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c Department of Integrative Marine Ecology (EMI), Stazione Zoologica Anton Dohrn, Villa Comunale, I-80121 Napoli, Italy 
d Departamento CMIM y Q. Inorgánica-INBIO, Facultad de Ciencias, Universidad de Cádiz, 11510 Puerto Real, Cádiz, Spain 
e Department of Biology and Evolution of Marine Organisms (BEOM), Stazione Zoologica Anton Dohrn, Villa Comunale, I-80121 Napoli, Italy 
f Department of Biology and Biotechnologies “Charles Darwin”, Sapienza University of Rome, Zoology–Viale dell’Università 32, 00185 Rome, Italy 
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A B S T R A C T   

The Mediterranean cone snail, Lautoconus ventricosus, is currently considered a single species inhabiting the 
whole Mediterranean basin and the adjacent Atlantic coasts. Yet, no population genetic study has assessed its 
taxonomic status. Here, we collected 245 individuals from 75 localities throughout the Mediterranean Sea and 
used cox1 barcodes, complete mitochondrial genomes, and genome skims to test whether L. ventricosus represents 
a complex of cryptic species. The maximum likelihood phylogeny based on complete mitochondrial genomes 
recovered six main clades (hereby named blue, brown, green, orange, red, and violet) with sufficient sequence 
divergence to be considered putative species. On the other hand, phylogenomic analyses based on 437 nuclear 
genes only recovered four out of the six clades: blue and orange clades were thoroughly mixed and the brown one 
was not recovered. This mito-nuclear discordance revealed instances of incomplete lineage sorting and intro-
gression, and may have caused important differences in the dating of main cladogenetic events. Species de-
limitation tests proposed the existence of at least three species: green, violet, and red + blue + orange (i.e., cyan). 
Green plus cyan (with sympatric distributions) and violet, had West and East Mediterranean distributions, 
respectively, mostly separated by the Siculo-Tunisian biogeographical barrier. Morphometric analyses of the 
shell using species hypotheses as factor and shell length as covariate showed that the discrimination power of the 
studied parameters was only 70.2%, reinforcing the cryptic nature of the uncovered species, and the importance 
of integrative taxonomic approaches considering morphology, ecology, biogeography, and mitochondrial and 
nuclear population genetic variation.   

1. Introduction 

Cryptic species are complexes of morphologically indistinguishable 
but genetically divergent species. Because taxonomic work has been 
traditionally based on morphological characters, it is likely that many 
cryptic species have been largely overlooked, raising great interest about 
their discovery (Bickford et al., 2007; Struck et al., 2018). However, 
discovering cryptic species is not that straightforward, and the current 

wide application of molecular markers in taxonomic studies has pro-
moted the description of many complexes of cryptic species (Struck 
et al., 2018), which ended not been such after more careful morpho-
logical evaluations (Karanovic et al., 2016). Cryptic species, however, 
do exist, and have been discovered within all animal groups (Bickford 
et al., 2007; Pfenninger and Schwenk, 2007). Importantly, the discovery 
of these previously overlooked species has profound effects in many 
fields beyond taxonomy, such as in biodiversity estimates and 
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monitoring efforts used in conservation (Bickford et al., 2007; Peters 
et al., 2013), ecological studies (Fǐser et al., 2018; Pante et al., 2015), 
evolutionary inferences (Struck et al., 2018), and more generally, any 
comparative biology study. 

The phylum Mollusca is the second most diverse phylum on Earth in 
terms of number of species, and thus, it is of wide interest to both re-
searchers and amateur naturalists, making mollusk taxonomy a focus of 
intense study since the time of Linnaeus (Ponder et al., 2020). Yet, 
mollusk taxonomy has been built over the centuries on morphological 
descriptions of sometimes misleading characters like shell patterns and 
colorations, which has led to the incorrect definition of species within 
many lineages. In fact, the application of molecular markers to the study 
of species diversity within this phylum has uncovered numerous in-
stances of morphological convergence (e.g., Chang and Liew, 2021; 
Donald and Spencer, 2016), strong intraspecific variation (e.g., Johan-
nesson et al., 2010; Pardos-Blas et al., 2019), and cryptic species (e.g., 
Aissaoui et al., 2016; Calvo et al., 2009; Lemer et al., 2014; Moles et al., 
2021; Yang et al., 2018). Cone snails are not an exception, as the 
different species had been mostly defined based on shell phenotypes and 
can be considered a point example of the importance of including mo-
lecular markers in taxonomic studies (Abalde et al., 2017a). 

The family Conidae J. Fleming, 1822 is a hyperdiverse group of 
worldwide distributed marine snails, including almost 1,000 species 
(WoRMS Editorial Board, 2023). Because of their rich species diversity, 
key ecological role, and sophisticated venom system, cones are an 
important model system for evolutionary studies in the marine realm. 
Cone snail phylogenomics, evolution, and venomics have been studied 
using target-capture data (Phuong et al., 2019; Phuong and Mahardika, 
2018), transcriptomes (e.g., Abalde et al., 2020; Dutertre et al., 2014; 
Menting et al., 2016; Pardos-Blas et al., 2019), and recently, two 
chromosomal-level genomes (Pardos-Blas et al., 2021; Peng et al., 
2021). Yet, cone snail taxonomy still relies almost exclusively on the 
description of shell characters, which are known to be poor predictors 
for species delimitation. For instance, a phylogenetic study based on 
complete mitochondrial genomes of cone snails from West Africa (an 
important hotspot concentrating 10% of the species diversity of the 
group) has drawn a concerning scenario. Almost half of the total species 
of this region were synonymized, whilst new species were found hidden 
under the convergent morphology of their shells (Tenorio et al., 2020). 
These results have profound implications for designing conservation 
strategies in the Cabo Verde archipelago (Peters et al., 2013) and even in 
more general studies focusing on cone snail evolution (Phuong et al., 
2019). The case of the Virroconus ebraeus / judaeus species complex is 
another particularly relevant example of cryptic diversity. These two 
species live sympatrically and share identical shell morphologies, 
although they have different radular morphologies and feeding habits 
(Duda et al., 2009a, 2009b), making them a sound model system to 
study venom evolution (Pardos-Blas, Tenorio, Galindo, & Zardoya, 
2022). Although an improvement from exclusively morphological tax-
onomy, molecular systematics in cone snails mostly relies on mito-
chondrial markers, with very few examples corroborating their results 
with nuclear data (Duda et al., 2008; Puillandre et al., 2014a). 

Animal mitochondrial and nuclear genomes follow two distinct 
modes of inheritance, which results in different evolutionary dynamics 
and, in some cases, notorious mito-nuclear discordance in the genetic 
structure of populations (Toews and Brelsford, 2012). This discrepancy 
is particularly troublesome in the case of cryptic species. Because they 
are morphologically indistinguishable, genetic structure is often the 
only way to differentiate species. However, if there is discordance be-
tween mitochondrial and nuclear markers in a given group, it will lead 
to an incorrect species delimitation, thus over- or under-estimating its 
true diversity (Bernardo et al., 2019; Hinojosa et al., 2019; Shults et al., 
2022). Thus far, the only evidences of discordance between mitochon-
drial and nuclear data in cone snails have been reported at the family 
and genus levels, with markers from the two genomes rendering con-
trasting tree topologies, but their implications at the populational level 

and in species delimitation have not been further investigated (Phuong 
et al., 2019; Wood and Duda, 2021). Here, we explore this putative 
scenario using as case study another species of cone snail still in need of 
a careful taxonomic evaluation, Lautoconus ventricosus (Gmelin, 1791). 
The Mediterranean cone snail, L. ventricosus, is rapidly becoming a 
model for the study of cone snail venom evolution, upon the high- 
quality assembly of its genome, several transcriptomes, and break-
through discoveries like the presence of conotoxin gene expression in 
tissues outside the venom gland (Pardos-Blas et al., 2021); hence the 
need to re-assess its taxonomic status based on a robust multilocus 
approach. Its restricted distribution allows for an extensive geographical 
sampling, making it a sound model to test the population genetic 
structure using both mitochondrial and nuclear markers in a wide area. 

