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Abstract

Transcriptome-based exon capture methods provide an approach to recover several hundred markers from genomic
DNA, allowing for robust phylogenetic estimation at deep timescales. We applied this method to a highly diverse group of
venomous marine snails, Conoidea, for which published phylogenetic trees remain mostly unresolved for the deeper
nodes. We targeted 850 protein coding genes (678,322 bp) in ca. 120 samples, spanning all (except one) known families of
Conoidea and a broad selection of non-Conoidea neogastropods. The capture was successful for most samples, although
capture efficiency decreased when DNA libraries were of insufficient quality and/or quantity (dried samples or low
starting DNA concentration) and when targeting the most divergent lineages. An average of 75.4% of proteins was
recovered, and the resulting tree, reconstructed using both supermatrix (1Q-tree) and supertree (Astral-Il, combined with
the Weighted Statistical Binning method) approaches, are almost fully supported. A reconstructed fossil-calibrated tree
dates the origin of Conoidea to the Lower Cretaceous. We provide descriptions for two new families. The phylogeny
revealed in this study provides a robust framework to reinterpret changes in Conoidea anatomy through time. Finally, we
used the phylogeny to test the impact of the venom gland and radular type on diversification rates. Our analyses revealed
that repeated losses of the venom gland had no effect on diversification rates, while families with a breadth of radula
types showed increases in diversification rates, thus suggesting that trophic ecology may have an impact on the evolution
of Conoidea.
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Introduction limitations. For example, resulting trees can be potentially

Next-generation sequencing (NGS) techniques have enabled
the resolution of deep phylogenetic relationships by facilitat-
ing the rapid acquisition of genetic markers across divergent
taxa (Lemmon and Lemmon 2013; McCormack et al. 2013).
This field of research has been particularly active for non-
model organisms, for which genomic and transcriptomic
data are scarce (Bi et al. 2012; Cariou et al. 2013; da Fonseca
et al. 2016; Yeates et al. 2016). In molluscs, a major bottleneck
in applying NGS techniques has been the identification of
suitable markers for phylogenetic inference (Schrodl and
Stoger 2014). As such, phylogenetic analyses applying NGS
techniques have been limited to mitogenomes (Osca et al.
2015; Lee et al. 2016), transcriptome sequencing (Kocot et al.
2011; Smith et al. 2011; Zapata et al. 2014; Gonzalez et al. 2015;
Tanner et al. 2017), or RAD-sequencing (Combosch et al.
2017). While they provided better-resolved phylogenetic trees
compared with the traditional Sanger sequencing of a few
mitochondrial and nuclear genes, each have their own

biased when only mitochondrial data are used (Platt et al.
2017). Further, transcriptome-based approaches need RNA-
preserved samples and the associated costs may be prohibi-
tive to laboratories with more limited budgets.
Transcriptome-based exon capture methods provide an
approach to recover hundreds of genetic markers from ge-
nomic DNA, allowing for robust phylogenetic estimation and
does not rely on RNA-preserved or fresh samples (Bi et al.
2012; Hugall et al. 2016; Teasdale et al. 2016). Furthermore,
because it targets short DNA fragments (typically between
100 and 400 bp), older specimens that were not preserved in
ideal conditions for molecular analysis can also be sequenced.
In molluscs, 250 years of taxonomy based on shell collecting
have cataloged and preserved an impressive amount of ma-
terial. Although molluscs are traditionally preserved dried
(Bouchet and Strong 2010), recent efforts in the framework
of the “La Planéte Revisitée” and the “Tropical Deeps-Sea
Benthos” expedition programs (http://expeditions.mnhn.fr;
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last accessed July 29, 2018) have amassed a large collection of
alcohol-preserved samples. The high quantity of dry and al-
cohol preserved material, together with their huge species
diversity, the lack of genomic data and the ease of generating
transcriptome data, makes Mollusca a good model to test the
applicability of the exon-capture approach to nonmodel
organisms.

Conoidea is a group of hyperdiverse venomous gastropods
(5,000 described species for a total estimated ~10-20,000—
Bouchet et al. 2009), distributed across all oceans, latitudes,
and depths. Conoideans, and in particular cone snails, are one
of the most studied groups of animals for the toxins they
produce. These toxins are highly diversified and specific, and
some of them are used—or about to be used—as therapeu-
tics (Prashanth et al. 2014). In a series of articles, several mo-
lecular phylogenies were published (Puillandre et al. 2008;
Puillandre et al. 2011) followed by subsequent descriptions
of new families and the publication of a new classification
(Bouchet et al. 2011; Kantor et al. 2012) that were deeply
modified compared with the previous classifications. These
phylogenies included a representative (although not com-
plete) sampling of the superfamily diversity (WORMS
2018). However, these phylogenies are all based on a few
Sanger-sequenced markers, typically the mitochondrial COI
(cytochrome ¢ oxidase subunit I), 165 rRNA and 12S rRNA
genes and the nuclear 28S rRNA, 18S rRNA, and histone H3
genes. While the analyses of these loci recognized clades from
the species to family levels (i.e, up to 50 Ma, roughly), their
resolving power was limited as they were unable to define
older relationships. Researchers working on conoideans now
have a phylogenetic classification for the group, but under-
standing the processes underlying the evolutionary success of
the group and of the toxins they produce requires a better
resolved phylogenetic tree. Recently, Uribe et al. (2018) pro-
posed a phylogeny based on full mitogenomes, and while it
was more resolved compared with previously published trees,
sampling of conoidean diversity was still limited.

Here, we aim to generate the most complete and resolved
phylogeny of Conoidea published so far, including represen-
tatives of most of the known family-level lineages by applying
an exon-capture strategy to target thousands of loci. We ex-
plored several approaches of tree reconstructions designed
for very large data sets. We also identified, for the first time,
several fossils that can be attributed to the molecularly de-
fined lineages and used these fossils to reconstruct a time-
calibrated tree. The obtained phylogeny is almost fully re-
solved and supported, reveals new family-level lineages of
conoideans and unexpected phylogenetic relationships be-
tween the families, and modifies some of the traditionally
well-defined groups within the superfamily. Such phylogenies
can then be used as a framework to test hypotheses related to
the evolutionary success of the group. To illustrate this idea,
we analyzed the variability of the diversification rates among
conoidean families and tested the relationships between di-
versification rates and the evolution of two traits (venom
gland and radula) related to the venom apparatus, a structure
thought to contribute to the evolutionary success of the
conoideans.
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Results

Exon Capture
We used available Conoidean transcriptome data from the
literature and online resources to identify 850 protein coding
genes. We tentatively captured 120 samples representing the
diversity of the Conoidea, as well as a selection of non-
Conoidean neogastropod lineages. Two samples failed at
the library preparation step (because of very low quantity
of DNA available) and were thus not sequenced: the unique
sample of Bouchetispiridae and an unidentified turrid,
“HORS_MNHN_Stahlschmidt_9.” Both of them were pre-
served dried. For the remaining 118 samples, the number of
bases recovered, the depth of coverage, the % of reads on
target, the % of duplicates, the number of exons, the % of
protein-coding genes recovered and the % of missing data in
the data set DS2a (see the Materials and Methods for a de-
scription of the different data sets) are provided in the sup-
plementary material 1, Supplementary Material online.

There are significant differences in all capture and se-
quencing efficiency metrics between the samples proc-
essed in the first and in the second batch (fig. 1 and
table 1). The first batch showed systematically better
results, except for the % of duplicates. Similarly, a signif-
icant difference was detected between samples preserved
dried and preserved in alcohol with the alcohol-preserved
samples performing better in terms of the % of duplicates
and the % of missing data, but the number of bases and
the number of exons recovered are only marginally dif-
ferent (P value = 0.044). In contrast, the depth of cover-
age, the % of reads on target, and the % of proteins
recovered were not different. The ingroup versus out-
group samples also present significant differences in the
number of bases recovered, the depth of coverage, the
number of exons recovered, and the % of missing data
(ingroup taxa captured better), as well as the shallow
water versus deep water samples for most of the param-
eters (shallow water samples captured better). The micro-
waved versus nonmicrowaved samples did not present
any significant difference.

The final data set contained 4,376 exons when we applied
a threshold of at least four samples per exon alignment and
1,340 exons when we applied a threshold of at least 60 sam-
ples per alignment (see Materials and Methods).

Phylogenetic Analyses

In addition to the two samples that were not sequenced (see
above), seven other dried preserved samples were included in
the data set. Among them, two have been obviously contam-
inated by another sample from the data set, as revealed by the
likelihood analysis of the total data set (DSTML): the sample
of Kurilohadalia elongata had almost identical sequences with
the two samples of Belomitridae and the sample of
Cruziturricula arcuata had almost identical sequences with
Polystira florencae (Turridae). Additionally, the phylogenetic
position of one specimen (IM-2013-55830, 99.5% of missing
data) drastically changed from one analysis to another. We
thus decided to remove the samples with >99% of missing
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Fic. 1. Distribution of the samples in batch 1 (black bars) and 2 (gray bars) for different parameters of capture and sequencing efficiency. (A) Depth
of coverage; (B) % of reads on target; (C) number of proteins recovered; and (D) % of missing data in the DS2.

