP + MERGE + 
edge-unlinked

−639,462.959 1219 1,281,588.603 1,290,602.724

GHOST −790,917.6179 927 1,583,816.399 1,590,714.972

The best AICc and BIC scores are in bold.
Abbreviations: AICc, Akaike information criterion; BIC, Bayesian information criterion; MFP, ModelFinder Plus.
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Analyses were stopped before reaching 50,000,000 gener-
ations to limit computation time, but not before the ESS 
values were all superior to 200, thus leading to a burnin of 
24%, 43% and 4% for the NT codon partitioned + MFP, NT 
codon partitioned +MFP + MERGE and the AA matrix, 
respectively.

3   |   RESULTS

The final dataset included sequences of 10 outgroups, 11 
Tonnoidea (5 families), 1 Ficoidea (1 family) and 91 ne-
ogastropod (36 families) representatives. Among them, 
incomplete mitogenomes (between 8 and 13 genes each—
Genbank accession numbers: see Appendix S1) were re-
covered from transcriptomes for 13 taxa, representing 10 
families, including 5 (Colubrariidae, Olividae, Personidae, 
Pisaniidae, Turbinellidae) that were not represented in 
GenBank. However, 26 families of neogastropods and 4 
families of Tonnoideans considered as valid in WoRMS 
are still not represented in our dataset.

Eight trees were obtained and will be compared 
(Figures  1 and S1): NT codon partitioned + MFP with 
IQ-TREE, RAxML and MrBayes, NT codon parti-
tioned + MFP + MERGE with IQ-TREE, RAxML and 
MrBayes and AA with RAxML and MrBayes. The trees 
obtained with the same matrix, method or partition 
model are almost identical, but more differences (with 
only a few supported nodes—Bootstraps B < 80, Posterior 
Probabilities [PP] < 0.95) are found when comparing 
trees obtained with different matrices, methods and/or 
substitution models. The two NT IQTREE are identical, 
except for the position of Pisaniidae and Cominellidae 
(unsupported in both cases) within the Buccinoidea. 
Similarly, the two NT RAxML trees are identical, with 
the only difference being the Tonnoidea + Ficoidea clade 
sister to the Calyptraeidae + Neogastropoda clade in the 
codon + MFP + Merge tree whereas the Calyptraeidae are 
sister to the Cancellariidae in the codon + MFP tree (as 
in the six other trees), but these nodes are not supported. 
Except a few other unsupported differences, the RAxML 
trees are also very similar to the IQTREE trees, and all 
of them are also similar to the MrBayes trees. In general, 
the support values for the IQTREE and RAxML trees are 
lower than for the MrBayes trees. In the following section, 
the description of the results will focus on the MrBayes 
trees, and the IQTREE and RAxML trees (Figures 1 and 
S1) will be discussed only to point at the differences (or 
similarities) with the MrBayes trees.

In all trees, all the families represented by several 
taxa are monophyletic, except the Turridae (the gen-
era Gemmuloborsonia and Lucerapex are sister to the 
Pseudomelatomidae + Drilliidae clade in the MrBayes AA 

tree with PP = 0.99, thus not clustering with the rest of 
the Turridae, as for example, in the MrBayes NT trees with 
B = 1) and the Tudiclidae (non-monophyly supported in 
most trees). Within families, the relationships are very 
consistent among trees. The relationships are less stable 
within superfamilies, with some unstable taxa such as the 
Clathurellidae and Mitromorphidae within the Conoidea, 
and several families within the Buccinoidea (but again, 
the corresponding nodes are most often not supported). 
For example, the Columbellidae are sister to the rest of 
the Buccinoidea in the NT trees (not supported), but sister 
to the Colubrariidae in the AA trees (PP = 0.99, B = 52).

The Buccinoidea, Conoidea, Tonnoidea, Olivoidea, 
Muricoidea, Mitroidea, (the latter two being represented 
by only one family each) are always found monophy-
letic, with high support. However, the superfamily 
Turbinelloidea, although represented by two taxa only, is 
never found monophyletic, with Vasum (Turbinellidae) 
included with high support in a clade together with 
Conoidea, Mitroidea, Buccinoidea, Olivoidea and 
Babyloniidae, thus excluding Costellariidae. The posi-
tion of Vasum is not stable among trees: it is sister to 
the Buccinoidea (e.g. in the MrBayes NT codon + MFP 
tree − PP = 0.87) or sister to the Babyloniidae (e.g. in the 
MrBayes AA tree − PP = 1). Similarly, the Volutoidea are 
never found monophyletic, with the Volutidae being sis-
ter to a clade including Conoidea, Buccinoidea, Olivoidea, 
Turbinelloidea, Muricoidea and Babyloniidae, and the 
Cancellariidae being sister to the Calyptraeidae with high 
support in most trees.