The Mediterranean cone snail was one of the earliest described 
species of cones, and for many years, either under the name of Conus 
ventricosus or as (the now synonymized) Conus mediterraneus Hwass in 
Bruguière 1792, this species was thought to be distributed from the 
Mediterranean Sea to the neighboring Atlantic regions, including the 
Canary Islands and the African coast down to Senegal (for more details 
see Bandel and Wils, 1977; Pin and Leung Tack, 1995). However, a 
recent molecular study of the cone snails endemic to Senegal showed 
that early records of C. mediterraneus in this country actually corre-
sponded to a different species, restricting L. ventricosus distribution to 
the Mediterranean Sea up to the south coast of Portugal (Abalde et al., 
2017b). Likewise, despite the many attempts to describe different cone 
species inhabiting the Mediterranean Sea, the general consensus in the 
last decades has been to consider them all as junior synonyms of 
L. ventricosus (WoRMS Editorial Board, 2023). 

However, the only molecular phylogeny published to date including 
more than one specimen of L. ventricosus has challenged this view 
(Abalde et al., 2017a). In fact, the molecular divergence in mitochon-
drial DNA estimated for two specimens was higher than in any other pair 
of sister species included in the phylogeny, suggesting that 
“L. ventricosus” could actually represent a species complex. The present 
study builds on that hypothesis and proposes, after an exhaustive sam-
pling and a careful analysis of mitochondrial and genome-wide data, the 
existence of at least three species inhabiting the Mediterranean Sea. 
Moreover, this study shows evidence of mito-nuclear discordance in 
cone snails and discusses its implications in species delimitation, 
prompting for a careful evaluation of the family systematics based on the 
comparison of both mitochondrial and nuclear markers. 

2. Materials and methods 

2.1. DNA extraction, PCR amplification and sequencing 

A total of 245 individuals of the Mediterranean cone snail 
L. ventricosus were collected from 75 localities (Fig. 1; Supp. Mat. 
Table 1). Unfortunately, no specimen from the easternmost coast of the 
Mediterranean Sea and the northern coast of Africa could be collected. 
However, individuals from Djerba and Bizerte, in Tunisia, were acces-
sible through the malacological collection of the Natural History 
Museum of Paris (MNHN), and one partial mitochondrial cox1 gene 
sequence from a cone snail collected in Israel is publicly available on 
GenBank. DNA was extracted using the QIAGEN DNeasy Blood and 
Tissue kit (Qiagen, Hilden, Germany). The barcoding region of the 
mitochondrial cox1 gene was successfully amplified using universal 
primers (Folmer et al., 1994). The PCR reaction contained: 2.5 μL of 10 
× buffer, 0.5 μL of dNTPs (2.5 mM each), 0.5 μL of each primer (10 mM), 
1 ng of template DNA, 0.2 μL of TaKaRa Taq™ (R001A) DNA poly-
merase, and sterilized distilled water up to 25 μL. The PCR cycle was: a 
denaturation step at 94 ◦C for 60 s; 45 cycles of denaturation at 94 ◦C for 
30 s, annealing at 45 ◦C for 30 s, and extension at 72 ◦C for 90 s; followed 
by a final extension step at 72 ◦C for 5 min. These short fragments were 
Sanger sequenced at Secugen (Madrid, Spain). 

Based on a reconstructed phylogenetic tree (Supp. Mat. Fig. 1), a 
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subset of 22 specimens representing six main clades (see results) was 
selected. Their nearly complete mitochondrial genomes (only lacking 
the control region and the neighboring regions) were amplified using 
two alternative approaches. For those having DNA of good quality, an 
approach based on long PCRs was used, following the methods described 
in Uribe et al. (2017). For those cases in which DNA was too fragmented, 
standard PCRs were performed using the primers and methods described 
in Tenorio et al. (2020). Short fragments were directly Sanger sequenced 
whereas long PCRs were mixed in equimolar concentrations to construct 
NEXTERA XT DNA libraries (Illumina, San Diego, CA, USA) that were 
sequenced in an Illumina HiSeq2000 platform at Sistemas Genómicos 
(Valencia, Spain). 

Finally, a subset of 15 specimens from the six clades recovered in the 
mitogenome-based phylogenetic tree (see results) was selected for 
genome skimming i.e., low coverage (1–3×) genome sequencing, along 
with two outgroups from the sister genus Africonus Petuch, 1975 
endemic to Cabo Verde islands (Abalde et al., 2017a). DNA extracts for 
genome skimming were used to construct indexed libraries with the 
TruSeq Nano DNA library prep kit (Illumina, San Diego, CA, USA). The 
libraries were sequenced in a NovaSeq 6000 platform at Macrogen 
(Seoul, South Korea). For each individual, roughly 10 Gb of 150 base 
pairs (bp) PE reads were produced, corresponding to an approximate 3×
coverage based on the reported genome size of this species (Pardos-Blas 
et al., 2021). Note that, because of an error during the sequencing, we 
only received the forward raw reads of the sample SZN064. In practice, 
the only consequence of this error was the loss of half of the information 
for this specimen, but despite that, all the results from this sample seem 
to be correct. 

2.2. Assembly and annotation 

The Sanger sequences corresponding to the forward and reverse 
primers were assembled into individual fragments using Geneious Prime 
2019.0.3. The Illumina reads generated from the long PCRs were 
assembled in Geneious Prime 2019.0.3 as follows: first, clean reads were 
mapped to the corresponding cox1 sequence with a minimum identity of 
99% and a minimum overlapping fragment of 75 bp; then, this fragment 
was extended through successive mapping iterations of reads with a 
minimum identity of 100% and a minimum overlap of 100 bp until 
reaching the end of the amplified fragment; finally, all mitogenomes 
were aligned to locate any potential assembly error, and later confirmed 

and corrected by looking at the mapping stats. The Illumina reads cor-
responding to mitochondrial DNA obtained from low coverage genomes 
were assembled using NOVOPlasty v.4.2 (Dierckxsens et al., 2017). All 
mitogenomes, regardless of their source, were annotated with the option 
“Annotate from Database” in Geneious Prime 2019.0.3 and using the 
mitochondrial genomes from closely related species as reference. 
Protein-coding genes were manually inspected to ensure the presence of 
start and stop codons, tRNA genes were annotated using the MITOS2 
webserver (Donath et al., 2019), and rRNA genes were assumed to 
extend to the boundaries of adjacent genes as in other cone snail mito-
genomes previously described (e.g., Abalde et al., 2017a). 

Previous to the assembly of the nuclear genomes, mitochondrial 
reads were discarded by mapping them to the assembled mitochondrial 
genomes using Bowtie2 v.2.2.6 (Langmead and Salzberg, 2012). Nuclear 
gene sequences were cleaned using Prinseq v.0.20.3 (Schmieder and 
Edwards, 2011) with the following parameters: reads with a quality 
mean below 25, with N’s in more than 25% of the sequence, or se-
quences of low complexity (minimum entropy of 50) were filtered out; 
in addition, sequences were trimmed in the 3′ and 5′-end until the 
PHRED quality score was above 30. Clean reads were assembled in 
SPAdes v.3.14.1 (Bankevich et al., 2012) using five Kmer lengths (21, 
33, 55, 75, and 121). The resulting genomes were scaffolded with 
RagTag v.2.0.1 (Alonge et al., 2021) using the high-quality genome of 
L. ventricosus (Pardos-Blas et al., 2021) as reference. Genome 
completeness was assessed with BUSCO v.3.0.2 (Seppey et al., 2019) and 
the metazoa_odb9 database. Finally, the ORFs of protein-coding genes 
were annotated and extracted using Scipio v.1.4.1 (Keller et al., 2008) 
and the annotated proteins of the L. ventricosus genome as reference. 

2.3. Phylogenomic inference 

Phylogenetic analyses were performed over three datasets. First, 
newly produced as well as GenBank-downloaded cox1 nucleotide se-
quences of L. ventricosus (249 in total, Supp. Mat. Table 1) were aligned 
with 16 outgroups using the MAFFT algorithm and cleaned with Gblocks 
(allowing gap positions within the final blocks, but not many contiguous 
non-conserved positions) in TranslatorX (Abascal et al., 2010). A 
maximum likelihood (ML) phylogenetic tree was inferred using IQ-TREE 
v.1.6.12 (Nguyen et al., 2015), which detects the best-fit substitution 
model using ModelFinder (Kalyaanamoorthy et al., 2017) and the 
Bayesian Information Criterion (BIC) (Schwarz, 1978). Nodal support 

Fig. 1. Map of the sampling locations where individuals of L. ventricosus included in the cox1 tree were collected. The map was drawn on R using the ggplot2, sf, 
rnaturalearth, rgeos, and spData packages (Bivand et al., 2022; Bivand and Rundel, 2021; Pebesma, 2018; South, 2022; Wickham, 2016). 
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was calculated using 1,000 ultrafast bootstrap replicates and the SH-like 
approximate likelihood ratio test with 1,000 replicates (Guindon et al., 
2010; Hoang et al., 2018). 

