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Abstract

The transcriptomes of the venom glands of 12 closely related species
of vermivorous cones endemic to West Africa from genera Africonus
and Lautoconus were sequenced. These cones belong, respectively,
to insular and continental radiations, for which robust phylogenies
were available, allowing comparative evolutionary studies. The total
number of conotoxin precursors, hormones and associated venom
proteins per species varied between 95 and 210, and larger
repertoires could indicate broader diets. We were able to perform
parsimony ancestral reconstructions and find shared peptides at the
individual, species and genus levels, as well as instances of
convergent evolution. Individuals of the same species shared half to
one third of the total conotoxin precursors. Due to the high
variability of these secreted peptides, the number of common
sequences was drastically reduced in the pairwise comparisons
between closely related species and virtually almost no sequence was
shared at the genus level. The two genera showed distinct catalogues
of conotoxins precursors in terms of type of superfamilies,
abundance of members per superfamily, and relative expression
levels. Yet, a common set of six superfamilies (T, O1, 02, M,
Cerm_03, and conkunitzin) was found to be expanded in all studied
cone species. We detected significant overexpression of Bl
superfamily in Africonus species with respect to Lautoconus species,
and of A superfamily in the piscivorous Chelyconus ermineus with
respect to the vermivorous species.
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1 | INTRODUCTION

Cone snails (Gastropoda: Conidae) are key
predators in marine ecosystems that actively
hunt on worms, snails, and fish (Kohn, 1959).
Cones present a sophisticated venom system:
a radular sac produces hollow radular teeth,
which are loaded with venom generated in a
convoluted venom duct (Tucker and Tenorio,
2009). The venom of cone snails is a cocktail
constituted by hundreds of peptides named

conotoxins, together with hormones and other
proteins that participate in the synthesis or
enhance the activity of the venom (Olivera,
2006; Barghi et al., 2015; Safavi-Hemami et
al., 2015). Once secreted and inoculated into
the prey, conotoxins can interact with
different targets such as ionic channels and
neurotransmitter receptors, triggering
different physiological responses: from
sedation to tetanic paralysis by muscle
hyperactivity (Olivera et al., 1990; Lopez-



Vera et al., 2007; Robinson and Norton, 2014;
Olivera et al., 2015; Ahorukomeye et al.,
2019). Conotoxin precursors typically present
a three domain structure, consisting of signal,
pro-peptide, and mature (which constitutes,
after cleavage of the other domains, the
functional toxin) regions (Kaas et al., 2010).
Sometimes a post-peptide region is also
found. The signal region is highly conserved,
and it has been used to classify these peptides
into different toxin “superfamilies” (Robinson
and Norton, 2014).

The composition of the venom secreted
by cone snails is highly variable among
species, specimens, and even within the same
individual depending on its physiological
status (Prator et al., 2014; Chang and Duda,
2016; Peng et al., 2016; Li et al., 2017,
Abalde et al., 2018). This striking variability
has been proposed to be generated through
different mechanisms, including gene
duplication (Duda and Palumbi, 1999;
Espiritu et al., 2001), accelerated substitution
rates (Conticello et al., 2001), recombination
(Espiritu et al., 2001), differential expression
(Duda and Palumbi, 2004), and/or post-
translational modifications (Bergeron et al.,
2013; Dutertre et al., 2013).

Thus far, cone snail venomics has been
driven preferentially by the pharmacological
potential of conotoxins, and the different
studies were mostly limited to the purification
of mature peptides and the identification of
their function, thus lacking the wider
phylogenetic perspective that is already being
applied in the study of other venomous
animals (Binford, 2001; Gibbs et al., 2013;
Lomonte et al., 2014). Comparing venom
cocktails in different cone species within a
phylogenetic framework should provide
insights on venom evolution, including how
the rich diversity of conotoxins was generated
and is maintained (Chang and Duda, 2012;
Dutertre et al., 2014), to what extent the
distinct repertoires are adapted to different
diet specializations (Remigio and Duda, 2008;
Chang and Duda, 2016; Phuong et al., 2016),
which are the functional constraints and levels
of  convergence  imposed by this
coevolutionary arms race system (Conticello

et al., 2001; Abalde et al., 2018), and which is
the ultimate influence (if any) of conotoxin
diversity in the extraordinary rates of species
diversification of the group (Phuong et al.,
2019).

Several recent studies have started
exploring the evolutionary  processes
underlying the adaptive nature of venom
composition in cones (Aman et al., 2014;
Phuong et al., 2016; Abalde et al., 2018; Jin et
al., 2019). As in other venomous animals
(Pahari et al., 2007; Pekar et al., 2018),
dietary breadth has been proposed to be a
main factor triggering venom evolution in
cones (Remigio and Duda, 2008; Elliger et
al., 2011; Phuong et al., 2016). Since cone
snail hunting performance relies on the
specificity of their venom, shifts in diet can
trigger changes in venom composition (Duda,
2008; Duda et al., 2009; Chang and Duda,
2016) and in general, species with more
generalized diets tend to have more complex
venoms (Phuong et al., 2016). Moreover,
instances of functional convergence have
been shown in the cocktails of Atlantic versus
Indo-Pacific piscivorous cones (Abalde et al.,
2018). In addition, another level of
complexity comes from the capacity of cone
snails to modulate the composition of their
venom depending on its final use, whether to
subdue preys or defend themselves against
predators (Dutertre et al., 2014; Prashanth et
al., 2016; Prashanth et al., 2017; Jin et al.,
2019). Despite the extraordinary variability of
the venom cocktails, and thus the great
potential for ecological adaptation and species
diversification, a recent study found no
significant correlation between conotoxin
gene diversity and speciation rates (Phuong et
al., 2019), suggesting that other traits
hampering gene flow may have been more
critical in promoting the astonishing species
diversity of cones (Cunha et al., 2005).

