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Abstract 

Bac kgr ound: Genomes are pow erful resour ces to understand the ev olutionar y mechanisms underpinning the origin and di v ersifica- 
tion of the venoms of cone snails (Conidae: Caenogastropoda) and could aid in the development of novel drugs. 

F indings: Here , w e used PacBio continuous long reads and Omni-C data to assemble the chromosome-level genome of Kalloconus 
canariensis , a v ermi v or ous cone endemic to the Canary Islands. The final genome size was 2.87 Gb, with a N50 of 79.75 Mb and 91% of the 
reads located into the 35 largest scaffolds. Up to 55.80% of the genome was annotated as repetitive regions, being class I of transposa b le 
elements (16.65%) predominant. The annotation estimated 34,287 gene models. Comparati v e anal ysis of this genome with the 2 cone 
snail genomes released to date ( Dendroconus betulinus and Lautoconus ventricosus ) r ev ealed similar genome sizes and organization, 
although chromosome sizes tended to be shorter in K. canariensis . Phylogenetic relationships within subclass Caenogastropoda were 
r ecov er ed with str ong statistical support. The family Conidae w as r ecov er ed as a clade, with K. canariensis plus L. ventricosus sister to 
D. betulinus . 

Conclusions: Despite the gr eat di v ersity of cone snails ( > 900 species) and their venoms (hundreds of peptides per species), only 2 
r ecentl y r e ported genomes ar e av aila b le for the gr oup. The high-quality chr omosome-lev el assemb l y of K. canariensis will be a v alua b le 
r efer ence for studying the origin and evolution of conotoxin genes as well as whole-genome duplication events during gastropod 

evolution. 

Ke yw ords: Cone snails, Kalloconus canariensis , chr omosome-lev el genome, comparati v e genomics, Omni-C 
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Bac kgr ound 

Cones (Caenogastropoda: Conidae) are venomous marine snails 
that live in tropical and subtropical seas worldwide [ 1 ]. Cones 
produce complex venoms to capture worms , snails , and fishes ,
as well as to defend against predators [ 2 , 3 ]. The venom is com- 
posed of short peptides termed conotoxins , which directly block ion 

channels and neuromuscular receptors in their prey and thus are 
the subject of intense r esearc h for nov el drug de v elopment and 

disease tr eatment [ 4 , 5 ]. Tr anscriptomics and pr oteomics of cone 
venom ducts have revealed an extraordinary diversity in the com- 
position of v enom coc ktails. High-thr oughput long-r ead sequenc- 
ing has opened the door to scaffold cone genomes to the c hr o- 
mosome le v el. As mor e cone genomes ar e assembled, it will be 
possible to perform detailed compar ativ e genomics studies, whic h 

have the potential to unravel k e y details about the genetic basis 
of conotoxin diversity and evolution. 

Her e, we r eport de novo c hr omosome-le v el genome assembl y 
of a v ermivor ous cone snail endemic to the Canary Islands, Kallo- 
conus canariensis (NCBI:txid2750724) [ 6 ], and compare it with the 
only 2 other Conidae genomes released thus far, those of Dendro- 
conus betulinus [ 7 ] and Lautoconus ventricosus [ 8 ]. The comparison 

of these 3 high-quality assemblies allows for the first time infer- 
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ing patterns of genome evolution within this group. Their genome 
izes are comparable and range from 2.87 to 3.59 Gb as well as
ave similar organization (into 35 pseudo-chromosomes), show- 

ng long str etc hes of conserved synteny. 

aterials and methods 

ample collection 

ive specimens of K. canariensis were collected in Playa de
 orís , Tenerife , Canary Islands (Spain; GPS coordinates: 28.16447,
16.43185), in September 2020. Each individual was taken out 
f the shell and dissected to collect foot muscle and venom
land. The foot muscles were flash frozen in liquid nitrogen and
tored at −80ºC, for subsequent high molecular weight (HMW) 
NA extr action. The v enom glands wer e pr eserv ed in RNAlater