Second, 13 protein-coding and two rRNA genes were used for 
phylogenetic inference based on complete mitochondrial genomes. The 
nucleotide sequences of the protein-coding genes were codon-aligned 
using the MAFFT algorithm and cleaned using Gblocks in TranslatorX. 
The nucleotide sequences of the rRNA genes were aligned using MAFFT 
v.7 (Katoh and Standley, 2013) and cleaned with Gblocks 0.91b (Cas-
tresana, 2000). The 15 gene alignments were converted into PHYLIP 
format in the ALTER webserver (Glez-Pena et al., 2010) and concate-
nated in Geneious Prime 2019.0.3. The best model-fit partition scheme 
was selected using the IQ-TREE built-in algorithm ModelFinder 
(Kalyaanamoorthy et al., 2017) with the BIC and separating the protein- 
coding genes per codon position, but allowing the algorithm to merge 
the partitions with the same model. Finally, the ML phylogenetic tree 
was inferred using IQ-TREE v.1.6.12 (Nguyen et al., 2015) with 1,000 
ultrafast bootstrap replicates (Hoang et al., 2018). Additionally, a 
phylogenetic tree was reconstructed under Bayesian Inference (BI) using 
PhyloBayes v.1.5 (Lartillot et al., 2013). Specifically, we ran three in-
dependent chains, under the CAT-GTR model with four gamma distri-
butions and not removing constant sites. The chains ran until they 
reached convergence around 14,000 generations, which was measured 
with the built-in commands bpcomp and tracecomp, removing the first 
1000 generations as burn-in and sampling every ten generations. 
Following the recommendations from the manual, we aimed at a 0.1 
maximum difference and 100 minimum effective size. 

Third, the protein-coding genes extracted from the nuclear assembly 
were analyzed at the nucleotide level (thus avoiding potential errors in 
the identification of exon–intron boundaries that would break the 
reading frame of the protein). Gene redundancy was removed by 
merging sequences similar >99% with CD-HIT v.4.6.4 (Fu et al., 2012). 
The filtered genes were classified into orthogroups using OrthoFinder 
v.2.4.1 (Emms and Kelly, 2019). Among the 23,193 orthogroups iden-
tified, only those that were single-copy and were present in all in-
dividuals were considered. Each orthogroup was aligned with MAFFT 
v.7 and cleaned using BMGE v.1.12 (Criscuolo and Gribaldo, 2010), 
removing all positions with more than 70% of missing data as well as 
specimens lacking at least half of the sequence length, but allowing fast- 
evolving sites (-h 1 -w 1). Given the topological mismatch between the 
mitochondrial and nuclear phylogenies (see results), the nuclear genes 
used for phylogenetic inference were tested for several known system-
atic errors following the recommendations by Mongiardino Koch 
(2021), whose genesortR script aims to identify those genes that maxi-
mize phylogenetic information, while minimizing the influence of sys-
tematic errors. The best 500 genes were selected, and symmetry tests 
were performed over these genes with IQ-TREE v.2.1.3 (Minh et al., 
2020), to finally keep 437 genes that respect the assumptions of sta-
tionarity and homogeneity. Phylogenetic inference under ML was per-
formed using IQ-TREE v.1.6.12, allowing the program to infer the best 
substitution model for each partition using BIC, and ASTRAL v.5.5.7 
(Zhang et al., 2017), after inferring a gene tree for each alignment using 
IQ-TREE v.1.6.12. An additional phylogenetic tree under BI was carried 
out with PhyloBayes v.1.5 (Lartillot et al., 2013). Due to difficulties to 
reach convergence over the 437 genes dataset, we ran this analysis over 
Datasets 1 and 2 (n = 50 genes) prepared for analyses of species de-
limitation (see below). The same parameters as in the mitochondrial 
dataset were applied, but the chain ran for 17,000 and 35,000 genera-
tions, respectively. 

In addition, pairwise genome-wide distances were inferred using 
Skmer (Sarmashghi et al., 2017), which first generates the kmer spectra 
(k = 21) for each genome, and then computes the distances using the 
Jaccard Index. Uncorrected distances were then converted into JC69 
and used to infer a neighbor-joining tree with FastME (Lefort et al., 
2015). Skmer is designed to calculate genomic distances based on raw 
read data. However, a careful inspection of the kmer spectra generated 

showed that in some individuals the kmer diversity was overestimated, 
probably due to poor DNA quality. Hence, assembled genomes were 
used instead of raw reads as input for the analysis. 

2.4. Single nucleotide polymorphism (SNP) analysis 

The clean reads generated for the nuclear genome assembly were 
mapped to the reference genome of L. ventricosus using the BWA-MEM 
algorithm from BWA v.0.7.16 (Li and Durbin, 2009), sam files were 
converted to bam and sorted using samtools v.1.5 (Danecek et al., 2021), 
and duplicate reads were marked using Picard v.2.25.5 (Institute, 2019). 
Variant calling was performed with freebayes v9.9.2–27-g5d5b8ac 
including all samples (Garrison and Marth, 2012). Only variants that 
passed the following filters were considered: minimum coverage four, 
exclude unobserved genotypes, minimum mapping quality 30, and 
minimum base quality 20. Called variants were quality filtered using 
vcftools v.0.1.17 (Danecek et al., 2011) and vcffilter v.1.0.0 (Garrison 
et al., 2021). Only variants present in 14 out of 17 samples were 
considered (–max-missing 0.8) and then filtered out if they did not fulfill 
any of the following criteria: minimum quality score of 30 (–minQ 30); 
minimum minor allele count, minimum depth and Minor Allele fre-
quency of three (–mac 3; –minDP 3 –maf 3); average number of mapped 
reads of at least 15 (–min-meanDP 15); Allele Balance, the relative 
support of each allele, between 0.2 and 0.8, but keeping homozygotic 
alleles (AB > 0.2 & AB < 0.8 | AB < 0.1); the ratio between the reference 
and the variant allele qualities must be around one (MQM/MQMR > 0.9 
& MQM/MQMR < 1.05); reads pairs must be concordantly mapped. 
Finally, following the recommendations by Li and Wren (2014) to avoid 
overestimation of mapping quality due to high mapping depths, read 
depth of a given allele must be lower than the average depth plus the 
square root of the average depth times three, and its mapping quality 
lower than two times its read depth. Only SNPs were considered in 
subsequent analyses. 

Plink v.1.07 (Purcell et al., 2007) was used to detect and discard all 
SNPs under linkage disequilibrium, using a sliding window of 100,000 
bp, moving 10 bp in each step, and pruning any variant with a r2 greater 
than 0.1. Then, a Principal Component Analysis (PCA) was performed 
over this dataset in Plink and visualized in R using the package ggplot2 
v.3.3.5 (Wickham, 2016). Due to the differences observed between the 
two outgroups and the samples SZN047 and SZN064 (see results), a new 
PCA was performed excluding these four samples from the analysis. SNP 
data were also used for phylogenetic analysis. Briefly, those SNPs pre-
sent in all samples were converted into a PHYLIP matrix using 
vcf2phylip v.2.7 (Ortiz, 2019) and analyzed under ML in IQ-TREE 
v.1.6.12 allowing the program to infer the best model-fit using BIC but 
applying the ascertainment bias correction (Lewis, 2001). 