All the above-mentioned studies explored
general venom evolutionary trends at the
family (Conidae) level, comparing distantly
related lineages. Here, we propose to analyze
venom evolution within two radiations of
closely related cone species inhabiting West
Africa. This region is a hotspot of cone



diversity, including approximately 10% of all
described species thus far (Tucker and
Tenorio, 2013). This species diversity was
generated through independent radiation
events, leading to high rates of endemicity
(Pin and Leung Tack, 1995; Cunha et al.,
2005; Duda and Rolan, 2005). In particular,
we focused on two species-rich lineages; one
comprising cones endemic to the Cabo Verde
archipelago and the other including cones
endemic to Senegal (plus one closely related
species inhabiting Canary Islands). Recently,
robust phylogenies based on mitogenomes
were reconstructed for both clades (ascribed
to the genera Africonus and Lautoconus,
respectively), providing the necessary
framework for evolutionary studies (Abalde et
al., 2017a; Abalde et al., 2017b). The ancestor
of the genus Africonus arrived at the
archipelago of Cabo Verde about 23 mya and
diversified about nine mya into four main
clades and at least 40 endemic species
(Abalde et al.,, 2017a). The lineage of
Lautoconus endemic to Senegal and Canary
Islands diversified about six mya into three
main clades and at least 15 endemic species
(Abalde et al., 2017b). All of the cones in
both clades are vermivorous. However, while
cones endemic to Cabo Verde show no
apparent  differences in radular tooth
morphology, the three clades of Lautoconus
have each distinct radular teeth (Abalde et al.,
2017b). All cones have non-planktotrophic
larvae with restricted dispersal capacities.
Therefore, it has been proposed that
diversification of West African cones was in
allopatry and mainly triggered by eustatic sea
level changes during the Miocene-Pliocene
(Cunha et al., 2005; Abalde et al., 2017a).
Since  Africonus species are normally
restricted to single islands, the difference in
number of species between the archipelago
and the continent would be explained in terms
of more chances to restrict gene flow in the
former. However, the genus Lautoconus has
only one species in Canary Islands,
Lautoconus guanche, contradicting the pattern
found in Cabo Verde. In this case, differences
in the mean temperature of the water (in the
limits of tolerance for cones in Canary

Islands) and the proximity of Canary Islands
to the continent (Fuerteventura Island is 120
km away from the coast of Morocco) could
explain the lack of diversification (Cunha et
al., 2014). No study, to our knowledge, has
analysed the composition of the venoms of
the vermivorous cones endemic to Cabo
Verde, Canary Islands, and Senegal, nor their
potential ~contribution to the observed
enhanced rates of speciation in these areas.

Here, we sequenced the transcriptomes
of the venom glands from ten individuals
representing nine species of Africonus and
four specimens of Lautoconus representing
two species from Senegal and one from the
Canary Islands. By sequencing these
transcriptomes, we aimed to: 1) describe the
venom composition for all these species in
terms of presence and diversity of the
conotoxin precursor superfamilies as well as
relative abundance of the transcripts as proxy
of expression levels; 2) assess the levels of
divergence in venom composition at different
hierarchical levels (within species, between
species from the same clade within Africonus,
between species from different clades within
a genus, and between genera) and discern
between shared derived peptides and cases of
functional convergence; 3) determine whether
there could be instances of differential
expression between the two genera as
footprint of adaptation; 4) compare venom
compositions of these vermivorous species to
that of the Atlantic piscivorous Chelyconus
ermineus (Abalde et al., 2018) to further
understand the connections between venom
evolution and diet specialization; and 5) to
determine whether there is any influence of
venom variability in enhancing rates of
diversification.

2 | Materials and Methods

2.1. Taxon sampling

A total of 14 specimens of cone snails were
included in this study, four belonging to
Lautoconus and ten to Africonus. Taxon
selection was aimed at maximizing lineage
representation and based on reconstructed
phylogenies of the two genera (Abalde et al.,
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Figure 1. Phylogenetic relationships among
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the species included in this study (Africonus in green;

Lautoconus in blue), including the sampling location. The four clades of the genus Afiiconus are
identified in roman numbers (Abalde et al., 2017a) whereas the three clades of Lautoconus are identified
by their typical radular tooth (Abalde et al., 2017b).

2017a; Abalde et al., 2017b). Thus, the three
main clades in the genus Lautoconus and the
four main clades recovered in Africonus were
represented. For the genus Lautoconus, we
studied one specimen of Lautoconus guanche
(L_CG13) and Lautoconus reticulatus
(L_1278) and two of Lautoconus mercator
(L_1258 and L 1302; representing two
different shell phenotype formerly classified
as distinct species). In the case of Africonus,
we included one specimen of Africonus
infinitus  (A_0025), Africonus raulsilvai
(A_0031), Africonus galeao (A _0048),
Africonus verdensis (A_0239), Africonus
boavistiensis (A_0520), Africonus miruchae
(A_0875), Africonus antoniomonteroi
(A_0885) and Africonus grahami (A _1387),
and two of Africonus maioensis (A_0055 and
A 0039; representing two different shell
phenotype formerly classified as distinct
species). Sampling localities and voucher
numbers for shells are shown in Table 1.

Phylogenetic relationships including sequence
divergences (branch lengths) are depicted in
Fig. 1. All the specimens were adults and
were dissected in a resting stage to remove
the venom duct, which was preserved in
RNALater (Invitrogen, Life technologies) at
4°C during the sampling and -20°C for the
long term.