Table 1. Values of the Parameters Used to Estimate the Capture and Sequencing Efficiency.

# Bases Depth of
Recovered Coverage

% Reads on % Duplicates # Exons % Proteins % of Missing

Target Recovered Recovered Data
(in the DS2a)

Average batch 1 374,333 17
Average batch 2 199,850 7
Student’s t-test batch 1/2 697 16xkx 7 g7 Twax
Average dry samples 107,885 7
Average alcohol-preserved samples (batch 2) 210,404 8
Student’s t-test dry/alcohol 0.044* 0.4
Average shallow samples 310,104 13
Average deep samples 245,806 10
Student’s t-test shallow/deep 0.006** 0.004***
Average microwaved samples 280,726 12
Average nonmicrowaved samples 266,098 11
Student’s t-test MW/non-MW 0.6 0.2
Average ingroup 292,586 12
Average outgroup 213,351 9
Student’s t-test ingroup/outgroup 0.003*** 0.006***
Average total 273,784 11.4
Variance total 135,566 6.5

26 75 2,916 89 45
18 76 1,593 66 76
1707k 0.6 1.6 x5 10k 9.2 7 19kx
12 86 859 46 9%
18 75 1,677 68 75

0.2 0.003*** 0.044* 0.06 0.003***

24 74 2,449 80 56
19 76 1,927 72 67
0.002*** 0.2 0.004*** 0.024* 0.011*
23 74 2,219 77 62
20 77 2,082 74 63
0.2 0.028* 0.5 0.5 0.9
21 75 2,298 77 58
21 76 1,689 69 75
0.7 0.8 0.003*** 0.065 27O
21.1 75.6 2,154 75.4 62.5
8.8 7.9 1,068 22.9 21.8

Note.—The parameters for several subsets of samples (the two batches of library preparation and sequencing, the dry and alcohol-preserved samples, the samples collected in
shallow and deep waters, the samples microwaved or not in the field, and the ingroup and outgroup samples) are compared with a Student’s t-test.

*p-value < 0.05; ** p-value < 0.01; *** p-value < 0.005.

data and/or with very long branches and unstable positions in
the phylogenetic trees to constitute the data set 2 (DS2): this
resulted in the removal of six samples (see supplementary
material 1, Supplementary Material online—“Too many

missing data”), including one dried preserved sample. The
DS2 included 110 samples and the % of missing data in the
DS2 is provided in the supplementary material 1,
Supplementary Material online, for each sample.

2357

220z YoIBN #Z uo Josn ¥INIH4I A9 9G09505/SGEZ/0L/GE/RI01He/oqW /W00 dno diwapede//:sdpy woly papeojumoq


https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msy144#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msy144#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msy144#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msy144#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msy144#supplementary-data

Abdelkrim et al. - doi:10.1093/molbev/msy144

MBE

The DS2aML and DS2bML resulted in trees with most
family-level groups monophyletic and highly supported, as
well as most relationships between and within families
(Bootstraps BS > 95) (supplementary material 2,
Supplementary Material online). Two notable exceptions
are the family Pseudomelatomidae, with three genera
(Antiplanes, Leucosyrinx, and Abyssocomitas, thereafter re-
ferred to as the Antiplanes clade) clustering together as sister
group to Drillidae+Pseudomelatomidae in DS2b, and the
family Borsoniidae, whose representatives do not cluster in
a single clade. In particular, the families Conidae and
Conorbidae are included in Borsoniidae, and one sample
(Heteroturris kanacospira) is more closely related to the clade
that includes Mitromorphidae, Mangeliidae, Clathurellidae,
and Raphitomidae (MMCR clade) than to the rest of borso-
niids. The two analyses DS2aML and DS2bML were highly
congruent with only a few unsupported differences (e.g,
Pseudomelatomidae are sister group to the Antiplanes clade
in DS2a and to Drilliidae in DS2b). Overall, the bootstraps are
slightly higher with the DS2b, with, for example, the sister
group relationships between Conoidea and the Mitridae-
Pyramimitridae clade being more supported with the DS2b
(100) than with the DS2a (49), and the Terebridae being sister
group to the ADP (Antiplanes clade, Drilliidae,
Pseudomelatomidae) clade, again more supported with the
DS2b (94) than with DS2a (65).

Nineteen samples were removed from the data set 2 to
create the data set 3. Among these 19, eight are outgroups
and eight others were placed in families compatible with their
morphological identifications. The last three correspond to
dry material whose family attribution are here clarified for the
first time: from our results, Vitjazinella multicostata is placed
in Raphitomidae, Ptychosyrinx chilensis to the extended
Turridae (results not shown based on COI sequences suggest
that other Ptychosyrinx species also belong to Turridae, al-
though not closely related to P. chilensis) and Abyssocomitas
kurilokamchatica to the Antiplanes clade.

The results obtained with the DS3 are highly congruent
with those obtained with the DS2, and the trees obtained
with the different methods (ML, AS, and WSB) as well as with
the two data sets (with 4 or 60 samples minimum per exon)
were also mostly congruent (fig. 2 and table 2). When the AS
(Astral) and WSB (Weighted Statistical Binning) analyses were
congruent but contradicted the ML trees, the corresponding
nodes were rarely supported (see below for an exception
within Terebridae); in several cases, the ML and WSB trees
are congruent and contradict the AS trees; there is no case
where ML and AS trees are congruent and contradicts the
WSB trees.

Some parts of the tree remain unsupported, while others
were more supported with the DS3 than with the DS2. Except
stated otherwise, the support for the described clades were
100 for bootstraps (BS), 1 for posterior probabilities (PP) with
AS and 1 for posterior probabilities with WSB (“100/1/1").
Among outgroups, some relationships are highly supported,
with, for example, Cancellariidae, Volutidae, and
Volutomitridae constituting early-diverging lineages among
neogastropods, a clade including Mitridae and
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Pyramimitridae being sister group to the Conoidea (100/
0.85/0.9), and a clade Melongenidae+Fasciolariidae being sis-
ter group to the clade Mitridae+Pyramimitridae+Conoidea
(100/.73/.83).

We found Conoidea to be monophyletic, with
Cochlespiridae being sister group to the rest of the superfam-
ily (99/.91/1), further divided into two main clades. The first
one (100/0.61/0.82) includes the Marshallenidae new fam,,
sister group to a clade including on one hand the MMCR
clade, and on the other hand a poorly supported clade (89/
0.85/.83) including Borsoniidae, Conidae, and Conorbidae
(BCC clade). The BCC clade constitutes the less resolved
part of the Conoidea tree. Heteroturris (Borsoniidae) is either
sister group to the MMCR clade in the DS3bML analysis (BS
= 90) or sister group to the BCC clade (or to the BCC clade
except the Tomopleura lineage) in the DS3aML, AS, and WSB
analysis (94/1/1). Irrespective of the position of Heteroturris,
Borsoniidae was always nonmonophyletic, including
Conorbidae and Conidae. Conidae was monophyletic in the
ML and WSB trees, but Profundiconus teramachii is more
closely related to Borsonia and Bathytoma (Borsoniidae) in
the AS trees (PP = 1).

In the last main clade of Conoidea (clade A), most nodes
are resolved with ML, but the deepest relationships are var-
iable and unsupported with the AS and WSB analyses. In the
ML trees, a clade (100/-/1) including Horaiclavidae,
Clavatulidae, and Fusiturridae new fam. is sister group to
the rest. Then, we found Turridae to be the sister group
(96/-/0.73) to a clade including Terebridae and the ADP
clade. A few supported relationships are contradicting be-
tween the ML, the AS, and WSB analyses. Fusiturris similis is
sister group to Horaiclavidae in the ML tree, but sister group
to Clavatulidae (or even included in Clavatulidae, sister group
to Pagodaturris) in the AS and WSB analyses (0.93 < PP < 1).
Within families, some relationships are also variable, with, for
example,  Kurishioturris  more  closely related to
Gemmuloborsonia and Lucerapex in the AS analyses, while
it is sister group to the rest of Turridae in the ML and WSB
trees.

Dated Tree and Diversification Analyses

Except for the calibrated nodes, all the ages of the nodes in
the dated phylogenetic trees are characterized by a very large
confidence interval (fig. 3). The origin of the diversification of
the Conoidea would be 138 Ma.

Only the diversification rate of Marshallenidae was consis-
tently found to be significantly lower than expected, regard-
less of the number of species and the extinction rate
considered (fig. 4). Conversely, the diversification rates of
Conidae, Raphitomidae, Drillidae, and Pseudomelatomidae
were always significantly  higher than  expected.
Diversification rates of other families were also higher than
expected, but only when higher extinction rates were consid-
ered and/or only when the estimated total number of species
was considered. When considering the described species,
MEDUSA detected a decrease in the diversification rates for
Cochlespiridae and Marshallenidae; when the total estimated
number of species is considered, the diversification rates of
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— Cancellariidae

Muricidae - Typhinellus
5

nganldae
e Fusuolumdae
Pym ok, - Fusinus
mil ae
Mitridae

Sibogasyrinx sangeri
Sibogasyrinx pymnﬁdaﬂs
Comispira mai
Conwﬁmm compta

b

Fic. 2. 1Q-tree phylogenetic tree (DS3b). Fully supported nodes (BS = 100, PP = 1 for both AS and WSB) are in black; for the other nodes, BS and PP
values (for both AS and WSB) are provided. Illustrated samples are numbered from 1 to 16.