2.5. Species delimitation 

A species delimitation analysis was performed using BPP v.4.4.0 
(Yang & Rannala, 2010), which considers that exchange of migrants 
ceases as soon as species separate and tests accordingly the Bayesian 
posterior probabilities of all potential species delimitation hypotheses. 
The initial dataset consisted of all the nuclear genes used for phyloge-
nomic analyses after applying all filters. Instead of analyzing the 437 
genes altogether, five smaller datasets containing each 50 genes 
randomly sampled were created and analyzed independently to allow 
the detection of alternative species delimitation hypotheses from genes 
with different evolutionary histories (Supp. Mat. Table 2). BPP requires 
each individual to be assigned to a species. However, according to the 
null hypothesis, all of them belong to the same species, L. ventricosus. 
Instead, assuming an alternative hypothesis, individuals were assigned 
to the clades recovered in the mitogenome phylogenetic tree (see re-
sults), as these represent the potential maximum number of cryptic 
species within L. ventricosus. The only exception was the brown clade, 
which was not recovered in the nuclear tree (see results), suggesting that 
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it actually represents an artifact due to introgression and/or Long 
Branch Attraction (LBA). The two specimens of the brown clade were 
assigned to the violet and orange clades, respectively, following the 
nuclear tree topology (see results). 

Species delimitation hypotheses were tested on each of the five 
datasets using either the tree generated during phylogenomic analyses 
as guide tree (model A10) or letting the program to infer its own guide 
tree (model A11). In both cases, algorithm 0 (with ε = 2) and algorithm 1 
(α = 2, and m = 0.5) were employed. Two independent runs per analysis 
were performed to assess convergence; however, for dataset 2 using 
algorithm 1, another two additional runs were necessary to achieve 
chain convergence. Following the BPP tutorial (Flouri et al., 2020), the 
thetha and tau priors were set as α = 3 and β = 0.004, respectively. The 
option to fine tune all priors was active in all analyses, which ran for a 
total of 10 million generations, sampling every 10 generations, resulting 
in a MCMC chain of 1 million samples. The first 10,000 samples were 
discarded as burn-in. 

2.6. Estimation of divergence times 

Bayesian molecular dating was performed over the nuclear and 
mitochondrial datasets on MCMCtree (Rannala and Yang, 2007) within 
PAML v.4.10 (Yang, 2007). The nuclear data consisted of three sets of 50 
genes (datasets 1, 2, and 4 in BPP), in each case considering each gene an 
independent partition. The mitochondrial matrix was divided into the 
four partitions identified by PartitionFinder during phylogenetic ana-
lyses: all protein-coding genes together but separating the three codon 
positions, and the two rRNA genes together. The same three calibration 
points were defined for both analyses: first, the origin of the oldest island 
in the Cabo Verde archipelago, Sal, 28 million years ago (Mya) (Holm 
et al., 2008), was used to calibrate the node separating the genera 
Africonus and Lautoconus Monterosato, 1923. A skew-normal distribu-
tion ranging between 20 and 28 and with mode in 26 Mya was defined, 
with scale 1.85 and shape = − 10, and allowing a 1% probability for this 
node to be younger than the predefined range. Second, the node 
including the last common ancestor of the L. ventricosus species complex 
was calibrated with a uniform distribution between 10 (the oldest fossil 
of the species is dated in the middle-upper Miocene (Tucker and Tenorio, 

Fig. 2. Maximum likelihood phylogenetic tree based on complete mitochondrial genomes and inferred with IQ-TREE. All nodes have maximum statistical support 
unless otherwise specified. The scale bar represents substitutions per site. The inset shows the average, maximum, and minimum pairwise distance observed between 
the six main clades. Outgroups were not compared to the ingroup clades but distances were measured between outgroup sister pairs. 
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2009) and 20 Mya (the lower end of the preceding node), with a prob-
ability of 10% of being older than that. Finally, the separation between 
the two outgroup species, Africonus crotchii and Africonus maioensis, was 
calibrated based on previous estimates (Abalde et al., 2017a). The prior 
distribution of this node was defined with a uniform distribution ranging 
from 0.5 to 2 Mya, a 0.08 offset, and a 5% probability of the node age 
falling outside this threshold, either younger or older. Additionally, 
because calibrating the root is a requirement of the program, we cali-
brated the divergence time between Kalloconus da Motta, 1991 and all 
other cones in the mitochondrial analysis with a uniform distribution 
between 30 and 40 Mya and a 10% probability of falling outside this 
range based on previous estimates (Abalde et al., 2017a). All the cali-
bration parameters were defined with the MCMCtreeR package (Puttick, 
2019). We assumed an uncorrelated lognormal clock and a uniform 
distribution of the birth and death rates (λ = μ = 1, and ρ = 0). The most 
complex substitution model integrated in MCMCtree, HKY with five 
gamma categories and a 0.5 alpha, was applied to the analysis. Finally, 
the alpha prior of the mean substitution rate was set on 2, while the beta 
prior was estimated from the data (nuclear: rgene_gamma = 2 4200 1; 
mitochondrial: rgene_gamma = 2 560 1). Briefly, a phylogenetic tree 
from the two matrices was inferred using the same partitions and model 
parameters applied in MCMCtree, and the branch lengths between 
Africonus and Lautoconus were used to calculate beta (beta = alpha * 
divergence time/branch length). MCMCtree ran for 11 million genera-
tions, sampling every 100 generations, and discarding the first million as 
burn-in. Tracer (Rambaut and Drummond, 2007) was used to ensure 
chain convergence and to check that the ESS of all parameters was above 
200. 

2.7. Morphometric analyses 

For comparisons of shell morphometry, we performed analyses of the 
covariance (ANCOVA) for different shell parameters, namely: maximum 
diameter (MD), height of the maximum diameter (HMD), and spire 
height (SH), using species hypotheses as factor and shell length (SL) as 
covariate. Additionally, the mean values of SL using t- and U-tests were 
also compared statistically. The corresponding morphometric parame-
ters of 100 shells selected among voucher specimens from the cox1 
phylogeny were measured on their digital photos using the software 
GIMP 2.10.20 (The GIMP Development Team, 2019). All measurements 
can be found in Supp. Mat. Table 3. Statistical tests were carried out 
among mitochondrial (but brown) and nuclear clades with STAT-
GRAPHICS CENTURION 18 software (Statgraphics Technologies, USA) 
after ensuring all measures passed the normality tests. 

3. Results 

3.1. Mitochondrial phylogenetics 

The final cox1 matrix was formed by 265 sequences (including 249 
individuals of the L. ventricosus complex and 16 outgroups from closely 
related cone snail genera) and consisted of 543 characters. The BIC best- 
fit model was TN + F + G4. The inferred ML phylogenetic tree revealed 
the presence of six main clades that could potentially represent different 
species (Supp. Mat. Fig. 1). However, weak nodal support prompted the 
generation of more data to confirm this result (see below). These clades 
are hereafter named according to the color code used in all figures: blue, 
brown, green, orange, red, and violet, respectively. More than half of the 
specimens analyzed (144 out of 249, 57.83%) belonged to the violet 
clade, whereas the blue one included almost one fifth of the specimens 
(46 individuals, 18.47%). The other four clades contained <10% of the 
samples each (orange: 23 individuals, red: 14, green: 12, and brown: 
10). It was noteworthy that, although tentatively considered indepen-
dent because of its long branch, the brown clade was deeply nested 

within the violet clade. The phylogenetic analyses recovered the green 
clade as sister to another clade including all other lineages and separated 
by a relatively long branch (indicating important sequence divergence). 
Within the second clade, inter-clade relationships were unclear due to 
weak nodal support (Supp. Mat. Fig. 1). 

In order to further confirm these clades, the complete (15) and 
almost complete (five) mitochondrial genomes from representatives of 
each clade were sequenced. In total, 20 new plus two already available 
mitochondrial genomes were analyzed: six from the blue clade, five from 
the violet, three from each the green, orange and red, and two from the 
brown. The final matrix, concatenating 13 protein-coding and two ri-
bosomal genes, was 13,490 positions long. According to BIC, the best-fit 
partition scheme included six partitions: all first codon positions, but 
those of cob and cox genes, plus the ribosomal genes (HKY + F + R2); all 
second codon positions but those of cox1 and cox2 (TVM + F + R2); all 
third codon positions but those of cob, nad4, and nad5 (TPM3 + F + G4); 
and the remaining first (TN + F + R2), second (HKY + F), and third 
(GTR + F + G4) codon positions. 