2.2. RNA extraction and sequencing

RNA extraction and sequencing were
essentially performed as in (Abalde et al.,
2018). First, each venom duct was incubated
in a 2 ml eppendorf with 500 pl of TRIzol LS
Reagent (Invitrogen, Life Technologies) and
grinded with ceramic beads in a Praecellys
Evolution tissue homogeneizer. Then, the
solution was mixed with 100 pl of chloroform
and centrifuged at 12000xg for 15 min at 4°C.
The supernatant was collected, mixed with
250 pupL  of isopropanol and left for
precipitation overnight at -80°C. Total RNA



Table 1. Specimens of Africonus and Lautoconus here analysed and main statistics of lllumina sequencing and assembly.

D Species Country Locality/Island

Voucher MNCN SRA_accesion Sequencing_date Number_reads %_clean_reads Number_contigs Number_blast_hits Number_proteins Number_conotoxins

A_0025 Africonus infinitus
A_0031 Africonus raulsilvai
A_0039  Africonus maioensis
A_0048 Africonus galeao
A_0055  Africonus maioensis
A_0239  Africonus verdensis

16.05/78650
16.05/78656
15.05/78664
15.05/78673
16.05/78680
15.05/78864
15.05/80413
15.05/79784
16.05/7979%4
15.05/78549
15.05/78419

Cabo Verde Ponta do Pau Seco, Maio
CaboVerde  Praia da Soca, Maio
CaboVerde  Praia Santana, Maio
Cabo Verde  Navio Quebrado, Maio
Cabo Verde  Navio Quebrado, Maio
Cabo Verde Tarrafal, Santiago
A_0520  Africonus boavistensis ~ Cabo Verde Ervatao, Boa Vista
A_0875  Africonus miruchae  Cabo Verde Terrinha Fina, Sal
A_0885 Africonus antoniomonteroi Cabo Verde Pedra Lume, Sal
Africonus grahami CaboVerde  Calhau, So Vicente
Lautoconus mercator Senegal Almadies
Lautoconus reticulatus Senegal Ngor 15.05/78439
Lautoconus mercator Senegal Ndayane 15.05/78463
Lautoconus guanche Spain  Playa del Cable, Lanzarote -

to be provided
to be provided
to be provided
to be provided
to be provided
to be provided
to be provided
to be provided
to be provided
to be provided
to be provided
to be provided
to be provided
to be provided

137314
28/10/13
28/10/13
21/12/16
28/10/13
28/10/13
21/12/16
21/12/16
21/12/16
21/12/16
8/3/16
21/12/16
8/3/16
8/3/16

35854397 98.52 76339 1095 206 175
56718528 100 99699 1249 223 189
52523501 100 77336 783 169 140
28109709 100 50811 803 177 154
44748977 100 102227 850 173 143
40237424 100 77906 1266 239 205
26715260 100 39935 797 199 175
24097307 100 62006 615 131 108
26026957 100 84001 731 157 122
22718525 100 51601 850 180 159
28883175 100 69501 631 143 126
24263358 100 5249 479 109 89
28392465 100 78580 783 176 157
29973740 100 87516 815 175 150

was purified using the Direct-Zol RNA
miniprep kit (Zymo Research, Irvine)
following manufacturer’s instructions.

Dual-indexed c¢DNA libraries were
constructed for each sample using the TruSeq
RNA library Prep kit v2 (Illumina, San
Diego) at Sistemas Gendmicos (Valencia,
Spain) following manufacturer’s instructions.
The quality of the libraries was checked with
the TapeStation 4200, High Sensitivity Assay,
and the quantity determined by real-time PCR
in LightCycler 480 (Roche). The pool of
libraries (including samples of other cone
snail species) was split into several runs of
paired-end sequencing (2x100bp) in an
[llumina HiSeq2500 (two flowcells per run)
following the standard procedures at Sistemas
Gendmicos (Valencia, Spain).

2.3, RNA
identification
The raw reads corresponding to the different
individuals ~ were  sorted using the
corresponding library indices, which were
removed using Cutadapt v.1.3 (Martin, 2011).
Raw read quality was checked using FastQC
v.0.10.1 (Andrews, 2010), and the assembly
was performed wusing Trinity v.2.6.6
(Grabherr et al., 2011) with default settings
(minimum contig length = 200bp, sequence

assembly  and  conotoxin

identity threshold = 0.95) and the --
trimmomatic option active with default
parameters. The raw reads of all

transcriptomes are available at the SRA
database (Table 1).

All conotoxin precursors, hormones,
and associated proteins publicly available in
different databases (GenBank release 222
(Benson et al., 2013), Uniprot release
2017 09 (UniProt, 2015) and ConoServer

release 30/10/2017 (Kaas
downloaded in October 30" 2017 and
concatenated into a single fasta file.
Duplicated sequences were removed, and the
resulting file was formatted as a Blast
database using Blast+ (Camacho et al., 2009)
to create the custom reference database.

et al., 2012) were

All  putative  conotoxin  precursor,
hormones, and associated protein sequences
in the assembled transcriptomes were

identified using BLASTX over the reference
database (e-value: 1e-5). The selected
sequences were manually inspected and
compared against the most similar sequences
in the reference database, and translated into
the appropriate open reading frame (ORF).
All the sequences considered as false
positives or assembly artifacts (showing
internal stop codons and chimeras), those that
were duplicated or highly truncated (missing
>55% of the estimated length of the reference
protein), and those showing low coverage
values were discarded. We implemented an
extra curation step consisting on TBLASTX
searches over the nr database in GenBank to
discard wrong ORF assignations.