Marshallenidae, Fusiturridae, and Conorbidae were detected clade included only species with venom glands, while the
as significantly decreasing. The relationships between the di- other clade included species with or without venom gland,
versification rates and the venom gland was never significant, one pair presented similar diversification rates (Drilliidae vs.
irrespective of the number of species and the extinction rate Pseudomelatomidae), three pairs exhibited a higher diversifi-
considered. Among the five pairs of clades for which one cation rate for the clade with or without venom gland
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Table 2. Node Support Obtained with the Different Analyses and for Each Main Clade.

DS2aML  DS2bML  DS3aML  DS3bML  DS3aAS DS3bAS DS3aWSB  DS3bWSB

CONOIDEA+MITRIDAE+PYRAMIMITRIDAE 49 100 100 100 0.89 0.85 0.57 0.9
CONOIDEA 100 100 100 100 1 1 1 1
COCHLESPIRIDAE 100 100 100 100 1 1 1 1
A+B 97 100 100 929 0.94 0.91 1 1
B 100 100 100 100 0.87 0.61 0.99 0.82
MARSHALLENIDAE 100 100 100 100 1 1 1 1
MMCR+BCC 100 100 100 100 1 1 1 1
MMCR 100 100 100 100 1 1 1 1
MITROMORPHIDAE 100 100 100 100 1 1 1 1
MANGELIIDAE 100 100 100 100 1 1 1 1
CLATHURELLIDAE 100 100 100 100 1 1 1 1
RAPHITOMIDAE 100 100 100 100 1 1 1 1
Heteroturris+ MMCR 77 81 - 90 - - - -
BCC - - 9% - 1 1 1 1
CONORBIDAE 100 100 n.a. n.a. n.a. n.a n.a n.a
CONIDAE 100 100 100 100 - 0.87 0.89
Profundiconus+Borsonia+Bathytoma - - - - 1 1 - -
A 100 100 100 100 1 1 1 1
FHC 100 100 100 100 0.72 - 1 1
HORAICLAVIDAE+FUSITURRIDAE 100 100 89 93 - - - -
CLAVATULIDAE+FUSITURRIDAE - - - - 1 1 0.99 0.93
HORAICLAVIDAE 100 100 100 100 1 1 1 1
CLAVATULIDAE 37 100 81 91 0.79 0.81 - -
ADP+TEREBRIDAE+TURRIDAE 65 98 54 96 - - 0.7 0.73
TURRIDAE 100 100 100 929 1 1 1 0.95
ADP+TEREBRIDAE 65 94 56 87 - - - -
TEREBRIDAE 100 100 100 100 1 1 1 1
ADP 100 100 100 100 1 1 1 1
DRILLIIDAE 100 100 100 100 1 1 1 1
PSEUDOMELATOMIDAE 100 100 90 - - - - -
“n.a.”, not applicable; “~”, node not found in the corresponding data set.
Bursidae
_10B Muricidae
199 Mitridae
174 -60.9F Cochlespira pulchella
= Sibogasyrinx pyramidalis
-9.25 —— Marshallena sp.
-158 t—— Marshallena philippinarum
Heteroturris kanacospira
124 -98.8 Tomopleura cf. reevei
= % -64.9¢ Genota mitriformis
138 -90.5 5 Benthofascis pseudobiconica
628" Profundiconus teramachii
-79.8 |_+ Conasprella pagoda
-7011]_-51.2 ; Borsonia cf. symbiophora
-116 Bathytoma sp.
37.8 Mitromorpha philippinensis
R Anarithma stepheni
(1050 | 163.6¢ Toxicochlespira pagoda
L Pseudoraphitoma sp.
-131 -44).3 Lienardia rubida
-97. -84.3[ T Lienardia peristernioides
1 -42.7 Gymnobela baruna
s Hemilienardia ocellata
-65.2¢ Turricula javana
-81.5] L Pagodaturris molengraaffi
T [ Fusiturris similis
7151 T Epideira sibogae
-99.9 o 46 HT Iwaoa invenusta
-79.41 Gemmuloborsonia sp.
T Lophiotoma jickelii
-52.7" Pellifronia jungi
-90.3 T Hastula cf. casta
-33.8 Clavus maestrati
-83.3 63.1] L Syntomodrillia carolinae
1 T Leucosyrinx sp.
52zl T Cf. Otitoma timorensis
PeT36.00 Comitas cf. murrawolga
-250 -200 -150 -100 -50 0 MYA

Fic. 3. Dated phylogenetic tree, with representatives of the main lineages as defined with the complete data set (fig. 2). Values on the nodes are the
estimated ages; the horizontal bars are the confidence intervals. Black and gray dots represent fully (PP = 1) and highly (PP > 0.98) supported
nodes, respectively. Gray vertical bar: C/T limit. *Nodes used for calibration.
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(Turridae vs. Terebridae + ADP clade, Clathurellidae vs.
Raphitomidae,  Horaiclavidae  vs.  Fusiturridae, or
Fusiturridae+Clavatulidae) and one clade displayed either a
higher or lower diversification rate for the clade with or with-
out venom gland, depending on the sister-clade considered
(Borsoniidae vs. Conidae or Conorbidae). Conversely, there is
a significant correlation (P values < 0.05) between the diver-
sification rates and the number of radula types in all cases
(irrespective of the number of species and the extinction rate
considered), that is, families with more radular types tend to
have higher diversification rates (table 3).

Systematics

If most family concepts remain unchanged compared with
the previous classification (Bouchet et al. 2011), some trans-
fers of genera in other families are proposed: Vitjazinella in
Raphitomidae, Epideira in Horaiclavidae,  and
Gemmuloborsonia in Turridae. Furthermore, some genera
were only tentatively allocated to families in the last classifi-
cation (Bouchet et al. 2011), either because their relationships
remained unresolved or because they were absent from the
corresponding molecular phylogeny (Puillandre et al. 2011).
Thus, Lucerapex was only tentatively included in Turridae,
while its position in the family is confidently confirmed

Table 3. Results of the PGLS Analysis, with the Correlation Coefficient
and the P Value for Each Comparison.

Comparison e P Value
DR (described; 0)/VG 0.15 0.1
DR (described; 0.45)/VG 0.14 0.1
DR (described; 0.9)/VG 0.17 0.1
DR (total; 0)/VG 0.2 0.1
DR (total; 0.45)/VG 0.19 0.1
DR (total; 0.9)/VG 0.18 0.1
DR (described; 0)/Radula 0.4 0.008*
DR (described; 0.45)/Radula 0.4 0.008*
DR (described; 0.9)/Radula 0.41 0.007*
DR (total; 0)/Radula 0.36 0.014*
DR (total; 0.45)/Radula 0.36 0.015*
DR (total; 0.9)/Radula 0.35 0.016*

DR, diversification rate; “described”, number od described species; “total”, esti-
mated total number of species; “VG”, venom gland.
*Significant P values.

herein. Two genera, as shown here, correspond to indepen-
dent lineages and/or are characterized by a very peculiar rad-
ula; on the basis of these results, they are described as new
families: Fusiturridae new fam. and Marshallenidae new fam.
The lineage including the genera Antiplanes, Leucosyrinx, and
Abyssocomitas could have been considered a new family, but
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Fic. 5. Radulae and shells of new families of Conoidea. (A, B, and D)—Fusiturridae; (A and B)—radula of Fusiturris similis (Bivona Ant. in Bivona
And, 1838), MNHN IM-2009-24971 (white arrows indicate posterior sclerotized edge of posterior part of the tooth, black arrow indicates
unsclerotized anterior edge); (D)—shell of the same specimen. (C and E)—Marhallenidae, (C)—radula of Marshallena philippinarum (Watson,

1882), MNHN IM-2009-17099, (E)—shell of the same specimen.

their shell and radular morphology are not different from
Pseudomelatomidae, and we thus decided to retain them
in this family, pending on a better resolution of this part of
the tree. We retained Borsoniidae as a valid family for the
moment, because many other lineages must be included in
the data set before eventually splitting it into multiple fam-
ilies. In the process of reconstruction of the tree and detailed
examination of the analyzed taxa, we found several new taxa
of specific and generic ranks. They were described in two
separate papers (Kantor, Fedosov, et al. 2018; Kantor,
Horro, et al. 2018): new genera Comispira (Cochlespiridae),
Pagodaturris, and Paraclavatula (Clavatulidae), new species:
Comispira compta, Sibogasyrinx sangeri (both Cochlespiridae),
Pagodaturris philippinensis (Clavatulidae), Horaiclavus micans,
Iwaoa invenusta (both Horaiclavidae), Lucerapex cracens,
Lucerapex laevicarinatus.(Turridae), and Heteroturris kanaco-
spira (Borsoniidae).

Marshallenidae new fam.

Type genus—Marshallena Finlay, 1926.