The tree topology based on mitochondrial genomes was partly 
discordant with that based only on the cox1 matrix, but had higher 
statistical support for the six main clades and all but five nodes received 
maximum statistical support (Fig. 2, Supp. Mat. Fig. 2). As in the cox1 
phylogenetic tree, the green clade was sister to all other lineages and 
clades violet and blue were sister to each other. The red clade was 
recovered as sister to the violet + blue clades, with the orange clade 
sister to the three (Fig. 2). The main difference with respect to the cox1 
phylogenetic tree involved the brown clade, which was recovered 
outside the violet clade, as one of the first offshoots of the ingroup, 
branching right after the green clade (Fig. 2). The two specimens 
forming this clade had exactly the same mitogenome sequence (the 
divergent BAU_1151_2_PUG from this clade could neither be PCR 
amplified nor Illumina sequenced due to low DNA quality). Regarding 
branch lengths, in all cases branches leading to each of the main clades 
were longer than those of the species pairs included in the outgroup, 
suggesting that L. ventricosus could actually represent a complex of six 
species. The geographical distribution in the Mediterranean Sea of these 
six clades is shown in Supp. Mat. Fig. 3. 

3.2. Genome-wide analyses 

The low coverage genomes of 15 individuals from the six clades plus 
two outgroups from the genus Africonus were sequenced and assembled. 
Roughly 10 Gb were sequenced per specimen, generating between 61 
and 76 million reads (Table 1). After removing all mitochondrial reads 
and filtering by quality, above 80% of the reads were maintained in all 
individuals but five, leaving between 43 and 65 million reads available 
for assembly. The specimen with the lowest read quality was SZN035, 
keeping only 68.5% of all reads. This metric did not have an effect in the 
final coverage of the assemblies (between 6 × and 7 × in all individuals), 
but in genome sizes. Although all assembled genomes were similar in 
size (between 1.1 and 1.4 Gbp), those returned from samples with more 
reads available for assembly were longer. Therefore, specimen SZN035 
presented the shortest genome. These and other genomic statistics are 
shown in Table 1. 

The number of proteins annotated in the genomes varied between 
14,505 and 21,600, later reduced to 13,576 and 19,854 after removing 
duplicates. Among the 23,193 orthogroups identified by OrthoFinder, 
only 2,867 were single-copy and retrieved in all specimens, of which 
2,447 were retained after all cleaning steps. The best 500 genes selected 
by the genesortR script (Mongiardino Koch, 2021), which is meant to 
minimize the presence of systematic errors in the data, were selected for 
further processing (Supp. Mat. Fig. 4 shows gene properties as measured 
by genesortR for all 2,447 genes sorted from best to worst, left to right). 
Another 63 genes were further removed for violating the assumptions of 
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stationarity and homogeneity. The final matrix contained 18 taxa (17 
newly sequenced plus the reference genome of L. ventricosus) and 437 
genes, with a total length of 524,651 nucleotides. Concatenation- (IQ- 
TREE, Fig. 3) and coalescence-based (ASTRAL, Supp. Mat. Fig. 5) 
phylogenetic analyses were performed. The two recovered tree topol-
ogies were congruent, with only slight differences in the relationships 
within the violet clade and in branch lengths. Nodal support was 
generally lower in the coalescence tree, and topology differences were 
associated with nodes with low statistical support. PhyloBayes recov-
ered a polytomy in the ingroup that precluded topological comparisons 
(Supp. Mat. Fig. 2). In contrast to the mitochondrial trees, the nuclear 
topologies only recovered four out of the six clades (Fig. 3 and Supp. 
Mat. Fig. 5). The mitochondrial blue and orange clades were recovered 
as a single one, with specimens thoroughly mixed within the clade. 
Moreover, the brown clade was not recovered in the nuclear phyloge-
netic trees (Fig. 3 and Supp. Mat. Fig. 5). The two specimens were placed 
distantly in the tree (SZN054 as sister to the violet clade, and SZN034 
nested deep within the blue + orange clade). Regarding inter-clade re-
lationships, the only concordance with the mitochondrial tree was the 
position of the green clade as sister to the others. In the nuclear trees, the 
next offshoot was the violet clade, followed by the red one, sister to the 
mixed blue plus orange clades (Fig. 3 and Supp. Mat. Fig. 5). 

A total of 115,797,225 variants were annotated in the samples. After 
applying several quality filters, the variants were reduced to 169,625 
(0.15%), most of which were SNPs (156,774; 92.42%). The final dataset 
was composed of 11,256 SNPs, as the remaining SNPs were identified as 
evolving under linkage disequilibrium and discarded. A PCA analysis 
identified three major clusters on these data: the two outgroups, the two 
individuals of the green clade, and all other clades together, although 
showing some clustering (Fig. 4A). A second PCA analysis, this time 
based only on the 13 samples of the latter cluster, also showed some 
spatial separation among clades (Fig. 4A). The red and violet clades were 
recovered relatively far from the others, whereas the differences be-
tween orange and blue clades were smaller. Yet, the samples of these 
two clades were not as mixed as it could be expected based on phylo-
genomic analyses. The brown clade was not recovered, and its two 
samples clustered with the violet and blue + orange clades, respectively, 
in line with phylogenomic results. 

A phylogenetic tree was inferred from the SNP data based on an 
alignment of 1,945 sites with no missing data. This tree was generally 
well resolved at the tips, but with internal nodes connecting main clades 
having low support (Supp. Mat. Fig. 6). It presented many similarities 
with the one based on the phylogenomic data set (Fig. 3), including the 
long branch leading to the green clade, as first offshoot of the ingroup, 
and the recovery of the violet (including the specimen SZN054 from the 
brown clade, in this case nested deep within the clade and not as sister 
group) and red clades. In contrast, the major differences observed were 
related to the blue and orange taxa. While most of them grouped within 
a single clade, two of the specimens were scattered along the tree: the 
orange CH01 was the sister group to all other taxa but the green clade, 
and the blue CR17 was recovered as sister to the red clade (Supp. Mat. 
Fig. 6). 

Genome-wide distances among individuals were measured using a 
kmer approach to compare the individuals and the Jaccard index to 
calculate pairwise distances corrected by the JC69 model. Pairwise 
distances were relatively low in all cases, including the ingroup- 
outgroup comparisons (Fig. 4B). According to the matrix, the only 
noticeable distances were those including either the two specimens of 
the green clade (0.0297 and 0.018 in average for SZN064 and SZN047, 
respectively) or the outgroup taxa with respect to all the other samples. 
In fact, the largest distance observed was that between the specimen 
SZN064 and the two outgroups (0.035). Although most distances were 
rather similar, the phylogenetic tree based on this distance matrix 
(Fig. 4C) recovered exactly the same topology of the phylogenomic tree 
reconstructed based on the concatenated nuclear dataset (Fig. 3). 
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3.3. Species delimitation 

Five independent datasets were prepared aiming at exploring how 
many species would delimit each one of them. Species delimitation 
analyses returned a mixed signal across datasets, but supported the 
presence of more than one species under the name L. ventricosus (Supp. 
Mat. Table 4). The two species delimitation hypotheses inferred using 
BPP propose the existence of three or four species, depending on the 
dataset, which would coincide with the clades identified in the nuclear- 
based phylogenomic analyses. Three species were identified by dataset 
2, which would correspond to the clades green, violet, and a combina-
tion of blue, orange, and red. In contrast, datasets 1, 3, and 4 identified 
four species, separating the red clade from blue plus orange. No differ-
ences were observed between the A10 (species tree provided) and the 
A11 (species tree inferred from the data) analyses, except for dataset 5. 
In this case, method A10 identified four species, whereas A11 only three. 
The posterior probabilities of these species delimitation analyses were 
generally over 0.80, although between 0.60 and 0.75 with method A11 
applied to dataset 3 and method A10 to dataset 5 (Supp. Mat. Table 4). 
Due to the mixed signal detected in the data, we follow a conservative 
approach and consider only three species within the L. ventricosus spe-
cies complex. Hereafter, the combination of the specimens from the 
blue, orange, and red mitochondrial clades will be referred to as the 
“cyan species”, in line with Fig. 3. The other two species would corre-
spond to the green and violet clades in all analyses, and therefore will be 
referred to as the “green species” and “violet species”. 