The remaining sequences constituted our
working list of conotoxin precursors,
hormones, and associated proteins (see Suppl.
Mat. File 1 and Suppl. Mat. Table 1). The
three domain structure and cysteine
frameworks  of  conotoxin  precursor
alignments were inferred using Conoprec
(Kaas et al.,, 2010). The different proteins
were assigned to a given superfamily by
comparison with best-hit results using
BLASTP searches against GenBank, and in
the case of the conotoxin precursors, taking
into consideration the percentage of identity
in the signal region using a general threshold



Table 2. New signal sequences of conotoxin precursors here described, including the cysteine framework and main Blast resul

Best-hit known superfamily

Unassigned superfamily Signal

Cysteine framework

Also found in: Superfamily % coverage % ldentity

1 MNCLQPLLVLLLISTITA XIl betulinus M 65 T 28231
2 MSGTMIVLLAVLLLVDLSTS VI/VII betulinus 03 82 37.29
3 MPGSRVALLAFLLLLSLVTNLQG VI/VII betulinus, leopardus 03 25 62.5
4 MTMDMKMTFSGFVLVVLVTTVVG Vil betulinus, praecellens,

andremenezi - - -
5 MMTLRHVLLFTLLLLPLATIR XX betulinus A 68 31.37
6 MLSVFTVWWVLTTAMMMTDVTFQ  C7C6C8C3C1C5C23C8C18C1C10C  praecellens, andremenezi 12 45 24.59
7 MWSGKDQAAFLALVLMVVGAHSTTA IX praecellens, andremenezi — — —

of 70% (Robinson and Norton, 2014). We
further checked the correct identification of
all conotoxin precursor superfamilies by
aligning all the signal regions and building
with neighbor-joining a guide tree (Supp.
Mat. Fig. 1) based on uncorrected p distances
on ClustalW (Thompson et al., 1994). Within
each superfamily, sequences were assigned to
different groups of paralogy based on the
sequence divergence at the pro-peptide
region, different cysteine frameworks in the
mature peptide, and the presence of clades in
the reconstructed guide tree (Supp. Mat. Fig.
1). Those sequences that did not match any
previously reported conotoxin precursor
superfamily were considered unassigned
superfamilies and described here. The
nucleotide sequences of all venom proteins
here identified are available at Genbank under
accession numbers XXXX-XXXX.

2.4. Comparative analyses of venom
composition

The final list of conotoxin precursors for each
species was pairwise compared and common
sequences were detected using the ClustalW
algorithm as implemented in Geneious®
8.0.3. All sequences that were common to two
or more species were mapped onto the
phylogeny using parsimony  ancestral
character reconstruction as implemented in
Mesquite v 3.6 (Maddison and Maddison,
2018).

In order to infer venom composition
similarities between species and genera, we
run in R (R Core Team, 2013), six principal
component analyses (PCAs) comparing at the
paralog group and superfamily levels: 1) the
presence or absence of conotoxin precursor
superfamilies; 2) the relative abundance of
each superfamily in terms of number of

different sequences; and 3) the relative
expression level of each superfamily
measured as transcript per million (TPMs)
estimates (see below).

2.5. Expression analyses

Relative expression levels for each individual
were calculated by mapping the raw reads to
the nucleotide sequence of each contoxin
precursor using Bowtie 2 (Langmead and
Salzberg, 2012), and the values transformed
to TPM estimates using RSEM (Li and
Dewey, 2011) as implemented in Trinity
v.2.6.6 (Grabherr et al., 2011). In order to
identify those conotoxin superfamilies that
could be differentially expressed between
Lautoconus and Africonus, we run the EBSeq
software (Leng et al., 2013), that estimates the
posterior probability of being differentially
expressed (PPDE), using all the specimens of
each genera as biological replicates. We
considered as differentially expressed all
those conotoxin precursor superfamilies with
a PPDE > 0.95 and with a fold change above
32 (calculated as logy RealFC > 5). The same
type of analysis was performed to identify
those superfamilies significantly expressed in
the comparison between vermivory, (using
the 14 specimens of West Africa as replicates)
and piscivory (using the three individuals of
C. ermineus from (Abalde et al., 2018). In
both comparisons, we run an ANOVA test in
R (R Core Team, 2013) over those
superfamilies identified as differentially
expressed to take into consideration variance
among replicates and further confirm the
statistical significance of the results.

3 | RESULTS

3.1. Sequencing and assembly
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Figure 2. Venom composition of each of the 14 specimens studied. The bars represent the total number of
conotoxin precursors and hormones. The proportion of those superfamilies with more than five members
is shown in colours. The bar line represents the number of different superfamilies identified in the venom.
The species codes in green belong to the genus Africonus, and those in blue to Lautoconus.

The RNAs of 14 samples corresponding to 12
species of the genera Lautoconus and
Africonus  were sequenced and their
transcriptomes assembled. The main statistics
associated to the sequencing and assembly
procedures are summarized in Table 1. The
number of raw reads sequenced per sample
varied between 22.7 and 56.7 millions with a
mean of 33.5 millions, and most reads were
kept after cleaning (Table 1). The number of
contigs generated after the assembly varied
between 39,935 and 102,227 with a mean of
72,139. The BLASTX searches retrieved
between 479 and 1269 putative conotoxin
precursors, hormones and other venom
proteins per species, and after all curation
steps, we kept between 109 and 239 of them
with a mean of 175,5 (Table 1). The number
of conotoxin precursors varied between 89
and 205 with a mean of 149.4.