Diagnosis. Shell medium-sized, attaining 35 mm, fusiform-
biconic, with medium high spire and attenuated medium

2362

long siphonal canal (fig. 5E). Protoconch of 3-5 almost
smooth whorls. Subsutural ramp poorly defined, slightly con-
cave. Shoulder weakly angulated. Axial sculpture of distinct
narrow axial ribs and thin raised growth lines, forming retic-
ulated sculpture at intersections with thin but distinct spiral
cords. Anal sinus weakly pronounced, subsutural. Operculum
with terminal nucleus. Radula short, consisting of 12-13
transverse rows of teeth; marginal teeth duplex (fig. 5C),
with lanceolate major limb and medium broad accessory
limb, which fuses with dorsal side of major limb without a
socket. Posterior (basal) half of marginal teeth not sclerotized,
membranous, long, and as broad as major limb. Central for-
mation weak, of fused plate-like acuspate lateral teeth with-
out central cusp.

Remarks. Monotypic family, represented by fossil (Eocene
to lower Pliocene of New Zealand) and a few Recent bathyal
Indo-Pacific species. The genus was provisionally attributed to
Horaiclavidae (Bouchet et al. 2011) on the basis of the radula.
Nevertheless, Marshallena spp. have a central formation of
fused lateral teeth, absent in Horaiclavidae. Another charac-
ter, distinguishing Marshallena from studied Horaiclavidae
and other Conoidea is the presence of a basal, long, and broad

220z YoIBN #Z uo Josn ¥INIH4I A9 9G09505/SGEZ/0L/GE/RI01He/oqW /W00 dno diwapede//:sdpy woly papeojumoq



Exon-Capture-Based Phylogeny and Diversification of the Venomous Gastropods - doi:10.1093/molbev/msy144

MBE

poorly sclerotized membranaceous part of the marginal
teeth.

Fusiturridae new fam.

Type genus—Fusiturris Thiele, 1929.

Diagnosis. Shell medium-sized, attaining 50 mm, narrowly
fusiform, with high turriculate spire and attenuated long
siphonal canal (fig. 5D). Subsutural ramp narrow, well defined,
weakly concave. Shoulder obtusely angulated. Axial sculpture
of distinct narrow to broad axial ribs. Spiral sculpture of thin
cords. Anal sinus moderately deep, peripheral. Protoconch of
three smooth whorls, conical. Operculum with terminal nu-
cleus. Radular marginal teeth duplex (fig. 5A—B), differentiated
in two parts. Anterior half normally sclerotized, of two sub-
equal limbs, posterior slightly longer part poorly sclerotized,
flat. Posterior edge of this poorly sclerotized part is continu-
ous with the accessory limb, thickened, rod-like (marked with
white arrows on fig. 5), while the anterior edge continuing
major limb is unsclerotized and flat (marked with black arrow
on fig. 5B). At junction of these two parts the tooth is narrow-
ing, producing the “waist.” Central formation probably absent.

Remarks. Monotypic family, in shallow waters of
Mediterranean and West Africa, fossil—Paleocene to
Pleistocene of Europe. The genus was traditionally included
in Turridae (Powell 1966) or later in Clavatulidae (Bouchet
et al. 2011). The radula, illustrated for the first time by scan-
ning electron micrographs, is very similar in two studied spe-
cies—F. similis (Bivona Ant. in Bivona And, 1838), the
sequenced species (fig. 5D), and F. undatirruga (Bivona Ant.
in Bivona And, 1838), the type species of the genus. It is
unique so far for Conoidea in the presence of basal unsclero-
tized part of marginal teeth with one thickened rod-like edge.

Discussion

Capture Success

The success of the exon capture experiment was heteroge-
neous, with 21 samples for which <50% of the proteins were
recovered, while >90% were recovered for 38 samples.
Similarly, the number of bases, the depth of coverage, the %
of reads on target, the number of exons recovered, the % of
proteins recovered, and the % of missing data were all char-
acterized by high SDs. One exception is the % of duplicates,
which was more homogeneous among samples. These results
certainly reflect the heterogeneity of the quality of the DNA
preservation, with some samples collected only a few years
ago while others were collected >15 years ago. The preserva-
tion of the samples (dry or in alcohol) clearly affected the
parameters, with alcohol-preserved samples having signifi-
cantly higher success, but these results are potentially biased
by the low number of dried-preserved samples compared
with the number of samples preserved in alcohol. Although
it is difficult to tell apart the potential effects of the age of the
samples and of the microwaves (the microwave oven has
been used only for the most recent samples), using the mi-
crowave oven to remove tissues from the shell did not have a
significant effect on the success of the exon-capture experi-
ment, suggesting that this approach for handling specimens

and extracting tissue can be used as a way to improve effi-
ciency during sample collection while having no impact on
downstream applications. The samples collected in deep wa-
ter (>100 m deep) were also less successful than the shallow-
water samples. These results can be explained, for example, by
the higher difference in environmental conditions between
the living habitat of the samples collected deeper and the
surface where they were processed, potentially resulting in
samples that were already dead or moribund when they ar-
rive on the deck of the boat, or by differences in tissue com-
ponents due to adaptation to high pressure, which could
interfere with DNA extraction. As expected (Bragg et al.
2016; Portik et al. 2016), samples in the ingroup were captured
more effectively than the outgroups. Surprisingly, we were
able to successfully recover between 60% and 76% of the
proteins for the three members of the Tonnoidea, the sup-
posedly less closely related outgroup to Conoidea even
though the baits were not optimized for taxa outside of the
Conoideans. Finally, the most significant differences in the
parameters used to estimate the capture efficiency were
found between the samples processed in the first and second
batches, the second batch being less successful. Given that the
exact same protocol was used for both batches, the lower
quality results for the second batch was probably linked to
the fact that most of the low concentration DNA extracts,
including all the dry-preserved samples, were processed in the
second batch. Thus, lower quality preservation may have led
to limited DNA quantities to start our experiment, leading to
suboptimal conditions. Moreover, most of the outgroups
were also included in the second batch, which could explain
a decreased efficiency in hybridization capture because of
higher genetic divergence between the targeted DNA loci
and the probes, as discussed before.

Despite this high heterogeneity among samples and cate-
gories of samples, we consider our capture experiment a suc-
cess because we were able to enrich the targeted DNA in our
samples (average % of proteins recovered = 75%). Our results
also suggest that the samples preserved dry can be included in
an exon-capture experiment, as well as samples that are phy-
logenetically distant from the samples used to design the
exons (eg, the Tonnoidea and the Conoidea would have
diverged almost 200 Ma). It should also be noted that
some of the specimens removed from the DS2 to constitute
the DS3 were confidently placed in the phylogenetic tree
obtained with the DS2, even if they had >98% of missing
data.

Phylogenetic Reconstruction

As detailed in the results section, the different data sets and
reconstruction methods used to obtain the phylogenetic
trees provided congruent results (fig 2 and table 2).
Between the trees obtained with the ML, AS, and WSB meth-
ods, only a few nodes were incongruent (fig. 2). Overall, the
ML trees were more resolved and supported, with more
nodes in common with the WSB trees than with the AS trees.
Concerning the level of missing data, the trees obtained with
either 4 or 60 samples minimum per locus were almost iden-
tical, with only a few nodes slightly more supported with the
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data set with 60 samples minimum per locus, in the ML and
WSB trees. The differences in the phylogenetic trees were also
limited between the data sets DS2 and DS3, the later (i.e,
without the samples with >90% of missing data) resulting in
a few better supported nodes (table 2).

The trees obtained using the exon-capture strategy are
significantly more resolved and supported than the previously
published trees of the Conoidea (Puillandre et al. 2011; Kantor
et al. 2012; Uribe et al. 2018) (fig. 6). However, the sequencing
approach used (Sanger sequencing of a few genes, mitoge-
nomes, and exon-capture) is not the only difference between
these data sets. The sampling is also different, with several
lineages added in our study compared with the previous ones
(and a few ones present in one of the previously published
trees absent here—e.g, Bouchetispiridae, see above). As
shown before (Nabhan and Sarkar 2012), the quality of the
sampling can impact the inferred phylogenetic relationships.
Our sampling strategy was the following: we sought to in-
clude in the data set not only all the known families of
Conoidea, with several genera represented in each of them
(when possible). We also included highly divergent lineages
that were recognized as such in a COIl tree (results not
shown), but never recognized at the family, or even genus
level. This strategy was made possible thanks to the active
program of expeditions of the MNHN, Paris, that do not
target specific taxa when going to the field but maximize
the diversity of the samples collected, without any a priori
selection in the samples collected. This strategy has been
coupled with morphological identification and systematic se-
quencing of the barcode fragment of the COI gene. Therefore,
we identified deeply divergent lineages that would have
remained untouched if the sampling was focusing on the
known taxa only. This sampling strategy also explains why
the MNHN collections were cited in 62% of the mollusc spe-
cies descriptions published in 2017, and that almost all the
recently published molecular phylogenies of neogastropods
are based, partly or entirely, on MNHN material (Modica et al.
2011; Fedosov et al. 2015; Couto et al. 2016; Galindo et al.
2016). In the case of the Conoidea, for which all the previously
published phylogenies are also based mostly on MNHN ma-
terial, this strategy led to the inclusion of several recently
discovered lineages and to the description of several new
families. Furthermore, the exon-capture strategy can take ad-
vantage of the vast array of alcohol-preserved and dried speci-
mens housed in natural history collections. On the contrary, a
transcriptome-based phylogeny needs samples specifically
preserved in RNA-later or in dry ice, and a mitogenome-
based phylogeny, needs higher quality DNA when the mito-
genomes are obtained through long range PCR. Given the
difficulty to resample rare lineages present in the museum
collection (Bradley et al. 2014; Wen et al. 2015), but not pre-
served necessarily in good conditions for high quality DNA or
RNA, the exon-capture strategy represents the best option to
reconstruct old phylogenetic relationships.