In all trees, the clade Conoidea + Mitroidea + Buccino
idea + Olivoidea + Babyloniidae + Turbinellidae is always 
supported. The Muricidae, Costellariidae, Volutidae and 
Tonnoidea + Ficoidea are then successively branching as 
sister clades to the previous one, always with good support 
with both the AA and NT matrices (0.98 < PP <1). The only 
exception is in the RAxML codon + MFP + Merge tree, as 
detailed above. Finally, the Cancellariidae are always sis-
ter to the Calyptraeidae with high support (0.96 < PP <1), 
and all the neogastropods (except Cancellariidae) 
+ Tonnoidea/Ficoidea are monophyletic (PP = 1).

4   |   DISCUSSION

4.1  |  A note on model selection for the 
NT matrix

While selecting a model of sequence evolution is fa-
cilitated by using model-selection methods (e.g. 
ModelFinder), choosing the right model-selection strat-
egy on complex datasets such as mitochondrial genomes 
remains challenging. The use of information-theoretic 
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methods (Posada & Buckley,  2004) such as corrected 
AICc and BIC is now common practice to distinguish 
and select several phylogenetic models. In the first phase 
of our phylogenetic analyses using IQ-TREE, we used 
eight different strategies for analyzing the NT matrix 
and rank each phylogenetic model using either AICc 
or BIC criteria (Table  1). The implementation of the 
GHOST model has led to the lowest supports and topolo-
gies highly different from the others, possibly due to re-
peated numerical underflow errors. But GHOST is also 
a mixture model and some recent discussions (Crotty 
& Holland,  2022) questioned the use of information-
theory methods to compare partition and mixture mod-
els. Similarly, models involving edge-unlinked partitions 
have low AICc or BIC scores, likely due to the great 
amount (several thousands) of parameters to evaluate. 
Interestingly enough, GHOST and edge-unlinked mod-
els are the only two strategies that can take heterotachy 
(Lopez et al., 2002) into account. Our results stress out 
the need for alternative heterotachy models that are less 
parameter-rich and more suited for datasets with high 
number of taxa. Obviously, using a single partition over 
the entire NT matrix is unrealistic, even using a FreeRate 
model (Le et al., 2012) with 10 categories to take more 

site heterogeneity into account. Thus, our options for 
model selection were reduced to a medium-level para-
metrized gene-partition strategy, a highly parametrized 
codon-partition strategy or an alternate medium-level 
parametrized strategy where codon-partitions are 
merged using the MERGE option in IQ-TREE. The 
‘codon partitioned + MF’ had the best AICc score, while 
the ‘codon partitioned + MF + MERGE’ strategy had the 
best BIC score. Hence, we decided to keep both for subse-
quent analysis with RAxML and MrBayes. While the two 
codon-partitioned strategies were the ones favoured by 
information-theory criteria, we must note that all trees 
inferred with this partition schemes reveal unrealistic 
branch lengths, that is, with some internal branches hav-
ing on average more than seven substitutions per site, re-
gardless of the reconstruction method used (i.e. RAxML, 
IQ-TREE or MrBayes). We suspect that for some parti-
tions, that is, the ones with high-evolving rate sites such 
as third codon positions, the methods fail to correctly as-
sess the substitution rates. A careful look at some parti-
tion parameters in MrBayes show that a lot of them are 
not converging, even at the end of the analyses. In spite 
of the obviously overparametrized model that was used 
and unrealistic branch lengths, the topologies (which 

F I G U R E  1   Phylogenetic tree obtained with the NT ‘codon + MFP’ matrix, analysed with MrBayes. The bootstraps values and posterior 
probabilities (>0.5) are given for each node. Superfamilies are highlighted with colour boxes. Illustrations from top to down: Cancellariidae, 
Tonnidae, Volutidae, Costellariidae, Muricidae, Olividae, Colubrariidae, Nassariidae, Mitridae, Conidae, Raphitomidae, Turridae (Credits: 
Philippe Maestrati, Laurent Charles /MNHN). MFP, ModelFinder Plus; NT, nucleotide
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are the prime interest of our study) remain stable across 
analyses or within the tree space explored by MrBayes.