Thermo Fisher Scientific) at −20ºC, for transcriptome assembly 
nd genome annotation. 

enome sequencing 

he HMW DNA extr action fr om the foot, libr ary pr epar ation,
ong-read sequencing, contig assembly, and scaffolding were per- 
ormed by Dovetail Genomics as pr e viousl y described [ 8 ], except
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hat Chica go + HiC libr aries wer e substituted by an OmniC libr ary,
hic h ensur es a mor e homogeneous digestion of c hr omatin and

ov er a ge (see Supplementary Methods for full details). 
Long-read sequencing of HMW DNA isolated from individual

F39 (the shell was deposited as a voucher in the MNCN collec-
ion under accession number MNCN15.05/94850) was performed
n PacBio Sequel II Single Molecule, Real-Time (SMRT) cells us-
ng the continuous long read (CLR) sequencing mode . A Do vetail
mni-C library to obtain proximity ligation data was generated
nd sequenced on an Illumina HiSeqX (see Supplementary Meth-
ds). 

enome assembly and scaffolding 

ong-r ead CLR sequences wer e de novo assembled using wtdgb2
.2.5 [ 9 ] with default parameters . T his softwar e pr ovides faster as-
embly speeds for large genomes with comparable contiguity and
ssembl y accur acy and tends to hav e less duplicates than other
ssemblers [ 9 ]. The data from the de novo assembly and the Om-
iC libr ary wer e used for scaffolding using HiRiSE [ 10 ]. QUAST ( RR

D:SCR _ 001228 ) v5.0.2 [ 11 ] and BUSCO ( RRID:SCR _ 015008 ) v5.1.3.
 12 ] were used to obtain general metrics and completeness as-
essment of the final genome assembl y, r espectiv el y. Potential
ources of DNA contamination wer e c hec ked with BlobToolKit
 RRID:SCR _ 023351 ) v4.1.5 [ 13 ]. 

enome annotation 

N A sequencing (RN A-seq) r eads of 3 m uscle (foot) and 2 v enom
lands of K. canariensis specimens were generated and pooled to-
ether for gene annotation. Repeat families were identified de novo
nd classified using RepeatModeler ( RRID:SCR _ 015027 ) v2.0.1 [ 14 ].
hese regions were masked with RepeatMasker ( RRID:SCR _ 01295
 ) v4.1.0 [ 15 ] for further genome analyses. RNA-seq data from
ther cone snail species downloaded from the Sequence Read
rc hiv e (SRA) database and the ne wl y gener ated RNA-seq reads

r om K. canariensis wer e used to tr ain 2 independent ab initio
odels for annotation using SNAP v2006-07-28 [ 16 ] and AUGUS-

US ( RRID:SCR _ 008417 ) v2.5.5 [ 17 ], r espectiv el y. RNA-seq r eads
er e ma pped onto the genome using the STAR ( RRID:SCR _ 004463 )
2.7 aligner software [ 18 ], and intron hints were generated with
am2hints tools within AUGUSTUS. Gene pr edictions wer e made
sing both SNAP and AUGUSTUS (with intron–exon boundary
ints provided from RNA-seq) with MAKER ( RRID:SCR _ 005309 )
3.01.01 [ 19 ] (see Supplementary Methods). 

In addition, an alternative annotation was performed with
RAKER v2.1.6 [ 20–30 ]. The clean reads after trimmomatic of each
ample (3 foot and 2 venom glands) of K. canariensis were mapped
nto the genome assembly using STAR v2.7.10 and combined into
 single sorted bam file. A set of proteins was incor por ated to
he analysis from the annotation of L. ventricosus and the Meta-
oa dataset from OrthoDB v.11 ( RRID:SCR _ 011980 ), whic h ar e both
artitions available for direct running in BRAKER2 (in -etpmode).
ompleteness of the annotated gene models was assessed with
USCO v5.1.3 and metazoan OrthoDB v. 10 [ 12 ]. 

ynten y anal yses 

ll anal yses wer e based exclusiv el y on the 35 pseudo-
 hr omosomes (Fig. 1 , Supplementary Table S1, and Supple-
entary Fig. S1). Gene annotations of the K. canariensis and L.

entricosus genomes were used to compare number and length
f genes , exons , and inter genic r egions in both genomes (Supple-
entary Table S2 and Supplementary Fig. S2). The comparison
ith the D. betulinus genome was not possible, as the annotation
f genes per pseudo-c hr omosome was not reported [ 7 ]. 