Phylogenetic Relationships
With our exon capture phylogeny, we revealed new relation-
ships among major groups of Conoidea and their relatives
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Fic. 6. Right: simplified tree based on mitochondrial genes (Puillandre
et al. 2011) (Uribe et al. 2018); for graphical reasons, the supported
relationships between Marshallenidae and Cochlespiridae found by
Uribe et al. (2018) is not shown. Left: exon-capture-based tree, with
alternate branches in dashed lines obtained either with IQ-tree or
ASTRAL-II. Dark gray: Conidae, as traditionally conceived (« cone
snails »); light gray: Terebridae (“auger snails”); white: “turrids.” For
each family are provided the number of described species/the esti-
mated total number of species, the character state for the venom
gland (VG = all species has a VG; NVG = some species lost the VG)
and the number of radula types. Black circles: fully supported nodes;
gray circles: highly supported nodes (Bootstraps > 95 and PP > 0.95);
white circles: moderately supported nodes (Bootstraps > 80 and PP
> 0.90).

(fig. 6). In particular, Cochlespiridae is here recognized for the
first time as the sister group of all other Conoidea, and not
sister group of the other members of the clade A (Puillandre
etal. 2011). This result makes the Turroidea defined by Tucker
and  Tenorio  (2009)  paraphyletic.  Furthermore,
Cochlespiridae being sister group to all the other Conoidea
also explains their unusual for Conoidea venomous apparatus
structure. In all members of Cochlespiridae, the venom gland
opens into the oesophagus either within the nerve ring or
even posterior to it (Medinskaya 1999; Simone 1999; Kantor,
Fedosov, et al. 2018). In all the other conoideans, the venom
gland passes through the nerve ring and opens in the buccal
cavity just posterior to the opening of the radular sac, thus
likely increasing the efficiency of the injection of the toxins in
the prey (Taylor et al. 1993; Fedosov et al. 2017). The position
of opening of the venom gland in Cochlespiridae is thus
similar to the opening of the midgut gland (usually called
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gland of Leiblein) into the oesophagus in other
Neogastropoda. Moreover in Cochlespiridae, like in other
neogastropods, the anterior oesophagus forms a more or
less long loop, which is straightened during proboscis ever-
tion. Thus, the structure of anterior foregut is rather similar in
Cochlespiridae and non-Conoidean neogastropods, and
probably represents the plesiomorphic condition for the
Conoidea. The homology and evolution of the venom gland
of Conoidea was discussed by Ponder (1970) and others
(Taylor et al. 1993; Kantor 2003), and it was concluded that
the midgut gland and venom gland are homologous struc-
tures. This particular opening of the venom gland was sup-
posed to have emerged either twice independently (in the
clade A except Cochlespiridae and in the clade B), or once in
the ancestor of all the Conoidea but then secondarily lost in
Cochlespiridae. The new phylogenetic pattern reduces the
number of steps in the evolution of this character, with
only one transition from the ancestral state (still found in
Cochlespiridae) to the derived state (in all other Conoidea).

The conoidean anatomy is notably specialized due to the
emergence of the unique feeding mechanism involving prey
envenomation; this fact was always hampering inferences of
the conoidean affinities based on the anatomical characters.
A whole range of hypotheses as of which taxa within the
Neogastropoda would be the most closely related to
Conoidea have been proposed (Sheridan et al. 1973; Shimek
and Kohn 1981; Taylor and Morris 1988; Ponder and Lindberg
1997). Although the sampling coverage for the non-
Conoidean neogastropods is not complete, our analysis
would suggest for the first time that the clade Mitridae-
Pyramimitridae (i.e, the superfamily Mitroidea) would be
the sister group of the Conoidea.

The BCC clade probably constitutes the less resolved part
of the tree, with Borsoniidae being paraphyletic in all trees (as
suggested previously in Puillandre et al. 2011), including
Conorbidae and Conidae. Borsoniidae includes species that
are morphologically highly divergent, and as a consequence
the limits of this group have always been fuzzy in the litera-
ture. Our results would tend to show that more taxa are
needed to fully resolve this part of the tree. Pending more
resolution here, we refrain to revise the classification of
Borsoniidae and to eventually create new family names for
each independent lineage in the BCC clade. Another striking
feature of the BCC clade is the nonmonophyly of Conidae in
some trees, with Profundiconus being more closely related to
some Borsoniidae than to the other Conidae. Given the
clearly coniform shells of the Profundiconus species, nobody
doubted until now that they are Conidae. Our phylogenetic
tree also contradicts previously published trees in a few cases
(fig. 6). For example, the tree based on full mitogenomes
recovered Marshallenidae and Cochlespiridae as sister groups,
sister group to the rest of the members of the Clade A. As
suggested by the authors (Uribe et al. 2018), this result could
actually be a long-branch artefact, and our tree, separating
Marshallenidae new fam. and Cochlespiridae, sister groups to
the other members of the clade B and to all the other
Conoidea, respectively, tend to support this hypothesis.
Conversely, a rearrangement in the gene order of the

mitogenome in Cochlespiridae only (Uribe et al. 2018) better
aligns with the hypothesis that Cochlespiridae are sister group
to all the other Conoidea, than sister group to Marshallenidae
new fam. only. The clade Clavatulidae+Horaiclavidae was
also characterized by a rearrangement in the mitogenome:
this would correspond to the FHC (Fustiturridae new fam,,
Horaiclavidae, Clavatulidae) clade in our tree, and we can thus
predict that the same rearrangement should be found in
Pagodaturris, a taxon that was absent in the mitogenome
tree.

This new phylogeny leads to modifications in the genus
and family-level classification of the Conoidea. In most cases,
the families as defined in the previously published trees are
confirmed, and the modifications concern lineages that were
either absent in the previous trees, or those, whose position
remained unresolved. In particular, here we establish new
families to accommodate the genera Fusiturris (Fusiturridae
new fam.) and Marshallena (Marshallenidae new fam.), pre-
viously tentatively placed in Clavatulidae and Horaiclavidae,
respectively  (Bouchet et al. 2011). The genus
Gemmuloborsonia, tentatively placed in Clavatulidae by
Bouchet et al. (2011) is here included in Turridae. The genus
Strictispira, elevated at the family level (McLean 1971) be-
cause of its particular anatomical feature (the venom appa-
ratus has been lost), is here for the first time shown to be only
one of the many lineages of Pseudomelatomidae; the name
Strictispiridae is thus considered a synonym of
Pseudomelatomidae. Finally, we still consider the genera in-
cluded in the Antiplanes clade as members of
Pseudomelatomidae. However, if future analyses reveal that
they are in fact sister group to Drillidae or to the clade
Drillidae+-Pseudomelatomidae, and not sister group to other
pseudomelatomids, a new family will need to be proposed.

It is remarkable that in the last 25 years, the family-level
classification of the Conoidea, and in particular the number of
conoidean families, drastically changed, from 3 families until
1993, to 6 (Taylor et al. 1993), 15 (Bouchet et al. 2011), 16
(Kantor et al. 2012) and now 18. Apparently, this trend could
be the equivalent of the taxonomic inflation observed at the
species level, associated with phylogenetic approaches (lsaac
et al. 2004) and sometimes blamed to be purely artefactual
(Zachos et al. 2013). If higher taxonomic ranks, contrary to
species, are generally considered to be purely artificial (Hedges
et al. 2015; Giribet et al. 2016), the increase in the number of
families in Conoidea is actually directly related to the phylo-
genetic relationships, and is not simply an arbitrary and
taxonomist-dependent decision. Until 1993, the “turrids,”
that is, all of Conoidea except Conidae and Terebridae,
were placed in a single family, Turridae. The first phylogeny
based on anatomical data (Taylor et al. 1993), then confirmed
by DNA-based phylogenies (Puillandre et al. 2008), convinc-
ingly demonstrated that Turridae was polyphyletic. One de-
cision could have been to synonymize the three families
(Conidae, Terebridae, and Turridae), but the names
Conidae and, in a lesser extent, Terebridae, were used in a
large taxonomic and toxinologic literature since several dec-
ades, and it has been decided to take into account the usage
to maintain the Conidae and Terebridae taxa at the family
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level. Consequently, the different lineages within the “turrids”
needed to also be recognized at the family level and the same
constraint guided following studies to recognize newly dis-
covered lineages also at the family level, ultimately leading to
this inflation in the number of families. Even if these 18 fam-
ilies do not necessarily reflect “naturally” existing groups, as
species can be, this partition reflects the phylogenetic tree
and the usage of names in the literature, and thus fulfills the
objectives of the names: facilitating the communication on
the objects they designate. Finally, some lineages included in
previous phylogenies but not in the present one
(Cruziturricula, Fusiturricula), could actually correspond to
new families. Similarly, potential new lineages probably re-
main to be discovered and some of them may turn out to
be new families: the current classification is probably not the
end of the story.