3.2. Venom cataloguing of West African cones

A total of 2,575 transcripts were identified in
the venom gland transcriptomes of the 14
cone specimens: 2,070 were conotoxin
precursors, 71 were hormones, and 434 were
designed as other venom proteins. The species
that presented the highest diversity of
contoxin precursors were A. verdensis (205)
and A4, raulsilvai (189) whereas the least
diversity was found in L. reticulatus (89,
Table 1 and Fig. 2). All conotoxin precursors
were classified into 60 distinct superfamilies
and 142 groups of paralogy (hereafter
“families”) taking into consideration sequence
divergences in the signal rand pro-peptide
regions and the clades recovered in the
reconstructed guide tree. Most of the
conotoxin precursor superfamilies were
recovered as monophyletic in this guide tree,
with the exception of the M superfamily (two
lineages), Cerm_03 (three), Q (three), and N
(two; Supp. Mat. Fig. 1). The superfamilies
that presented more diversity of members
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representing the number of unique and common conotoxin precursors for both genera is shown as inset.

were conkunitzin (13), O2 (11), and O1 (9). A
total of 70 peptides could not be assigned to
any known superfamily, and were grouped
into seven new unassigned superfamilies
(their signal sequences, cysteine frameworks
and other features are reported in Table 2).
Several precursors previously reported as
valid conotoxin precursor superfamilies such
as R, W, Z (Lavergne et al., 2013) and
Cerm_17 (Abalde et al., 2018), among others,
were found to be fragments of other proteins
once the right ORFs were identified using
TBLASTX.

The species that presented the highest
diversity of conotoxin precursor superfamilies
were A. maioensis (A_0055, 54; A_0039, 54)
and L. mercator (54) whereas the least
complex venom was found in A. miruchae
(42). The superfamilies with highest number
of members were O1, O2, T, M, Conkunitzin,
and Cerm_03 (Fig. 2). They were found in all
the species with the following exceptions: A.
verdensis lacked the Conkunitzin; A.
antoniomonteroi had no Cerm 03; and L.
reticulatus lacked the O2, T and Cerm 03
(Fig. 2). All other conotoxin precursor
superfamilies in the species of the genus
Lautoconus had less than five members.
However, the species in the genus Africonus

(except A. antoniomonteroi and the specimen
A 0039 of A. maioensis) showed another 12
superfamilies with five or more distinct
conotoxin  precursors. These expanded
superfamilies were differently distributed:
four were exclusive to A. verdensis
(Conantokin F, I1, U, and Unassigned 16);
two to A. raulsilvai (Cerm_08 and P); two to
A. boavistiensis (Con-ikot-ikot and 14); and
one to A. infinitus (O3); the remaining (H, A,
and Q) were found in more than one species
(Fig. 2). The 14 species presented up to 71
hormone sequences that were classified into
six superfamilies (none of them present five

or more members): Conopressin,
Conorfamide, Insulins 1-5, Prohormone-4,
Thyrostimulin ~ hormone  alpha, and

Thyrostimulin hormone beta 5 (Suppl. Mat.
File 1 and Suppl. Mat. Table 1).

Finally, we identified up to 434
transcripts that were assigned to 28 protein
families of various function. Among them, the
Protein Disulfide Isomerase (81 sequences),
Ferritin (50) and Conodipine (41) were the
most diverse. Interestingly, we found in the
venom, several members of a conserved
superfamily of cysteine-rich  secretory,
antigen 5, and pathogenesis-related 1 proteins
(CAP) that are often secreted and have a
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Figure 4. Reconstruction under parsimony of the conotoxin precursors present in the different common

ancestors in the phylogeny of cones from West Africa.

The numbers in the nodes correspond to

conotoxin precursors shared by at least two taxa and shown in Suppl. Mat. Table 2.

protease activity with an extracellular
endocrine or paracrine function in a wide
range of organisms including venomous ones
such as ants, wasps and snakes (Bateman et
al., 2004). These proteins were previously
reported in the molluscivorous Cylinder
textile and the vermivorous Conus marmoreus
and may be important for venom function
((Milne et al., 2003; Hansson et al., 2006);
Suppl. Mat. Fig. 2).

3.3.  Variations in venom composition
according to phylogenetic divergence

The venom composition of the 14 specimens
was pairwise compared at different
hierarchical levels (Fig. 3). For two species
(A. maioensis and L. mercator), we could

compare venom composition between
individuals. The two specimens of A.
maioensis shared 31 conotoxin precursors,
which represent 37-39% of the total

sequences. The two specimens of L. mercator
had 44 conotoxin precursors in common (46-
60%; Fig. 3). The number of shared

sequences between pairs of species from the
same clade within Africonus varied between 1
to 31, with a mean of 8.7 (8% of the mean
total sequences). Four pairwise comparisons
at this level rendered common sequences
more than average: A. boavistensis versus A.
galeao (clade III; 31 shared sequences), A.
verdensis versus A. raulsilvai (Clade II; 18),
A. maioensis A_0039 versus A. miruchae
(Clade 1V; 10), and A. antoniomonteroi
versus A. miruchae (Clade IV; 10). The
number of shared sequences between pairs of
species from different clades within the same
genus varied between 0 and 18 with a mean of
4.61 (4.1% of the mean total sequences). Four
pairwise comparisons at this level rendered
common sequences more than average: A.
verdensis versus A. maioensis A_0055 (18
shared sequences), the two specimens of A.
maioensis versus A. raulsilvai (13 and 15),
and the two specimens of L. mercator versus
L. guanche (13-24; Fig. 3). The species A.
grahami was the one sharing fewer sequences
with other species (1-6; Fig. 3). The number
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(second row), and relative expression levels (third row). The three comparisons were made at the superfamily

and family (groups of paralogy) levels.

of shared sequences between genera was nine
(0.7-2% of the mean total sequences). The
total diversity of conotoxin precursors in
Africonus triplicated that of Lautoconus (1367
versus 426; Fig. 3).