It is now generally accepted that over-parameterization 
should be favoured over under-parameterization (Abadi 
et al.,  2019; Fabreti & Höhna,  2022), and studies with 
similar datasets (i.e. mitochondrial genomes spanning 
a large taxonomic diversity) have also faced the same is-
sues of unrealistic branch lengths but reliable topologies 
(e.g. Song et al., 2016; Uribe & Zardoya, 2017). Our eight 
NT matrix topologies (Figures  1 and S1) show few very 
important differences (i.e. apart from already known un-
stable regions of the tree) but over-partitioned datasets 
and overly complex models can return unrealistic branch 
lengths, even when AICc or BIC scores are good. Caution 
must be used before running any kind of meta-phylogeny 
analysis (e.g. dating or diversification analyses) that will 
use branch length information and we recommend care-
fully checking the branch lengths to eventually detect un-
realistic branch lengths.

4.2  |  Input for neogastropod 
classification

With 42 families of neogastropods and tonnoideans, rep-
resenting almost 60% of the families currently considered 
as valid in WoRMS, our dataset is the most complete 
published so far. Many of the previously recovered rela-
tionships are recovered here and new ones are revealed 
(Table 2).

At the family level, all the families represented by at 
least two species are recovered monophyletic, except two. 
The first exception is the Tudiclidae (Buccinoidea), with 

Lirabuccinum musculus not clustering with the two oth-
ers (Aeneator recens and Buccinulum robustum). Kantor 
et al. (2021) already pointed at the radula of Lirabuccinum 
musculus being different from the other Tudiclidae spe-
cies, suggesting that it might not be a Tudiclidae. The sec-
ond exception is the Turridae (Conoidea), with Lucerapex 
sp. and Gemmuloborsonia moosai not clustering with the 
others in most trees. This non-monophyly (supported 
only in the MrBayes AA tree) was already found in Uribe 
et al.  (2018), also based on mitogenomes, but has been 
contradicted by the exon-based phylogeny of Abdelkrim 
et al.  (2018), with the Turridae being monophyletic and 
highly supported.

At the superfamily level, some superfamilies are recov-
ered monophyletic and supported, often confirming pre-
viously published phylogenies, although based on a much 
more reduced sampling (Choi et al., 2021; Osca et al., 2015; 
Uribe et al.,  2021; Wang et al.,  2021). For example, the 
Conoidea, represented by many mitogenomes covering 
almost all the family-level diversity of the group, is found 
monophyletic. However, some unsupported relationships 
between families are probably resulting from long-branch 
attraction (LBA), as suggested in Uribe et al. (2018), and 
are contradicted both by exon-based phylogenies and an-
atomical characters (Abdelkrim et al.,  2018). For exam-
ple, the Cochlespiridae, found here closely related to the 
Marshallenidae in several trees, is more probably sister to 
all the other Conoidea. The Olivoidea, here for the first 
time in a mitogenome phylogeny represented by several 
species, are found monophyletic, confirming the results 
obtained previously (Kantor et al.,  2017). Similarly, the 
Buccinoidea, recently revised in Kantor et al. (2021), are 
found monophyletic. However, the Belomitridae, not 