Molecular Dating

The main limitation of our time-calibrated tree reconstruc-
tions is the low number of calibrations used (only five). This is
the result of the lack of diagnostic shell characters for most of
the Conoidea families, as several families of Conoidea are
difficult to discriminate morphologically (Bouchet et al.
2011). A striking example is the genera Leucosyrinx
(Pseudomelatomidae) and Sibogasyrinx (Cochlespiridae)
pair, impossible to discriminate on conchological grounds
(Kantor, Fedosov, et al. 2018), but having diverged
>100 Ma. Consequently, to prevent incorrect placement of
fossils for node calibration, we preferred to limit the number
of calibrations to fossils that corresponded to the oldest
known member of a morphologically diagnosable family,
such as Conidae, Terebridae, Raphitomidae,
Mitromorphidae, and Cochlespiridae. This likely came at
the price of having very large confidence intervals for the
noncalibrated nodes. It should be noted that other fossils of
conoideans have been described from the Paleocene, and in
particular members of Borsoniidae (Glibert 1973). Given that
this family is not recovered monophyletic, we refrained to use
borsoniid fossils to calibrate the tree.

However, even taking into considerations these large inter-
vals, two major features regarding the timing of diversification
of the Conoidea can be emphasized: the Conoidea would
have emerged during the Cretaceous and most families
were already present 50 Ma. These results are in agreement
with the fossils record. It is generally accepted that “turrid”
(i.e, conoideans that are neither a Conidae nor a Terebridae)
fossils can be found in the Cretaceous and that representa-
tives of most families are found in the Paleocene, where some
were already diversified (Powell 1942; Powell 1966). Powell
(1942) actually suggested that some fossils from the Upper
Jurassic may belong to the Conoidea. However, attributing
Cretaceous or even Paleocene or Eocene fossils in one of the
Recent families is an arduous task, as discussed before, but the
hypothesis that these early fossils are conoideans are
strengthen by the divergence times estimated here.
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Diversification Analyses

Although diversification patterns in Conoideans are thought
to be driven by the origin of the venom apparatus leading to
increased rates of speciation, our results indicate that diver-
sification rates are highly variable, with some families exhibit-
ing low diversification rates (Marshallenidae, and to a lesser
extent, Cochlespiridae, Fusiturridae, and Conorbidae), while
others were diversifying faster than expected. Among them,
the cone snails (Conidae) have long been recognized as one of
the most diversified group of marine gastropods (Kohn 1990),
but others, less studied, are revealed here for the first time,
with  even higher diversification rates (Drilliidae,
Pseudomelatomidae). However, these results need to be
taken cautiously, because the definition of the taxa consid-
ered for diversification rates potentially influences the com-
parisons (Stadler et al. 2014). For example, diversification rates
calculated for a whole family may hinder variability among
lineages within family. In particular, the cone snails include six
genera, three of them represented by <10 species, and one
(Conus) by 742 species (WORMS 2018). Within-family phy-
logenies are needed to test this hypothesis. Another potential
bias is the use of stem ages (Stadler et al. 2014; Wiens et al.
2015). We choose to not use crown ages as they are likely
underestimated because we included a very low number of
species in the tree for each family. We believe that the sam-
pling is less biased at the family level, and that the stem ages
are overestimated in a much lesser extent.

Surprisingly, the loss of the venom gland does not seem to
affect the diversification rates. Again, these results are only
preliminary, and within-family phylogenies, with higher frac-
tions of sampled species, are needed to confirm (or not) that
the lineages that have secondarily lost the venom gland do
not diversify at a lower rate. More expectedly, the number of
radular types in a given family influences the diversification
rates. One potential explanation is that the origin of new
radular types may allow clades to access new preys, or
develop a novel feeding mechanism, thus promoting
specialization and speciation across different prey species.
Again, within-family phylogenies would help to test this
hypothesis, in particular in the families Terebridae or
Pseudomelatomidae, for which the number of different rad-
ular types is the highest.

Conclusion

The use of the exon capture strategy to increase the quantity
of molecular data available, and specifically targeting highly
conserved markers, clearly represents an improvement in the
resolution of the Conoidea phylogeny. The tree is better re-
solved and supported, several samples conserved dried have
been successfully included in the data set, and the cost per
sequenced nucleotides is much lower compared with past
approaches (rough estimations: 0.01, 0.0017, and 0.00045€per
nucleotide for three genes, full mitogenomes and exon-
capture sequencing, respectively). However, a few parts of
the tree remain unresolved, even questioning the monophyly
of the best known family of the Conoidea, the cone snails.
This result, among others, definitely demonstrates that con-
oidean shells are a poor proxy for systematics, and that any
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hypothesis on the evolution of the group should be proposed
and tested based on a robust phylogenetic framework. In this
context, we propose for the first time that the secondarily loss
of the venom gland in some families does not impact diver-
sification rates, contrary to the number of radula types; these
hypotheses remain to be tested with more complete phylo-
genetic trees, that is, including many more species. Producing
even more genetic data to clarify the few remaining gray areas
in the Conoidea tree, using, for example, more transcriptomic
data to identify more conserved exons, or even using tran-
scriptomic data for all the samples, is thus only part of the
problem. Even at the family level, it is likely that conoidean
lineages are undersampled, as demonstrated by the
“exploratory” strategy of the MNHN to sample the
Conoidea diversity, that revealed many new genera and fam-
ilies in the last few years. Pursuing the sampling effort, espe-
cially in the deep-sea of the Pacificc where most recently
described taxa were discovered, will most probably lead to
the discovery of new deep lineages in Conoidea. And no
doubt either that these new lineages will impact, if not the
phylogenetic relationships among the known lineages, at least
the diversification patterns that can be inferred from the
trees. Exploration of the marine realm, even if not facilitated
by the increasing administrative burden associated to permit
applications, should thus remain a priority; not doing so
would be at the cost of not accurately understanding the
evolutionary processes of diversification in the sea.

Materials and Methods

Sampling

Specimens were selected to represent different genera in as
many families of Conoidea as possible Bouchetispiridae is the
only currently recognized family missing from our data set. It
includes a single species, represented in our collection (and
probably worldwide) by only two alcohol-preserved speci-
mens. We were not able to recover enough DNA for the
exon-capture library preparation after several attempts. We
also selected species that represented highly divergent line-
ages revealed through COI sanger sequencing (results not
shown), potentially corresponding to new family-level taxa.

The outgroups were selected to include representatives of
many Neogastropod families. Three representatives of the
Tonnoidea superfamily were also used as distant outgroups,
being generally considered as one of the most closely related
non-Neogastropoda (or even as a Neogastropoda, as revealed
in recent phylogenies based on complete mitochondrial
genomes—Osca et al. 2015). We included several outgroup
taxa to execute the following: 1) to test the monophyly of the
Conoidea and identify its potential sister taxon, and 2) to
explore the capacity of the exon-capture strategy to recover
loci from nontargeted species, as we designed baits using only
conoidean transcriptomes (see below).

Most specimens were collected during MNHN expeditions
(expeditions.mnhn.fr), except a few ones (see supplementary
material 1, Supplementary Material online). Specimens were
either anesthetized in a magnesium chloride solution or
microwaved (Galindo et al. 2014) right after sampling to

remove the body from the shell; tissue was then kept in
95° alcohol. Nine specimens were kept dry after sampling
(supplementary material 1, Supplementary Material online).
Most vouchers are in the MNHN collections (supplementary
material 1, Supplementary Material online).

Exon Design

We used an exon capture approach to recover genetic
markers for phylogenetic inference. For bait design, we chose
to generate ancestral sequences, an approach previously used
to improve locus recovery across divergent taxa (Hugall et al.
2016) by reducing the genetic distance between the bait se-
quence and the sample of interest. Generating ancestral
sequences was necessary given the expansive phylogenetic
breadth of the taxa, we attempted to sequence in this study.
At the time, we designed baits for this study, there were only
three publicly available non-Conidae conoidean transcrip-
tomes: Unedogemmula bisaya, Gemmula speciosa, and
Crassispira cerithina (NCBI Sequence Read Archive [SRA] ac-
cession no.s SRR1574923, SRR1574907, and SRR1574922;
Gonzales and Saloma 2014). We chose to pair these species
with sequences from a recent exon capture study on Conidae
(Phuong and Mahardika 2018), which would allow us to gen-
erate ancestral sequences that would represent the ancestor
to all Conoidean species. We attempted to target the same
loci as in Phuong and Mahardika (2018), where they targeted
sequences representing 886 protein coding genes. 404 of the
genes were identified through a reciprocal blast approach
(Phuong and Mahardika 2018), while the remaining 482
were identified in Teasdale et al. (2016) to be orthologous
in Pulmonate gastropods.