The genomes of K. canariensis and L. ventricosus were aligned
sing Minimap2 v2.24-r1122 ( RRID:SCR _ 018550 ) [ 31 ] to infer ho-
ologue scaffolds between both species (Fig. 2 and Supplemen-

ary Fig. S3). Each scaffold of K. canariensis was mapped onto its
omologue of L. ventricosus with Satsuma2 [ 32 ]. A synteny plot
as generated with shinyCircos [ 33 ] for whole-genome compari-

on between both species (Fig. 2 ), and D-genies ( RRID:SCR _ 018967 )
1.3.1 [ 34 ] was used for pairwise scaffold analysis (Supplementary
ig. S3). To simplify whole-genome plots, matches < 0.8 of identity
nd short links < 1 kb wer e filter ed out and adjacent links (within
0 Mb) were merged using bundlelinks [ 33 ]. 

hylogenomic tree reconstruction 

 phylogeny of Caenogastropoda was reconstructed based on se-
uence data from the genomes of K. canariensis and L. ventricosus
lus RNA-seq data downloaded from the SRA at NCBI from an-
ther 16 caenogastropods, plus 1 Heterobranchia ( Fiona pinnata )
nd 1 Neritimorpha ( Nerita melanotragus ) as outgroup taxa (Sup-
lementary Fig. S4 and Supplementary Table S3). 

RNA-seq r aw r eads r etrie v ed fr om SRA NCBI wer e assembled
sing Trinity ( RRID:SCR _ 013048 ) v2.12.0 [ 35 ] to generate the tran-
criptome of each of the 18 species. For each transcriptome, the
ongest open reading frames were predicted and translated into
rotein sequences using TransDecoder ( RRID:SCR _ 017647 ) v5.5.0
 36 ] with default settings. Protein sets were clustered and isoforms
er e r emov ed with CD-HIT ( RRID:SCR _ 007105 ) v4.8.1 [ 37 ] using
efault options and a sequence identity threshold of 0.98. Or-
hogr oups wer e inferr ed fr om the pr otein sets using OrthoFinder
 RRID:SCR _ 017118 ) v2.5.4 [ 38 ]. Single-copy orthogroups shared
y at least 18 of the 20 species (occupancy of 90%) were se-
ected using Prequal v.1.02 [ 39 ] and aligned using MAFFT ( RRID:
CR _ 011811 ) v7.487 [ 40 ]. Phylogenetic informativ e r egions wer e
elected using BMGE v 1.12 [ 41 ]. Phylogenomic analyses based on
urated amino acid alignments were performed using IQ-TREE
 RRID:SCR _ 017254 ) v2.1.2 [ 42 , 43 ] under maximum likelihood (ML)
ith 1,000 ultr afast bootstr a p pseudo-r eplicates . T he ModelFinder
odule of IQ-TREE [ 42 ] was used to select LG + R4 as the best-fit
odel, according to the Bayesian information criterion. 

esults and Discussion 

enome assembly and scaffolding 

he c hr omosome-le v el genome of K. canariensis was assembled
nd scaffolded using 371.2 Gb of PacBio CLR reads (130 × coverage)
nd 81.1 Gb of Omni-C paired-end reads (28 × coverage), respec-
iv el y. P acBio long reads were de novo assembled into 25,961 con-
igs (the longest was 4.98 Mb; N50 was 646.47 kb). The HiRise scaf-
olding led to 18,572 scaffolds (the largest was 153.13 Mb; N50 was
9.65 Mb; see Table 1 ). Little signature of potential exogenous DNA
ontamination from bacteria was detected using the BlobToolKit
iewer [ 13 ] v4.1.0 (Supplementary Fig. S5). 