An ancestral reconstruction analysis
under parsimony was performed to determine
contoxin precursors in most recent common
ancestors in the phylogeny and detect
instances of convergence (Fig. 4). According
to the reconstruction, the ancestor of the
species belonging to clade IV of Africonus
had the Cerm_10 superfamily. The ancestor
of Clade III had members of B2, C, 11, J, M,
01, 02, P, T, U, V, Y, Conkunitzin, Con-

Cerm 03, Cerm 10, and Unassigned 07
superfamilies (Fig. 4). The ancestor of clades
II-IV had a member of the O2 superfamily.
The ancestor of all Africonus species had a
member of O2 and Pmag 02 superfamilies.
The ancestor of L. guanche and L. reticulatus
had members of A2, M, O1, O3, Conkunitzin,
Pmag 02, Rimp 01, Rimp 04, and Rmil 02
superfamilies (Fig. 4). The ancestor of all
Lautoconus species had a member of the O2
superfamily. Finally, A. raulsilvai (clade II;
Maio) and A. maioensis A 0039 (clade IV;
Maio) shared aeveral conotoxin precursors
(members of B1, 13, M, Ol, Con-ikot-ikot,
Crerm 08, Cerm 011, and Unaasigned 04

ikot-ikot, Rimp 01, Rimp 03, Rmil 01, superfamilies) despite distantly related in the
Tpra 06, Pamg 02, Cerm 02, Cerm 03 and phylogeny.

Cerm 011 superfamilies (Fig. 4).  The Pairwise =~ comparisons  were  also
ancestor of A. raulsilvai and A. verdensis in performed taking superfamily or family

Clade II had members of Conantokin F, B2,
F, H M, O1, 02, 03, T, Conkunitzin,

classification into consideration and subjected
to PCAs. Three different metrics were
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following the ANOVA analyses.

analyzed at both levels: presence/absence,
number of members, and the relative
expression levels (calculated as TPMs) (Fig.
5). According to the PCAs, species from each
genera cluster together when the presence/
absence of conotoxin superfamilies and
families is tested, although L. reticulatus is
clearly an outlier; Fig. 5). The PCA of the
relative abundance (number of members) of
each superfamily/ family revealed no
overlapping between genera (Fig. 5). Finally,
relative expression levels are similar in both
genera, although A. infinitus and A. maioensis
A_0055 are outliers (Fig. 5).

3.4. Differential expression of conotoxins and
hormones in the two genera and in
vermivores versus piscivores

We estimated whether any superfamily was
differentially expressed between the two
genera using the species of each genus as
biological replicates and the sums of the
expression of each superfamily as variables.

We detected 11 superfamilies differentially
expressed between genera (Fig. 6): A2, BI,
Cerm 01, Cerm 02, Cerm_ 04, Cerm_ 06,
Cerm 11, N, Pmag 05, Unassigned 01, and
V. All  these  superfamilies  were
overexpressed in Africonus, except Cerm 01
and Cerm 06, which were in Lautoconus.
After an ANOVA test, only the
overexpression of Bl superfamily in
Africonus remained significant (p-value = 0).

The same tests were performed to
detect differential expression between the 14
individuals of vermivorous species here
studied and three individuals of the Atlantic
piscivorous species C. ermineus (Fig. 6).
Using the same threshold as above, we found
22 superfamilies differentially expressed.
Among them, only the A and S superfamilies
were overexpressed in Chelyconus ermineus.
The ANOVA test only identified the
expression levels of the A superfamily as
significantly different between diets (p-value
=0).
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4 | DISCUSSION
At present, high-throughput sequencing
techniques are producing massive amounts of
raw read sequence data, which are assembled
and automatically annotated using a variety of
bioinformatic pipelines. However, correct
annotation of genes relies entirely on the
quality of the reference database (Salzberg,
2019). In particular, in the case of conotoxins,
and given their intrinsic variability, several
authors have warned about the need of
inspecting carefully automated annotation
results, since assembly artifacts could over-
estimate final conotoxin diversity (Phuong et
al., 2016; Abalde et al., 2018) and, even more
dangerous, they could propagate once
incorporated into updated reference databases
(Li et al., 2017; Abalde et al., 2018; Salzberg,
2019). Here, we carefully inspected all the
ORFs initially rendered by the BLASTX
searches through manual comparison to
previously published sequences obtained from
cone venoms or from venom gland
transcriptomes. At the assembly level, after
mapping the reads back to the transcripts, we
found in many instances, regions of the
assembled transcript (particularly at the tails)
mapped only by very few reads (sometimes
even only one), which could represent errors
of the sequencing process and led to frame
shifts that generated spurious variability
(Phuong et al., 2016). At the annotation level,
we implemented a TBLASTX step that found
instances of wrong ORF assignation. For
example, the ORF of the R superfamily
(Lavergne et al., 2013) when translated in a
different frame corresponds to the proteasome
subunit alpha, and the conotoxin precursor
“Bt-23” from (Peng et al., 2016) corresponds
to a 60S ribosomal protein (other examples
are shown in Suppl. Mat. File 1)..
Remarkably, we found in different
species several sequences that were identical,
except for the presence of one or several
copies in tandem of a duplicated fragment
within the pro-peptide region. It is the case,
for example, of the B1 superfamily
(Conantokin) sequences A 0239 306,
A 0039 179 and A 0055 201 (these and

other examples are found in Suppl. Mat. file
1). The mapping of the reads over the
corresponding regions of the transcript
confirmed high coverage and, in some cases,
the reads covered the entire duplicated region,
thus discarding an assembly artefact (not
shown). The signal, mature and post regions
of the precursors are encoded each by a single
exon in the genome, whereas the pro-peptide
region could be encoded by up to six different
exons (Phuong and Mahardika, 2018). Hence,
one potential explanation for the observed
duplications could be the inclusion more than
once of the same exon during the formation of
the mRNA, although confirming this
hypothesis would require experimental
validation.