3.4. Divergence time estimations 

The three nuclear datasets recovered almost identical divergence 
times (Supp. Mat. Fig. 7), and those from Dataset 2 were selected for 
comparison. The mitochondrial and nuclear trees presented essentially 
different topologies, making main cladogenetic events not readily 
comparable. Yet, a clear pattern emerged, as the divergence time esti-
mations based on nuclear data were generally older than those inferred 
with the mitogenomes (Fig. 5, Supp. Mat. Figs. 7 and 8). This was 
particularly obvious in the estimated age of the node connecting the two 
outgroup species, A. maioensis and A. crotchii, which was roughly five 
times older in the nuclear tree (mean = 7.89 Mya) than in the mito-
chondrial tree (1.56 Mya). The dates for the separation of the genera 
Africonus and Lautoconus were more similar, estimated at 24.52 (nu-
clear) and 23.52 (mitochondrial) Mya (Fig. 5, Supp. Mat. Fig. 7 and 8). 
The main date differences between the two chronograms were observed 
within L. ventricosus. Although the two analyses were more or less 
congruent respect to the origin of the green clade (nuclear = 17.26 Mya; 
mitochondrial = 20.18 Mya), the estimates of the origins of the other 
main clades were notably different depending on the dataset (Fig. 5, 
Supp. Mat. Figs. 7 and 8). The divergence of the violet and cyan species 
was estimated at 14.53 Mya based on the nuclear data, whereas the 
origin of the main mitochondrial clades was estimated 7.70 Mya. Within 
the latter, the last common ancestor of each of the six main clades was 
estimated to have lived between 0.05 (brown) and 3.81 (blue) Mya. In 
contrast, the last common ancestors of the three main clades identified 
in the nuclear phylogeny were estimated to have lived between 6.49 
(green) and 13.80 (cyan) Mya. Detailed information of the 

Fig. 3. Phylogenomic tree inferred from 437 nuclear genes filtered for different systematic biases and that passed symmetry tests. Scale bar represents substitutions 
per site. All nodes received maximum statistical support unless otherwise specified. Branch colors follow the same coding as in the mitochondrial genome tree in 
Fig. 2. The three color bars represent the species identified by BPP. The three photos to the right correspond to shells of representatives of the three species identified 
by BPP, from top to bottom: CR18, cyan; SC002, violet; and BAU1550.1, green. In the three photos the scale is 10 mm long. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.) 
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diversification events of all nodes, including the mean and the 95% 
lower and upper credible intervals, can be found in Supp. Mat. Fig. 8. 

3.5. Morphometric analyses 

The shell length (SL) and three morphometric parameters (MD: 
maximum diameter; HMD: heights of maximum diameter; and SH: spire 
height) were statistically compared among the three species hypotheses 
(green, violet, and cyan) identified within the L. ventricosus species 

complex. Pairwise comparisons between the violet and cyan species did 
not show statistically significant differences in mean SL (t = -0.107, p =
0.915; U = 114.0, p = 0.791), as the value was 22 ± 2 mm for both 
species, but the green species, with a mean SL of 16 ± 2 mm, was clearly 
smaller and statistically different to both violet (t = 2.186, p = 0.033; U 
= 56, p = 0.015) and cyan (t = -2.527, p = 0.015; U = 226, p = 0.008) 
species. This result, however, must be taken with caution due to the 
small number of specimens measured for the green species (n = 6). 

We tested for statistically significant differences in MD, HMD, and SH 

Fig. 4. Summary of the genome-wide analyses. (A) Principal Component Analysis of the SNP data for the full dataset (left) and for all samples but the outgroups and 
green clade (right). (B) Distance matrix inferred with Skmer. (C) NJ JC69 distance tree inferred from the same data. The scale bar represents the number of dif-
ferences per site. In all figures, the color coding follows the one shown in Fig. 2. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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by means of analysis of the covariance (ANCOVA) using species hy-
pothesis as factor, the corresponding morphometric parameter as vari-
able, and SL as covariate. We did not find any statistically significant 
differences in morphometric parameters corrected for differences in SL 
for any comparison involving the green species (Table 2). In contrast, 
statistically significant differences were found in MD and SH between 
the violet and cyan species (Table 2). The shells of the specimens from 
the cyan species were slightly broader and with a lower spire (least 
squares mean values: MD = 12.5 ± 0.1 mm; SH = 4.2 ± 0.1 mm) than 
those of the violet one (least squares mean values: MD = 11.7 ± 0.1 mm; 
SH = 4.6 ± 0.1 mm). Although subtle, these differences were statisti-
cally significant and more apparent in larger individuals, whereas the 
smaller shells showed a higher degree of overlap. A discriminant func-
tion analysis using SL, MD, HMD, and SH as variables only classified 
correctly 70.2% of the specimens. All the mitochondrial clades but 
Violet-Green, Orange-Blue, and Blue-Green were statistically different 
for MD, SH, or both, but never for HMD (Supp. Mat. Table 5). 

4. Discussion 

The use of partial gene sequences, particularly the cox1 barcode, is 
an invaluable resource for identifying species and remains as the main 
molecular tool in integrative taxonomic studies (Atherton and Jonde-
lius, 2021; Perea et al., 2020; Recuero and Rodríguez-Flores, 2020; 
Rodríguez-Flores et al., 2021). The steady drop of shotgun sequencing 
prices, however, is shifting this paradigm towards the use of genome- 
wide data. In this regard, SNP sequencing has become a common 
approach to define species limits (Corral-Lou et al., 2022; Gabrielli et al., 
2020; Parker et al., 2021; Recuerda et al., 2021), and genome skimming 
is becoming a popular practice. The advantage of this technique consists 
in its wide applicability, from the assembly of complete organelle ge-
nomes to the annotation of regions of interest such as SNPs, nuclear 

genes, or ultraconserved regions for its use in phylogenomics (Fernán-
dez-Álvarez et al., 2022; Malukiewicz et al., 2021; Ren et al., 2017; 
Sanchez et al., 2021). In fact, several authors have proposed the use of 
genome skims in substitution to the traditional cox1 barcodes (Coissac 
et al., 2016; Straub et al., 2012). Molecular cone snail systematics has 
been thus far mostly limited to the use of few PCR-amplified gene 
fragments (Duda et al., 2008; Duda & Kohn, 2005; Puillandre et al., 
2014a), and more recently, complete mitochondrial genomes (Abalde 
et al., 2017a, 2017b; Tenorio et al., 2020). Here, we have used barcodes, 
complete mitochondrial genomes, and genome skims to study the 
L. ventricosus species complex, and compared the results obtained from 
these complementary approaches. 

The cox1 tree inferred from almost 250 barcodes of samples spanning 
most of the extension of the Mediterranean Sea recovered six main 
clades, but branches leading to some of them were extremely short and 
only a handful of nodes were statistically supported. Hence, represen-
tatives from each of these clades were selected for complete mitogenome 
sequencing aiming to generate a more informative matrix. The mito-
genome tree recovered the same six clades but sister relationships be-
tween clades were different from those observed in the cox1 tree. All 
nodes received strong support. Barcodes are an easy way of generating 
molecular information from hundreds of specimens, but because of their 
small size the phylogenetic signal may be very limited. In contrast, 
mitochondrial genomes have proven to be a more cost-effective way for 
phylogenetic inference than single barcode data (Zaharias et al., 2020), 
rendering well-resolved trees up to the family level, as it is known that 
phylogenetic inference increases with the number of genes analyzed 
(Rokas and Carroll, 2005). Therefore, the tree inferred from complete 
mitogenomes was considered as our best working hypothesis and up to 
six clades potentially representing different species were identified. 

In order to perform sequence divergence comparisons among main 
clades within L. ventricosus, outgroups were carefully selected to 

Fig. 5. Chronogram inferred from 50 nuclear genes with MCMCtree (Dataset 2). Each node is located at the mean age inferred for that particular node, with the full 
distribution of the posterior probabilities within the 95% credible interval attached to each node. Tip colors correspond to each of the three species identified within 
the L. ventricosus species complex. The scale at the top is in million years ago, and the bar at the bottom represent geological epochs and ages. 
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represent pairs of accepted cone snail species. Uncorrected pairwise 
distances were calculated over the mitogenome matrix with Mega 11.0.8 
(Tamura et al., 2021). In all cases, the average, maximum and minimum 
inter-clade distances within the ingroup were more than 10 times higher 
than the distance observed between the species pairs from the outgroup 
taxa (Fig. 2; Supp. Mat. Table 6). With distances between 8.9% and 
9.2%, the green clade stands out among all others. The next highest 
distance, 3.6%, was observed between blue and brown clades, mainly as 
a consequence of the long branch of the brown clade (Supp. Mat. 
Table 6). In cone snails, minimum distances of 0.2% (Tenorio et al., 
2020) to 1% (Abalde et al., 2017a) have been used to separate species, 
whereas in other groups, distances between 0.5 and 2% would justify a 
careful taxonomic evaluation of the specimens involved (Roux et al., 
2016), and of 3% would generally be considered enough to validate 
species as different (Hartop et al., 2022). Here, all six main clades pre-
sented a minimum distance above 2.7%, which would be sufficient to 
justify their consideration as independent species under the above- 
mentioned criteria. 