The final genome assembly was 2.87 Gb in length, which is
maller than those of D. betulinus (3.43 Gb) [ 7 ] and L. ventricosus
3.59 Gb) [ 8 ] but similar to the inferred genome sizes of Kioconus
ribblei (2.76 Gb) [ 44 ] and Textilia bullata (2.56 Gb) [ 45 ]. 

The final scaffolding grouped 91.2% of the total assembled con-
igs into 35 scaffolds or pseudo-c hr omosomes, whic h v aried in
ize from 153 to 40 Mb (Fig. 1 and Supplementary Fig. S1). BUSCO
cor es wer e used to assess genome completeness [ 12 ]. A total of
92 complete genes (93.5%) of the Metazoan ortholog database

https://scicrunch.org/resolver/https://scicrunch.org/resolver/RRID:SCR_001228
https://scicrunch.org/resolver/https://scicrunch.org/resolver/RRID:SCR_015008
https://scicrunch.org/resolver/https://scicrunch.org/resolver/RRID:SCR_023351
https://scicrunch.org/resolver/https://scicrunch.org/resolver/RRID:SCR_015027
https://scicrunch.org/resolver/https://scicrunch.org/resolver/RRID:SCR_012954
https://scicrunch.org/resolver/https://scicrunch.org/resolver/RRID:SCR_008417
https://scicrunch.org/resolver/https://scicrunch.org/resolver/RRID:SCR_004463
https://scicrunch.org/resolver/https://scicrunch.org/resolver/RRID:SCR_005309
https://scicrunch.org/resolver/https://scicrunch.org/resolver/RRID:SCR_011980
https://scicrunch.org/resolver/https://scicrunch.org/resolver/RRID:SCR_018550
https://scicrunch.org/resolver/https://scicrunch.org/resolver/RRID:SCR_018967
https://scicrunch.org/resolver/https://scicrunch.org/resolver/RRID:SCR_013048
https://scicrunch.org/resolver/https://scicrunch.org/resolver/RRID:SCR_017647
https://scicrunch.org/resolver/https://scicrunch.org/resolver/RRID:SCR_007105
https://scicrunch.org/resolver/https://scicrunch.org/resolver/RRID:SCR_017118
https://scicrunch.org/resolver/https://scicrunch.org/resolver/RRID:SCR_011811
https://scicrunch.org/resolver/https://scicrunch.org/resolver/RRID:SCR_017254
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Figure 1: Chr omosome-le v el genome or ganization of K. canariensis . The 35 pseudo-c hr omosomes ar e shown in blac k. In the inner rings, gene density is 
in purple (percentage of genes per Mb, normalized to the maximum number of genes, about 60) and cov er a ge is in red (median cov er a ge per 10 kb, 
normalized to sequencing depth, 130 ×). 
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(odb 10) were recovered (Table 1 ), a value that is higher than those 
reported for D. betulinus (89.8%) [ 7 ] and L. ventricosus (84.9%) [ 8 ], in- 
dicating an ov er all higher quality of the ne wl y r eported assembl y.
These BUSCO metrics are also consistently higher than those in- 
ferred for Pionoconus consors [ 46 ] and K. tribblei [ 44 ] (Supplementary 
Fig. S6). 

Genome annotation 

Repeat regions occupied 50.80% of the total genome, with class I 
and II of transposable elements (TEs) and simple repeats repre- 
senting 16.65%, 6.06%, and 11.19%, r espectiv el y (Table 1 ). These 
pr oportions matc hed well with those of L. ventricosus (53.36% of 
the genome) [ 8 ] but were higher than those reported for the D.
betulinus genome (38.56% of the total assembly) [ 7 ]. 