To design the bait sequences, we first downloaded the
non-Conidae conoidean transcriptomes from the National
Center for Biotechnology Information Sequence Read
Archive (Leinonen et al. 2011). We used Trimmomatic
v.0.32 (Bolger et al. 2014) to remove adapter contamination
and filter low quality reads (ILLUMINACLIP option enabled,
seed mismatch threshold = 2, palindrome clip threshold =
40, simple clip threshold of 15; SLIDING WINDOW option
enabled, window size = 4, quality threshold = 20; MINLEN =
36; LEADING = 3; TRAILING = 3) and assembled transcripts
using the version of trinity released on April 13, 2014
(Grabherr et al. 2011) with a minimum contig length of
151 bp. We used blastn v2.2.3 (evalue = 1e-10, word size =
11) to associate the assembled transcripts with sequences
from the Conidae baits (Phuong and Mahardika 2018), retain-
ing only sequences with a percent identity > 80%. We aligned
sequences per locus using muscle v3.6 (Edgar 2004). We used
FastML v3.1 (Ashkenazy et al. 2012) to generate ancestral
sequences under a JTT model of sequence evolution using
the following pairs of sequences: 1) a Conidae sequence 4 a C.
cerithina sequence and 2) a Conidae sequence and a G. spe-
ciosa or a U. bisaya sequence. When both G. speciosa or U.
bisaya were available, we merged both sequences prior to
ancestral sequence reconstruction because they are closely
related. We chose these two groupings to increase the diver-
sity of bait sequences in our design, as C. cerithina is part of
the Pseudomelatomidae family and G. speciosa and U. bisaya
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is part of the Turridae family. We were also provided sequen-
ces for an additional species, Mitra badia (Mitridae, not in-
cluded in Conoidea), from A. Moussalli and F. Kehler for loci
present in the Pulmonate loci set (Teasdale et al. 2016). We
generated ancestral sequences using the same methods as
described earlier to generate ancestral sequences with M.
badia and a Conidae sequence.

We defined exon/intron boundaries with EXONERATE
v2.2.0 (Slater and Birney 2005) under the est2genome model
with the Lottia gigantea genome (Simakov et al. 2013) as our
reference. We retained all exons that were at least 50 bp and
created chimeric baits by merging exons when they were
<120 bp (our desired bait length). We performed a self blast
using blastn v2.2.3 (evalue =1e-10) to ensure that the bait
sequences from separate proteins did not have percent iden-
tity > 80%. We removed loci with GC content < 30% or >
70% because extreme GC content has been shown to de-
crease hybridization efficiency (Bi et al. 2012) and we used
RepeatMasker (Smit et al. 1996) to filter repetitive elements
from our bait sequences. We sent these sequences to
Mycroarray (Ann Arbor, MI) to synthesize a custom
MYhbaits-1 kit, which allowed for 20,000 bait sequences. The
bait length was 120 bp with 2.4X tiling. In summary, our bait
design targeted ~678,322 bp, representing 850 protein cod-
ing genes.

Library Preparation

DNA was extracted with the NucleoSpin 96 Tissue kit from
Macherey-Nagel using the Epmotion 5075 robot (Eppendorf)
following the manufacturers’ recommendations. The 120
samples were processed in two batches (one first batch of
50 samples followed by a second batch of 70 samples) for
three reasons: 1) making our first attempt at this protocol in
favorable conditions in the first batch by including whenever
possible the best quality samples we had, leaving the lesser
condition ones for the second batch; 2) adding in the second
round key representatives that did not work in the first round;
and 3) adding in the second round more representatives of
lineages that were potentially nonmonophyletic, or which
position was unexpected, in preliminary phylogenetic analy-
ses performed with the 50 samples of the first round (e.g,
Cochlespiridae, Borsoniidae), or, conversely, limiting the num-
ber of representatives in families that were already well re-
covered in the first round.

Library preparation followed Meyer and Kircher (2010)
with some modifications. For the first batch, 1g of DNA
per sample was used as starting material. Due to overall lower
samples quality, starting material for the second batch was
between 30 ng and 1 pig. Limited availability of specimen tis-
sues made it impossible to get better DNA extracts for several
key samples (e.g, Bouchetispiridae, Conorbidae). All purifica-
tion steps were conducted using homemade SPRI beads
(Rohland and Reich 2012; Faircloth and Glenn 2014). DNA
was sheared through sonication using a Bioruptor Pico with
three cycles of 7 min (30 s ON/30s OFF). Then, sheared DNA
was blunt-end repaired prior to adapter ligation and fill-in. In
order to verify the ligation success, an amplified PCR product
showing a discrete band of 300bp also underwent these
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steps. A difference in band size after migration in an agarose
gel corresponding to the length of the adapters should be
observed after ligation. Resulting libraries were quantified and
qualified through qPCR and fluorometry (Qubit). Depending
on the library concentrations, 5-15 cycles of indexing PCR
were conducted. After quantification of the indexing PCR,
120 ng of each library were pooled by groups of 10 samples.

Hybridization Capture

Capture was conducted following MyBaits protocol v3.0 with
a few modifications. As recommended, between 100 and
500 ng of each pool was used for the capture. Instead of
the blocking oligos provided, xGen Blocking Oligos from
Integrated DNA Technologie were used. Capture was con-
ducted for 40 h at 60°C on a BIO-RAD C1000 touch thermal
cycler. Postcapture libraries were cleaned-up following
MyBaits protocol and quantified using Qubit. Each library
was amplified through three independent PCR reactions of
12 cycles. The three PCR products were then pooled in order
to increase potential libraries complexity. At this stage, cap-
ture success was assessed using two positive and two negative
controls. Those controls were genes that could be amplified
through PCR and that were supposed to be captured by our
baits (positive controls) or not (negative controls). Controls
were amplified using specific primers for each library using
gPCR prior and after capture. Global success in capture was
thus assessed by observation of a gain after capture in the
number of cycles needed for the PCR to reach the threshold
cycle (Ct or Cq) in the case of the positive controls and a delay
or an absence of amplification in the case of the negative
controls. Finally, each library of ten samples was quantified
again and characterized using an Agilent 2100 Bioanalyzer.
The first batch was sequenced on two lanes of lllumina HiSeq
2000 paired-end (100 bp reads). More than 230 M reads were
produced. The second batch was sequenced on one lane of
lllumina HiSeq 4000 paired-end (100 bp reads) and produced
>400 M reads.

Exon Assembly

We trimmed reads for adapter contamination and quality
using Trimmomatic v0.36 (ILLUMINACLIP option enabled,
seed mismatch threshold = 2, palindrome clip threshold =
40, simple clip threshold of 15; SLIDING WINDOW option
enabled, window size = 4, quality threshold = 20; MINLEN =
36; LEADING = 15; TRAILING = 15) and used flash v1.2.11
(Magoc and Salzberg 2011) to merge reads. We generated
assemblies using SPAdes v3.8.1 (Bankevich et al. 2012) and
used cap3 (Huang and Madan 1999) and cd-hit v4.6.5 (per-
cent identity = 99%) to reduce redundancy in the assemblies.
We used blastn v2.2.31 (evalue =1e-10, word size = 11) to
associate contigs with the targeted loci and used
EXONERATE vXX under the est2genome model to redefine
our target sequences because many of the original predicted
exons were actually composed of several smaller exons. To fix
misassemblies and estimate average heterozygosity, we
mapped reads using bowtie2 v22.7 (Langmead and
Salzberg 2012) using the very sensitive local and no
discordant options, marked duplicates using picard-tools
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v2.1.1 (http://broadinstitute.github.io/picard; last accessed
July 29, 2018), and called single nucleotide polymorphisms
(SNPs) using samtools v1.3 and bcftools v1.3 (Li et al. 2009).
For each sample, we applied the following filters: 1) we re-
moved sequences if estimated heterozygosity was >2 SDs
away from the mean, 2) we removed sequences if they blasted
to multiple reference targets, 3) we masked positions <4x
coverage, and 4) removed sequences if there was not a min-
imum of 4X coverage across 70% of a particular sequence. To
assess the capture experiment, we generated the following
statistics for each sample: the average depth of coverage, the
% of reads mapping to targeted loci, the % of duplication, and
the number of exons and protein-coding genes. Potential
differences between different categories of samples were
assessed with a Student’s t-test: batch 1 versus batch 2, sam-
ples preserved dry versus preserved in alcohol, shallow water
(e, >100m deep) versus deep water samples, microwaved
versus nonmicrowaved samples, and ingroup versus out-
group samples.

Phylogenetic Analyses

We generated alignments using mafft v7.222 (Katoh et al.
2005). To test the potential effect of missing data, several
data sets were constructed. First, RAXML (= “ML” for the
data sets 1 and 2—see below) (Stamatakis 2006) analyses
were performed on a concatenated alignment of all the
loci, including all the samples (data set 1 = “DS1”) with a
GTRGAMMA model (unpartitioned) and 100 bootstrap rep-
licates. This initial analysis was performed to detect contam-
inations and/or obvious misplacements. After removal of
these problematic samples, a second RAXML analysis was
performed, with the same parameters. At this step, we also
tested the effect of the proportion of missing data per locus,
by analyzing two data sets: one including all the loci shared by
at least four samples (the minimum number of taxa per locus
needed for the ASTRAL-Il analyses—see below) (data set 2a
= “DS2a"), and the other including all the exons shared by at
least 60 samples, which represent half of the samples included
in the initial data set (data set 2b = “DS2b").