T A B L E  2   Comparison of neogastropod molecular phylogenies

A ‘x’ means that the taxon is represented in the phylogeny; if several samples of this taxon were included, it also means that the taxon has been recovered 
monophyletic. Full rectangles correspond to supported clades (bootstraps > 80 and/or posterior probabilities > 0.95); dashed rectangles correspond to 
unsupported clades. The five firsts phylogenies were based on few mitochondrial and nuclear genes (typically: cox-1, 16S, 12S, 28S), and for each of them the 
focus taxon is indicated; the five others were based on mitogenomes; the last one corresponds to the phylogeny on the Figure 1. Superfamilies for which the 
monophyly is supported in several phylogenies (Conoidea, Tonnoidea, Buccinoidea except Belomitridae) are not detailed at the family level
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included here, might not be closely related to the other 
Buccinoidea, as suggested by Abdelkrim et al. (2018) and 
Fedosov et al. (2019). Furthermore, the relationships be-
tween the Buccinoidea families are not supported, and 
sometimes contradict previously published results: for ex-
ample, the Columbellidae are sister to the Colubrariidae 
in the MrBayes AA tree with high support, whereas they 
were found embedded within the Nassariidae in Kantor 
et al. (2021). The Mitroidea, represented here by a single 
family (Mitridae), also includes the Pyramimitridae and 
Charitodoronidae, and these three families were constitut-
ing a clade in previously published phylogenies (Fedosov 
et al., 2018). The Turbinelloidea, represented here by two 
families (Costellariidae and Turbinellidae), are not mono-
phyletic. The other Turbinelloidea families are sometimes 
represented by one or a few samples in previously pub-
lished phylogenies, but their close relationship is never 
supported, and this superfamily clearly constitutes a po-
tentially non-monophyletic taxon. The Volutoidea, rep-
resented here by the Volutidae and Cancellariidae, are 
not monophyletic. The family Volutidae is sister to all 
the other neogastropods (except Cancellariidae), and was 
found to form a clade with the marginellids (Cystiscidae, 
Granulinidae, Marginellidae and Marginellonidae) in 
Fedosov et al. (2019). However, as illustrated in our tree, 
the Cancellariidae never cluster with the rest of the 
Volutoidea (except in Wang et al.  (2021), although not 
highly supported), and is either found to be sister to all 
the other Neogastropoda + Tonnoidea/Ficoidea (Cunha 
et al.,  2009; Osca et al.,  2015) or to Tonnoidea (Choi 
et al., 2021; Fedosov et al., 2019). Here, it is generally sis-
ter to Calyptraea chinensis (Calyptraeidae), a taxon not in-
cluded in previously published neogastropod phylogenies. 
Morpho-anatomical data do not support this relationship 
(Simone, 2002), and the long branch leading to Calyptraea 
chinensis would suggest the occurrence of a phenomenon 
of LBA. It is important to note that the Cancellariidae 
have been placed within the Volutoidea only recently 
(Bouchet et al.,  2017), while previously it belonged to 
its own superfamily Cancellarioidea. Thus, the position 
of the Cancellariidae, as sister to Calyptraeidae or to the 
Neogastropoda/Tonnoidea/Ficoidea clade remains to be 
determined. Finally, the Tonnoidea are found monophy-
letic and sister to the Ficoidea, a result already supported 
in Strong et al. (2019) and Wang et al. (2021).

Several supported relationships between the super-
families (and with the Babyloniidae) are here recovered. 
The Conoidea and Mitroidea (represented only by the 
Mitridae) form a clade, as suggested also in Abdelkrim 
et al.  (2018). While the relationships between the clade 
Conoidea +Mitroidea with Buccinoidea, Turbinellidae, 
Olivoidea and Babyloniidae are not resolved, they all 
form a well-supported clade. The deeper relationships 

are also always supported, with the respective posi-
tion of the Muricoidea, Costellariidae, Volutidae and 
Tonnoidea + Ficidae always branching in the same order 
in our trees, with high support. Nevertheless, a number 
of phylogenetically important neogastropod taxa remain 
unrepresented in our dataset (Volutomitridae, Harpidae), 
or underrepresented (Cancellariidae, Turbinelloidea, 
Olivoidea). Inclusion of these currently missing lineages 
may lead to the modification of the tree topology, and 
therefore, we consider the current tree still too prelimi-
nary to induce revisions in systematics or to redefine 
apomorphies of the currently revealed clades. Further in-
crease in the taxonomic sampling to eventually include all 
crucial neogastropod lineages will be vital to build a solid 
basis for the order's reclassification.