The number of raw reads sequenced per
sample varied between 23-57 millions.
Generated sequence data fit well within the
range recommended by previous studies
testing the optimal sequencing depth for de
novo assembly, which concluded that 20-30
million reads would report most of the
expressed genes in a given tissue while
minimizing the number of artifacts (Francis et
al., 2013). The number of raw reads generated
per species did not correlate neither with the
number of assembled contigs nor with the
number of conotoxin precursors, hormone,
and other venom proteins. For example, the
assembly of the L. mercator (L_1302) and A.
maioensis (A_0039) transcriptomes rendered
similar number of contigs (77-78,000) but
started from 28 and 52 million raw reads,
respectively. Similarly, 4. miruchae and L.
reticulatus started from a similar sequencing
depth (24 million reads) but presented a
17.5% difference in the number of conotoxin
precursors (108 and 89, respectively).

The number of conotoxin precursors
present on the venom varied from 89 in L.
reticulatus to 205 in A. verdensis. These
numbers are in good agreement with those
reported for other species of cones (Hu et al.,
2011; Barghi et al., 2015; Peng et al., 2016; Li
et al.,, 2017; Abalde et al., 2018; Jin et al.,
2019). It has ben proposed that larger sets of
conotoxins are associated to broader diets
(Elliger et al., 2011; Phuong et al., 2016;
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Phuong and Mahardika, 2018). Hence, the
richer diversity of conotoxins of A. verdensis
could reflect a broader diet, which hitherto is
known to be based on worms but largely
unstudied. In this regard, ecological studies
on Miliariconus miliaris showed that the
individuals of this species inhabiting the
remote  Eastern Island presented a
considerably broader diet of worms, which
could have evolved through ecological release
in the absence of congeners (Duda and Lee,
2009). This could also be the case for A.
verdensis, which is the only species inhabiting
the island of Santiago in Cabo Verde.
However, this plausible explanation does not
seem to fully apply to A. raulsilvai and A.
infinitus, with 189 and 175 different
conotoxin precursors, respectively. In these
cases, while the observed conotoxin precursor
diversity could still reflect a broader diet, it
could not have evolved by ecological release,
as both species are endemic to Maio, one of
the islands of Cabo Verde where more cone
species cohabit (Abalde et al., 2017a).
Conotoxins are well known for their
accelerated rates of evolution, which in turn
generate high sequence divergences even
between individuals of the same species
(Peng et al., 2016; Abalde et al., 2018; Jin et
al., 2019), and are the basis of the reported
general lack of common peptides between
cone species, and the extended notion that
virtually each species has produces a unique
venom cocktail (e.g., (Gao et al., 2017).
However, thus far, these conclusions were
based mostly on comparisons between
distantly related species (for an exception see
(Li et al., 2017), whereas the present study
brings the opportunity of comparing two
clades (genera) of up to 12 closely related
species sharing relatively recent common
ancestors. Individuals of the same species
(although  representing  distinct  shell
phenotypes previously described as species)
showed only half (L. mercator) to one-third
(A. maioensis) common conotoxin precursor
sequences. These proportions are similar to
those reported for intraspecific comparisons
in D. betulinus (Peng et al, 2016),
Rhombiconus imperialis (Jin et al., 2019) or

C. ermineus (Abalde et al., 2018). The
proportion of shared sequences decreased
substantially for the pairwise comparisons
between species (but within the range of 2-
9% reported for sister species of the genus
Turriconus; (Li et al., 2017), although there
were still enough common sequences to infer
which conotoxin precursors were likely
present in most recent common ancestors
along the phylogeny. In particular, O2
superfamily was found to be the only one
already present in the ancestors of Africonus
and Lautoconus. Therefore, our results
support that a phylogenetic signal exists in
conotoxins above the species level, but it is
quickly eroded as lineages diverge and
virtually almost no sequence is shared
between closely-related genera comparisons
(Phuong et al.,, 2016). On the other hand,
there are some instances in which identical
conotoxin precursor sequences are found even
in species from distantly related genera (see
Suppl. Mat. File 1), indicating that those
sequences either are subjected to strong
balancing selection or reflect cases of
convergent evolution. The rather erratic
distribution of these sequences in the
phylogeny of cones favors the latter
hypothesis. Moreover, the presence of
common conotoxin precursors in A. raulsilvai
and A. maioensis A_0039, which are distantly
related in the phylogeny of cones of Cabo
Verde (clades II and IV within Africonus;
(Abalde et al., 2017a) but inhabit two close
bays (Soca and Santana, respectively; Table
1) in the northwest of Maio Island, suggests
functional convergence to similar diets
(Remigio and Duda, 2008).

The analyses of the composition of the
venoms of West African cones in terms of
number and type of superfamilies showed that
almost all species had a core set of six
superfamilies, which are characterized by
having five or more members: M, O1, O2, T,
Conkunitzin, and Cerm 03. The wider
presence of the former four superfamilies in
any cone and always showing similar levels in
diversity of members (e.g. (Terrat et al., 2012;
Lavergne et al., 2013; Peng et al., 2016;
Phuong et al., 2016; Li et al., 2017; Robinson
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et al., 2017; Abalde et al., 2018) may suggest
that the ancestor of living cones already had
this core set and that having members of these
superfamilies is essential for triggering the
minimum physiological responses leading to
the capture of a prey, regardless of whether it
1S a worm, a snail or a fish.