To further decrease the level of missing data, we also built
an additional data set, keeping only the samples with <90%
missing data in the DS2a data set. This 90% threshold was
chosen to ensure that all the main lineages (roughly family-
level clades) are represented in this data set (a threshold at
80% would have removed from this data set the two only
representatives of Conorbidae). Again, two thresholds were
used for the minimum number of samples per locus: 4 (data
set 3a = “DS3a”) 60 (data set 3b = “DS3b”).

The data sets 3a and 3 b were analyzed with 1Q-tree (=
“ML” for the data set 3) (Nguyen et al. 2015). We estimated
the best substitution model for each partition (locus) in each
concatenated data set with ModelFinder (Kalyaanamoorthy
et al. 2017) following the BIC criterion. We then applied 1,000
ultrafast bootstrap (UFBoot) (Hoang et al. 2017) on each data
set to obtain branch support. We also applied a supertree
approach implemented in the program ASTRAL-Il (= “AS"—
Mirarab and Warnow 2015). We generated an individual tree
per locus with IQ-tree, using the associated best substitution

model. The Weighted Statistical Binning (“WSB”—Bayzid et al.
2015) method was also used to combine the exons in bins, that
is, groups of similarly evolving exons, and produce bin-trees
that were then combined in a single supertree with ASTRAL-II.

In the remaining text, these analyses will be referred as
follow: DSTML, DS2aML, DS2bML, DS3aML, DS3bML,
DS3aAS, DS3bAS, DS3aWSB, DS3bWSB.

Dated Tree

To calibrate the tree, we assigned fossils to Conoidean families
based on morphological synapomorphies. The fossils of
Terebridae and Conidae were identified on the basis of the
unique shape of their shell (elongated and cone-shape shells,
respectively). Kohn (1990) and Duda and Kohn (2005) fixed at
55 Ma, the age of the oldest fossil of cone snails. However, a
recent revision of the group moved this age to 58 Ma (Tracey
et al. 2017) and we used this date to calibrate the Conidae
node. The oldest Raphitomidae was identified by its cancel-
lated protoconch (Lozouet 2017), a feature found only in
Raphitomidae among conoideans. Similarly, the particular
shell shape of Cochlespira, with spines extending from the
main cord, and of Mitromorphidae, with a small mitriform
shell, were also used to attribute fossils to these linages. The
fossils retained to calibrate the tree are listed in table 4.

To reduce computation time, only the 10% of most com-
plete loci (corresponding to 31% of missing data for the less
shared locus, and to 11% of missing data in the final data set)
were kept from the DS3. This reduced data set included 138
loci, and we used PartitionFinder 2.1.1 (Stamatakis 2014;
Lanfear et al. 2016) and the rcluster algorithm (Lanfear
et al. 2014) to identify the best substitution model for each
locus and to group them when the inferred substitution
models were similar, resulting in 10 groups of loci.
Furthermore, only three outgroups (chosen among the sam-
ples with the lowest amount of missing data, and among
closely and distantly related outgroups—Bursidae,
Muricidae, and Mitridae) and only two (when possible) sam-
ples per Conoidea family (except for the paraphyletic
Borsoniidae family and the revised Turridae family—see
Results) were retained for the dating analyses (supplementary
material 1, Supplementary Material online). MrBayes 3.2.6
(Huelsenbeck et al. 2001) was used to reconstruct a dated
tree, with two parallel analyses, each consisting of four
Markov chains of 100,000,000 generations with a sampling
frequency of one tree every 10,000 generations. We set the
number of swaps to three and the chain temperature at 0.02.
The branch lengths were set to follow a birthdeath clock, and
the clock as an Independent Gamma Rate (clockvarpr=igr)
with an IGR parameter (igrvarpr) set to exp(10). The prior
assumptions concerning the base substitution rate of the tree
(clockratepr) were set to follow a lognormal distribution, with
a mean of —7.1 and a SD of 2.4. The age of the calibrated
nodes followed a lognormal distribution (see table 4 for the
minimum age, mean age, and SD values applied).
Convergence of the analysis was evaluated using Tracer
1.4.1 (Rambaut and Drummond 2014), to ensure that all
ESS values were >200. A consensus tree was then calculated
after omitting the first 25% trees as burn-in.
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Table 4. Fossils and Parameters used to Calibrate the Tree.

Dated Node Fossil Epoch/Stage Age Min.  Mean SD Référence
(MY) Age Age
Terebridae Mirula plicatula (Lamarck, 1803) Lower Eocene 56.0-47.8 47.8 52.8 1 Lamarck (1803)

Conidae
Raphitomidae

Hemiconus leroyi Tracey et al. 2017
Pleurotomella polycolpa (Cossmann, 1889)

Mitrolumna bartoniana Boussac, 1911
Pseudocochlespira rosenkrantzi
Schnetler, 2001

Mitromorphidae
Cochlespiridae

Paleocene 58 58 63 1
Middle Eocene

Upper Eocene
Paleocene 66-56 56 61 1

Tracey et al. (2017)
Gougerot and
Le Renard (1981)
and Lozouet (2017)
Boussac (1911)
Schnetler (2001)

47.8-37.8 378 42.8 1

37.8-33.9 339 37.9 1

Diversification Analyses

Dated trees can be used to infer diversification rates and to
propose and test hypotheses related to the processes at the
origin of the diversity. However, although some methods may
be robust to incomplete sampling of up to 50% of included
species in the tree (Rabosky 2014; Wiens et al. 2015), our
Conoidea data set only includes c.a. 2% of the described spe-
cies (and 0.7% of the estimated total number of species—see
below). For this reason, we followed the methodology applied
by Wiens et al. (2015). First, we used the method-of-moments
estimator for stem-group ages (Magallon and Sanderson
2001), implemented in the R package LASER (Rabosky
2006). As extinction rates are unknown for the Conoidea,
three extinction rates (e =0, 0.5 and 0.9—Magallon and
Sanderson 2001) were tested. Because the number of species
considered in each clade can impact diversification analyses
(Faurby et al. 2016), two species numbers were considered:
the number of described species, as provided in WORMS
(2018), and a putative total number of species, estimated
from the ratio of described/undescribed putative species de-
termined using a data set of ca. 6,000 COIl sequences of
Conoidea (results not shown) (fig. 5). The diversification rates
were then calculated using the stem ages from the dated tree
for each family of Conoidea. Because Borsoniidae is not
monophyletic, only the lineage that potentially includes
most of the borsoniids (i.e, all except Heteroturris, Genota,
and Tomopleura) was considered. For the same reason, the
Antiplanes clade (see Results) was ignored when analyzing the
family Pseudomelatomidae. 95% Confidence intervals for the
diversification rates were calculated for each data set (de-
scribed and total number of species, for the three extinction
rates). MEDUSA (Alfaro et al. 2009), with default parameters,
was also used to identify potential shifts in diversification rates
among clades. A backbone tree of Conoidea at the family level
was reconstructed by manually deleting all but one branch in
each family, and both the number of described species and
estimated total number of species were used to estimate
diversification rates.

A potential correlation between the venom apparatus,
hypothesized to be the key-innovation at the origin of
Conoidea, and the diversification rates was assessed using
PGLS (Martins and Hansen 1997) as implemented in the R
package Caper (Orme 2013). We estimated the value of
lambda and used a fixed value of 1 for kappa and delta for
these analyses. The same backbone tree created for MEDUSA
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was used here. Six series of diversification rates (obtained with
three extinction rates and for both the described and total
number of species) were considered. It was not possible to
test for a relationships between diversification rates and the
toxin diversity in each family, because toxins are only well
characterized for the cone snails (and in a much lesser extent
for three other families—Terebridae, Turridae, and
Pseudomelatomidae). We thus focused on the venom appa-
ratus in itself. First, the venom gland has been lost secondarily
in several lineages (Terebridae—Miller 1970; Miller 1971;
Raphitomidae—Sheridan et al. 1973; Kantor and Sysoev
1989; Kantor and Sysoev 1996; Kantor and Taylor 2002;
Fedosov 2007; Pseudomelatomidae—Kantor and Taylor
1994; Horaiclavidae—Fedosov and Kantor 2007; and
Borsoniidae—Medinskaya and Sysoev 2003). However, not
all the species in each of these family have lost the venom
gland, so it was not possible to simply code the venom gland
as present or absent. We thus coded the venom gland as
either present in all species of the family, or variable (present
or absent) in the family (fig. 5), to test whether if the second-
ary loss of the venom gland has an effect) on the diversifica-
tion rates. Our hypothesis here is that clades in which all
species have venom glands should exhibit higher diversifica-
tion rates, given that the venom gland is thought to spur
evolutionary diversification due to prey specialization (Olivera
2006). Similarly, several radular types can be recognized
among the conoidean families, and some families actually
developed several types of radula. Similar to the venom gland,
a given type of radula is not always fixed in a given family, and
we thus did not code the various types of radula but simply
the number of radula types found in each family (fig. 5) to test
whether families with higher number of radula types diversi-
fied more, less, or at the same rate, as the families where all the
species have the same radula type. Here, we hypothesize that
families with higher number of radula types would have a
wider spectrum of preys, and would thus be able to speciate
more, showing higher diversification rates.
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Supplementary data are available at Molecular Biology and
Evolution online.
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