4.3  |  Future priorities

In future studies, priority should be given to complet-
ing the taxon sampling. Among the missing families, 
some were previously confidently placed in superfami-
lies in published molecular phylogenies, and do not 
constitute priority targets: Laubierinidae, Ranellidae, 
Thalassocyonidae and Tonnidae in Tonnoidea (Strong 
et al., 2019), Buccinanopsidae, Busyconidae, Chauvetiidae, 
Eosiphonidae, Prodotiidae and Retimohniidae in 
Buccinoidea (Kantor et al., 2021), Bouchetispiridae and 
Conorbidae in Conoidea (Abdelkrim et al., 2018; Kantor 
et al.,  2012), Charitodoronidae and Pyramimitridae 
in Mitroidea (Fedosov et al.,  2015) and Bellolividae, 
Benthobiidae and Pseudolividae in Olivoidea (Kantor 
et al.,  2017). However, the addition of these families in 
a phylogeny may improve the overall quality of the tree, 
either by strengthening the support for the monophyly 
of the corresponding superfamilies or by clarifying the 
relationships between the superfamilies. However, pri-
ority should be given to those families that have never, 
or rarely, been included in molecular phylogenies, and 
whose superfamily membership remain dubious. Within 
the Buccinoidea, the Belomitridae and Dolicholatiridae 
have been shown to be sister to the rest of the 
Buccinoidea in Kantor et al. (2021), but the Belomitridae 
were not recovered as sister to the other Buccinoidea 
in Abdelkrim et al.  (2018). The four families of mar-
ginellids (Cystiscidae, Granulinidae, Marginellidae and 
Marginellonidae) have been shown to be monophyletic 
and most probably sister to the Volutidae (thus form-
ing the Volutoidea, excepted Cancellariidae) in Fedosov 
et al. (2019); however, this remains to be confirmed in a 
large-scale phylogeny of neogastropods. The likely non-
monophyletic Turbinelloidea probably constitutes the 
main gap in the neogastropod sampling, since several 
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published molecular phylogenies (including the pre-
sent one) do not support its monophyly, although three 
out of five families (Columbariidae, Ptychatractidae, 
Volutomitridae) have almost never been included in a 
molecular phylogeny targeting the Neogastropoda. The 
only exception is Fedosov et al.  (2015), in which these 
five lineages were forming a clade, although not sup-
ported. Finally, two unassigned neogastropod families, 
Harpidae and Strepsiduridae, remain to be included in 
a molecular phylogeny, and also constitute priorities for 
future studies.

Furthermore, the monophyly of most, if not all, neo-
gastropod families remain to be tested by including more 
representatives in each of them, and it is not impossible 
that some of them would not cluster with the type-genera 
of the corresponding family. On top of that, and this is 
true for the whole neogastropods, sequencing more gen-
era, and even more species within each genus, may reveal 
family-level taxa that remained undetected so far, that is 
happening regularly when (super)family-level classifica-
tions are revised with molecular data (e.g. Buccinoidea – 
(Kantor et al., 2021); Conoidea – (Abdelkrim et al., 2018)). 
Thus, as a general rule, sampling effort should first focus 
on type taxa, in order to ascertain the link with available 
family-level names, and second on genus or species-level 
lineages whose family membership is dubious, either be-
cause of divergent DNA sequences (typically: cox-1) or pe-
culiar morpho-anatomical characters. It should be noted 
that some of these taxa are rare and difficult to collect, es-
pecially if the type taxa are targeted. Given that sampling 
in the field becomes more and more difficult, because of 
the legislative barriers reinforced in many countries, mu-
seum collections certainly represent the most promising 
source of material to complete the sampling. However, se-
quencing DNA from not freshly collected material is more 
challenging, and requires adequate sequencing strategies 
(Raxworthy & Smith, 2021).

Indeed, the second priority to improve the phylogeny 
of neogastropods is to develop next-generation sequenc-
ing (NGS)-based methods to recover genetic information 
of sufficient quality and quantity to resolve the deeper 
nodes of the phylogeny. As discussed before, sequencing 
mitogenomes constitutes a good compromise in terms 
of time and money, but it is prone to artefacts (LBA) and 
might not be resolutive enough for the deeper nodes of 
the neogastropod phylogeny. Reduced-genome (UCE, 
Exon-capture) or transcriptome-based phylogenies have 
recently shown a high potential in resolving deep nodes 
in molluscan phylogenies, and are of course promising for 
neogastropod. If transcriptomic data require fresh sam-
ples, exon-capture approaches, by targeting short exons 
spread over the whole genome, can cope with degraded 
DNA (e.g. Abdelkrim et al., 2018; Moles & Giribet, 2021). 

It thus constitutes, in our opinion, the preferential strat-
egy that must be applied to resolve the neogastropod 
phylogeny.
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