Besides mitochondrial data, genome skims generated from 15 spec-
imens plus two outgroups were analyzed in different ways. First, 437 
nuclear genes were used to infer phylogenomic trees. Second, the high- 
quality genome of L. ventricosus from Olhão, Portugal (violet clade), was 
used to generate a dataset with thousands of SNPs. Finally, genomic 
distances among individuals were measured using a kmer approach 
based on methods employed for organism identification using genome 
skims. All these approaches rendered generally congruent results, 
identifying only four out of the six mitochondrial clades, as the blue and 
orange were thoroughly mixed and the two individuals from the brown 
clade were recovered in distant positions within the nuclear trees. The 
mixture of blue and orange individuals within the same clade may 
indicate incomplete lineage sorting phenomena. The brown clade is the 
smallest one in the cox1 tree and the distribution of its individuals is 
restricted to a narrow region in the central part of the Mediterranean 
Sea, along the Adriatic Sea and down to the Eastern coast of Sicily (Supp. 
Mat. Fig. 3). Altogether, the conflicting mitochondrial and nuclear tree 
topologies and the narrow distribution suggest that the brown clade 
actually may correspond to individuals from different clades showing 
effects of an introgression event, and that their position in the mito-
chondrial tree may be the result of a LBA artifact. The only instance in 
the nuclear data disagreeing with this general pattern is the PhyloBayes 
analysis, which failed to resolve the deepest nodes of the tree. The CAT- 
GTR model is a sophisticated site-specific substitution model, able to 
perform well even in the presence of LBA artifacts. This inability to reach 
a strongly supported topology might be the result of insufficient (due to 
the small size of the dataset) or conflicting signal in the data, which is 
often neglected by traditional partition analyses. A comprehensive study 
based on simulation data has shown that, despite the general robustness 
of PhyloBayes, small datasets are challenging for CAT-GTR, especially in 

the absence of intra-gene heterogeneity, favoring partition analyses over 
this algorithm (Whelan and Halanych, 2017). The PhyloBayes tree does 
not return a contrasting topology, but just an unresolved one, and the 
existence of four well-supported clades in the IQ-TREE topology is 
supported by independent analyses based on SNP and Kmer data. Thus, 
this disagreement between PhyloBayes and the other analyses seems to 
be an artifact due to the small dataset used to run this analysis. 

The definition of three to four species instead of six is congruent with 
the species delimitation analysis using BPP, arguably the most accurate 
delimitation method based on the Multispecies Coalescent Model 
(Jackson et al., 2017; Rabiee and Mirarab, 2020). Although three out of 
the five analyzed subsets identified four species (green, violet, red, and 
blue + orange clades), the signal was unclear in the other two, which 
suggested gene flow between the red and the blue + orange clades, and 
that these three clades could be considered as a single species (i.e., the 
“cyan species”). In order to obtain a more detailed perspective of the 
haplotypes shared by the different clades, we tried to use the Admixture 
software. However, the limited size of the dataset and the skewed rep-
resentation of each clade precluded this approach. Admixture is known 
to be unable to distinguish populations when the number of samples is 
poor, and even more importantly when the different populations are 
asymmetrically represented (Lawson et al., 2018), as would be the case 
here. Considering all results, we tentatively propose the definition of 
three species of cone snails inhabiting the Mediterranean Sea: green, 
violet, and cyan (the latter a combination of the red, orange, and blue 
clades in the mitochondrial trees), but note that a fourth one, repre-
sented by the red clade, should be subject to further consideration upon 
the generation of more data. Importantly, it is worth considering that 
analyses of species delimitation do not test for reproductive isolation but 
find clusters of more closely related populations. Hence, it would be 
important to confirm these results in future studies by testing whether 
these clades meet the biological concept of species. 

The application of high-throughput sequencing techniques to the 
study of species diversity has allowed an unprecedented understanding 
of the speciation continuum, providing fine-detailed information about 
the structure of populations within species and leading to the discovery 
of many species previously overlooked (Irisarri et al., 2021; Janzen 
et al., 2017; Kornilios et al., 2020; Wagner et al., 2013). However, this 
level of resolution often blurs the limits of what should be considered 
within- and between-species structure. In fact, simulation studies have 
shown that delimitation methods based on the coalescent model 
frequently lead to the over-splitting of species in presence of strong 
geographic structure of genetically isolated populations (Chambers and 
Hillis, 2020; Sukumaran and Knowles, 2017). Moreover, these methods 
assume that the sampling effort has been sufficient to accurately 
represent the genetic variation among populations. When this assump-
tion is not met, for instance when intermediate sites connecting different 
populations are missing, these models tend to define relatively isolated 
populations as separate species (Mason et al., 2020). In this study, we 
made a big effort to sample most of the extension of the Mediterranean 
Sea, and thus the obtained molecular evidence presented here seems to 
be robust enough to justify the definition of at least three species within 
the L. ventricosus species complex. 

Although enough sequence divergence in both mitochondrial and 
nuclear markers is often sufficient to justify alone the definition of a new 
species, the common practice in an integrative taxonomy approach is to 
further support such molecular evidence with other independent sources 
of information, such as morphology, ecology, or biogeography (Hartop 
et al., 2022; Janzen et al., 2017; Parker et al., 2021). In an attempt to 
identify other characters that could be used to differentiate clades as 
species, we ran a morphometric analysis to compare shell morphology 
among the main clades recovered in phylogenomic analyses. The con-
trasting results between the cluster, without any a priori assumption of 
the number of species, and ANCOVA analyses, designed to test the dif-
ferences between our predefined species, supported the putative exis-
tence of a complex of cryptic species. Without previous information, all 

Table 2 
Results of the ANCOVA analyses for the pairwise comparisons of the morpho-
metric parameters of the shells from the three species. Species was used as factor, 
shell length (SL) as covariate, and all other measurements as variables.  

Comparison Parameter † F-score p-value 

Violet–Green MD  0.26  0.61 
HMD  0.45  0.51 
SH  0.71  0.40  

Green–Cyan MD  0.29  0.59 
HMD  0.2  0.66 
SH  2.35  0.13  

Violet–Cyan MD  22.59  0.00 
HMD  3.78  0.05 
SH  6.86  0.01 

† MD: maximum diameter; HMD: height of maximum diameter; SH: spire height. 
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Fig. 6. Distribution of the three species proposed in this study. The maps only include the location of those individuals whose cox1 gene has been sequenced. The 
color coding follows that of Fig. 3. The maps were drawn on R using the ggplot2, sf, rnaturalearth, rgeos, and spData packages (Bivand et al., 2022; Bivand and 
Rundel, 2021; Pebesma, 2018; South, 2022; Wickham, 2016). 
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analyzed individuals were too similar to tell apart (data not shown), but 
statistically significant differences in the morphometric traits man-
ifested when the molecular clades were considered. Importantly, 
although all the specimens of the green species were visibly (and sta-
tistically significant) smaller than those of the other two species, the 
limited sampling size advises to take this result with caution, and to test 
it in the future with an extended sampling. Finally, the discriminant 
function analysis confirmed the difficulty of telling the species of this 
complex apart using morphological data alone, and thus their cryptic 
nature. Despite the statistically significant differences observed between 
the violet and cyan species, the discrimination power of these parame-
ters was only 70.2%, meaning that in order to confidently discriminate 
species, morphometric differences must be compared between speci-
mens of the two species and/or used in combination with other traits, 
such as biogeography (see below). The differences are slightly more 
obvious when the mitochondrial clades are considered, as only three of 
the comparisons do not return statistically significant difference for any 
shell metric. Interestingly, significant differences are observed between 
red and both orange and blue, but not between the latter two, supporting 
the existence of a fourth species (red clade) as suggested by BPP. 
Nevertheless, these comparisons must be taken cautiously given the 
reduced number of samples per clade, and this alternative species de-
limitation hypothesis must be considered upon collecting more speci-
mens for these clades. 