In addition, in West African cones, we
found up to 13 different groups of paralogy or
families of conkunitzins present in most cases
both in Africonus and Lautoconus. The
conkunitzins block voltage-gated potassium
channels and were first described in
Pionoconus striatus (Bayrhuber et al., 2005).
They have been also identified in other
piscivorous cones such as C. ermineus
(Abalde et al., 2018) and G. geographus
(Dutertre et al., 2014) as well as in the
vermivore Dendroconus betulinus (Peng et
al., 2016). Conkunitzins belong to a larger
superfamily of kunitz-type fold peptides,
which are ubiquitous serine protease
inhibitors found in different animals
(Ranasinghe and McManus, 2013). We also
found a great diversity of paralog groups
belonging to Cerm 03 superfamily. This
superfamily was recently described in C.
ermineus (Abalde et al., 2018), and has a
typical precursor structure with the three
domains and a mature peptide with a cysteine
framework type XIV. It has been also found
in several vermivore species including D.
betulinus,  Turriconus praecellens, and
Elisaconus litteratus but without the variety
of paralogs identified here and in C. ermineus.
The function of the mature peptide remains to
be determined.

While Lautoconus species showed an
expanded number of members only for the
above-mentioned six superfamilies, most
Africonus species presented in addition the
expansion of H superfamily. Not much is
known about the function of the conotoxins
(with a cysteine frame work VI/VII) of this
superfamily, which was first identified in the
vermivorous C. marmoreus (Dutertre et al.,
2013) and constitutes a large proportion of
conotoxin mRNA transcripts in the venom
gland of the molluscivorous Cylinder
victoriae  (Robinson et al., 2014).

Interestingly, A. verdensis, the only cone from
Santiago Island, is the species with more
number of conotoxin precursor superfamilies
showing expansion of their members, and
these expanded superfamilies do not coincide
with those of 4. raulsilvai from Maio Island,
which is its sister species (together with
Africonus gonsaloi), and the second species
with highest diversity of expanded families.
The larger set of expanded superfamilies in
Africonus  versus Lautoconus could be
explained by the species radiation in the
archipelago and the potential opportunities for
local diet specializations, thus increasing the
variability in the compositions of the venoms
of these insular species (Abalde et al., 2017a).
This would be in agreement with the lack of
diversification of L. guanche in Canary
Islands, which is reflected in a lack of
diversity of expanded superfamilies.

PCA has been used in several other
animal groups to summarize the information
related to venom composition (Gibbs et al.,
2013; Lomonte et al., 2014) but not in cones
to the best of our knowledge. All PCAs
recovered generally non-overlapping patterns
for Africonus and Lautoconus, indicating that
species more closely related tend to have the
same conotoxin precursor superfamilies, in
similar proportions and expressed at similar
levels (contradicting the results of (Duda and
Remigio, 2008), who reported that differences
in expression of conotoxins of closely related
Indo-Pacific vermivorous species could not be
explained by phylogeny but by functional
convergence). The species L. reticulatus was
as an outlier in the PCA of presence/absence
of superfamilies, which could be because it
was the one with the least number of
conotoxin precursors. Two outliers were
found in the PCA of relative expression
levels. In the case of A. infinitus, the
differences in expression could be partly
related to the fact that this species from Maio
Island was the only representative of its
lineage. In the case of the individual A_ 0055
of A. maioensis the interpretation is not that
straightforward since the other individual of
this species clusters with most species, and
they come from neighboring populations.
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Although the exact worm species eaten
by the different species of Lautoconus and
Africonus are unknown, at least the three
clades described within genus Lautoconus
correlate with different morphologies of the
radular  teeth  suggesting subtle diet
specializations (Abalde et al, 2017b).
Moreover, the two genera have a dissimilar
geographic  distribution, with  Africonus
confined to the archipelago of Cabo Verde,
and Lautoconus present in both the
continental coast and the Canary Islands,
opening the possibility of different processes
of local adaptation. We tested whether the
two genera showed differential expression of
their venom components, which could be
correlated with diet adaptations. Up to 11
superfamilies were differentially expressed,
most of them overexpressed in Africonus.
Most of these superfamilies were only
recently described through comparative
transcriptomics and only three have been
known for longer time. The B1 superfamily
(Conantokin) was originally described in the
piscivorous G. geographus and reported to
provoke a “sleeping” phenotype in vertebrates
(Olivera et al.,, 1985). Although this
superfamily has been identified in other
vermivorous species, its function has not been
characterized (Lu et al., 2014; Robinson and
Norton, 2014). The N superfamily has been
described in the molluscivorous C.
marmoreus, although its function is unknown
(Dutertre et al., 2013; Robinson and Norton,
2014). Finally, the V superfamily was first
identified in the venom of the vermivorous
Virgiconus virgo (Peng et al., 2008) and later
in other species. To date, there is no
information regarding the structure or
function of this superfamily (Robinson and
Norton, 2014). Nonetheless, results on
differential expression should be interpreted
with caution as in some instances the captured
signal could rely on the high expression level
of just one biological replicate, and may not
be considering the variance among replicates.
To correct such potential bias, we run an
ANOVA test and found that only the Bl
superfamily presented significantly different
expression between genera.

Similarly, we tested the presence of
differential expression between piscivorous
(three individuals of C. ermineus; (Abalde et
al., 2018) and vermivorous cones in West
Africa. We found two superfamilies
differentially overexpressed in C. ermineus
(A and S) and 20 in the vermivorous cones.
The importance of having different members
of the A superfamily for hunting fish has been
highlighted previously for several cone
species (Lopez-Vera et al., 2007; Olivera et
al., 2015; Hoggard et al., 2017; Abalde et al.,
2018). The S superfamily was first identified
in G. geographus and found to inhibit
neurotransmitter receptors (England et al.,
1998). Later, it was reported as minor
component of different cone species, not all
necessarily hunting on fish. After the
ANOVA test, only the expression of the A
superfamily was identified as significantly
different between diets.
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