Given the morphological uniformity of the shells of these cone snails, 
we also explored the use of ecological data for species identification 
within L. ventricosus. Previous studies have shown that ecological and 
physiological traits can also be used as diagnostic characters when 
morphological differences are subtle or even absent (Damm et al., 2010; 
Derycke et al., 2016). Specifically in cone snails, differences in venom 
composition where used, in combination with morphological and mo-
lecular data, to describe a new species (Puillandre et al., 2014b), and 
more recently the venoms of two complexes of cryptic species were 
shown to be markedly different (Himaya et al., 2022; Pardos-Blas et al., 
2022). Likewise, another study exploring venom variation in a phylo-
genetic gradient has shown different degrees of variation in venom 
composition between intra- and inter-specific comparisons (Abalde 
et al., 2020). Therefore, we annotated all possible conotoxins in the 
assembled genomes using Scipio (Keller et al., 2008) and Spaln (Iwata 
and Gotoh, 2012), two programs designed to annotate genes in a 
genome using proteins from a closely related species as reference. 
However, either because conotoxins have fast evolutionary rates or 
because these genomes were highly fragmented, all proteins annotated 
were incomplete or contained different types of sequencing errors, and 
no identical conotoxins were shared between individuals (data not 
shown). Despite this unsuccessful attempt, we still believe that this 
approach is worth exploring in future studies. Another way to test this 
hypothesis would be sequencing several venom gland transcriptomes 
from the three newly identified species and run comparative analyses as 
in previous studies (e.g., Himaya et al., 2022; Pardos-Blas et al., 2022). 
Alternatively, target-capture sequencing has been shown to be a reliable 
tool for the annotation of conotoxins (Phuong and Mahardika, 2018), 
and it would also be a cost-effective approach to generate enough mo-
lecular information to test the validity of the clades/species here 
proposed. 

The existence of three cryptic species within L. ventricosus could be 
further supported by their geographical distribution (Fig. 6). The violet 
and cyan species have almost complementary distributions, occupying 
the Western and Eastern regions of the Mediterranean Sea, respectively. 
Many other marine invertebrate and vertebrate species and the seagrass 
Posidonia oceanica share an East-West distribution within the Mediter-
ranean Sea due to the presence of a well-known biogeographical barrier 
at the Siculo-Tunisian Strait that prevents gene flow since the last 
Pleistocene ice age (Arnaud-Haond et al., 2007; Borrero-Pérez et al., 
2011; Moussa et al., 2022; Quéré et al., 2012). The green species is 
mostly sympatric with the cyan one. The three species present 

overlapping distributions around the Italian peninsula, and are found in 
the same localities from the East coast of the Adriatic Sea to the South 
coast of Italy and around Sicily. Further, the green species was found in 
the East coast of Corsica, also inhabited by the violet one. The green 
species shows the highest molecular divergence from the others in the 
complex, three times higher than that between violet and cyan in the 
mitogenome and two to three times higher in the nuclear genome. 
Hence, even if living in the same localities there seems to be a repro-
ductive barrier between them, which should be tested in empirical 
studies. The case of the violet and cyan species could be subject to a 
more careful debate, because of the lower divergence, sister relationship 
in the trees, and contact zone, but this overlap covers less than one third 
of the total distribution of these species, they present a mitochondrial 
divergence of 3%, and morphometric differences have been found be-
tween them, supporting the hypothesis of them representing two 
different species. 

The nuclear and mitochondrial chronograms inferred markedly 
different dates, with the nuclear tree displaying much older nodes than 
the mitochondrial one, which contradicts previous findings. Mitoge-
nomes are known to evolve under higher substitution rates than nuclear 
genomes, normally resulting in older diversification estimates (Fulton 
and Strobeck, 2010; Zheng et al., 2011). In a comparison of the time 
estimates inferred by the two genomes, Zheng et al. (2011) proposed 
that the models would not capture correctly the substitution dynamics of 
mitochondrial genomes, leading to this difference. In our case, because 
of the size of the dataset, we originally analyzed all genes as a single 
unit, whereas mitochondrial genes were analyzed as independent par-
titions. Thus, it may be plausible that the models fit better the mito-
chondrial than the nuclear data, which could have caused the observed 
discrepancies. Furthermore, if the intron–exon boundaries were not well 
defined during the annotation step, genomic regions with strikingly 
different evolutionary dynamics would be present in the dataset, wors-
ening the model misfit, and could also explain in part an overestimation 
of the divergence times. However, further testing with data subsets 
where genes were analyzed as independent partitions and a careful in-
spection of the alignments discarded this hypothesis. Because the same 
calibrations were used in the two analyses, and mitochondrial estimates 
are generally congruent with those inferred by BEAST in previous 
studies (Abalde et al., 2017a), we disregarded the use of MCMCtree and 
the selection of the calibration points as a cause of conflict in the anal-
ysis. Therefore, we could not find any methodological reason that would 
justify the observed differences between the nuclear and mitochondrial 
data, and the reason might simply be a discrepancy between the two 
genomes due to incomplete lineage sorting phenomena. 

Despite these differences, some conclusions can be drawn from the 
two chronograms. From an evolutionary perspective, four main pro-
cesses have been proposed to explain the existence of cryptic species: 
recent diversification, parallelism, convergence, and stasis (Struck et al., 
2018), of which only two, recent diversification and stasis, can apply to 
L. ventricosus. The first refers to species that have diverged recently, 
without enough time to accumulate evident morphological differences, 
whereas the second refers to sister species that retain a similar 
morphology over extended periods of time. The other two, parallelism 
and convergence, usually describe complexes of non-sister species. The 
diversification event leading to the green species was estimated between 
18.36 and 19.26 Mya, and to the other two species roughly 16.36 Mya 
(nuclear data) or between 5.10 and 6.59 Mya (mitochondrial data). 
Cone snails are known for their extraordinary divergence in shell 
coloration and patterns even in shorter periods, including many in-
stances of high intra-specific variability and phenotypic plasticity 
(Abalde et al., 2017a; Abalde et al., 2017b; Pardos-Blas et al., 2019), 
suggesting that morphological stasis might be the evolutionary mecha-
nisms behind the morphological homogeneity within the L. ventricosus 
species complex. Taken together, the results here presented indicate 
contrasting morphological evolutionary patterns within the family, and 
call for a careful re-evaluation of the shell as main morphological 
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character used in cone snail taxonomy. 

5. Conclusions 

The application of molecular techniques to taxonomic studies of cone 
snails has allowed the discovery of incorrectly delimited species 
boundaries, highlighting the importance of using such tools to define 
species and weight the reliability of the morphological characters thus 
far used during species delimitation (Abalde et al., 2017a; Duda et al., 
2009b). Despite recent studies on cone snails ecology and evolution 
using a genomic perspective (Pardos-Blas et al., 2021; Phuong et al., 
2019; Wang et al., 2017), and although Weese and Duda (2015) pro-
posed a set of SNP data specifically selected for cone snails, molecular 
systematics of the group has been mostly limited thus far to the use of 
mitochondrial markers. Here, we have studied the L. ventricosus species 
complex using cox1 barcodes, complete mitochondrial genomes, and 
genome-wide data from genome skims, observing discordance between 
mitochondrial and nuclear markers. Because of the different evolu-
tionary rates and inheritance patterns driving the evolution of the two 
genomes, this pattern is not uncommon and may reflect gene flow, 
admixture, introgression, and incomplete lineage sorting processes 
(Bernardo et al., 2019; Firneno et al., 2020; Kimball et al., 2021; Toews 
and Brelsford, 2012). In L. ventricosus, mitochondrial data was para-
mount for the discovery of a potential species complex, later confirmed 
with nuclear phylogenomics, SNP analyses, and inferences of genomic 
distances, but these recognized a lower number of species. This study 
supports the use of traditional barcodes as first approach for identifying 
species in cone snails, but it calls for a careful evaluation of additional 
sources of sequence data in order to make fine-detail inferences of 
species boundaries, particularly when results involve important updates 
of cone snail systematics with conservation implications. This integra-
tive approach should be extended to other studies of cone snail sys-
tematics, with special emphasis on species-rich clades (e.g., Africonus) 
and cases of cryptic species, whose classification is so far solely based on 
mitochondrial data. 
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