Gene annotation predicted a total of 34,250 genes in the 
MAKER genome annotation, which occupied 37.76 Mb (1.32% of 
the genome), whereas in the BRAKER genome annotation, the to- 
tal protein coding genes predicted were to 34,287 (50.35 Mb, 1.76% 
f the genome). The number of genes was similar in the L. ven-
ricosus genome (32,675 [ 8 ]) but consider abl y lo w er in the D. betuli-
us genome (22,698 [ 7 ]). The MAKER/BRAKER genome annotations
ontained 779 (81.6%)/867 (90.9%) single-copy and 7 (0.7%)/82 
8.6%) duplicated complete genes, as well as 49 (5.10%)/58 (6.1%)
r a gmented genes of the BUSCO Metazoan ortholog database 
odb) 10, r espectiv el y (Table 1 ). These B USCO metrics wer e simi-
ar to other molluscan genomes available at NCBI (Supplementary 
able S4). 

enome organization 

ac h pseudo-c hr omosome of K. canariensis had a counter part in L.
entricosus , thus r e v ealing the same genome organization and con-
erv ed macr osynten y (Fig. 2 ). Homologous pseudo-c hr omosomes
n K. canariensis were consistently shorter than in L. ventrico-
us , with this difference particularly pronounced in pseudo- 
 hr omosomes 15 and 35 of K. canariensis , whic h wer e 22.45% and
3.17% smaller, r espectiv el y (Supplementary Table S1). Yet, the
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Figure 2: Plot of conserv ed synten y of the 35 pseudo-c hr omosomes between K. canariensis (right black; K1 to K35) and L. ventricosus (left gray; L1 to L35). 
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umber of genes predicted per homologous pseudo-c hr omosome
as slightly higher in 28 out of the 35 pseudo-c hr omosomes of

he K. canariensis genome (Supplementary Table S2 and Supple-
entary Fig. S2). 

ene structure 

 he a v er a ge length of complete genes (including exons plus in-
rons) was 41% smaller in K. canariensis. The genes in K. canarien-
is had fewer (10% less) but larger (8% more) exons (Supplemen-
ary Table S2 and Supplementary Fig. S2). Total intergenic regions
dded up to 2.48 Gb in the K. canariensis genome, whereas this
umber was 14.52% higher in the L. ventricosus genome . T her efor e,
ifferences in length between both genomes were concentrated in
he intergenic regions, likely associated with TEs and other repet-
tiv e r egions, as has been pr e viousl y shown in other mollusks [ 47 ].
urther compar ativ e anal yses on r e petiti v e landsca pes between
one genomes should shed light on the nature of expansions and
ontractions of re petiti ve elements and their potential association
o genome dynamics and evolution. 
ene synteny 

airwise comparisons between homologous pseudo-
 hr omosomes of K. canariensis and L. ventricosus sho w ed
onger str etc hes of synten y in se v er al of the lar gest pseudo-
 hr omosomes (e.g., 1, 3, and 6), whereas the smallest ones tended
o pr esent mor e dynamic r egions with lo w er synten y le v els (e.g.,
6, 30 to 35). The comparison of syntenic regions also r e v ealed
otential r earr angements within scaffolds, including lar ge inv er-
ions, whic h wer e located in the centr al r egions (e.g., 4, 5, 8, and
1) or at 1 terminal region (e.g., 2, 15, 16, and 29) (Supplementary
ig. S3). Ho w e v er, it was not possible to identify specific contigs
hat ma p acr oss the inv ersion points , and thus , this result will
eed further confirmation as more cone genomes are generated
sing sequencing technologies with higher accuracy such as
acBio HiFi [ 48 ]. In any case, the high degree of synteny conserva-
ion among the 3 cone genomes offers an excellent opportunity to
tudy the birth and death of many different gene families, as well
s understand their evolutionary dynamics. In particular, they
ill be crucial for uncovering the main processes underpinning

he generation of conotoxin div ersity, whic h will be reported
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Table 1: Assembly statistics and annotation parameters of K. canariensis genome. All metrics are based on contigs of size ≥500 bp. 

Contig Assembly 

Number of reads 31,761,787 (371.2 Gb) 
Estimated genome size 3.6 Gb 
Total length (bp) 2,867,696,795 
Number of contigs 25,961 
Longest contig (bp) 4,977,278 
N50 (bp) 646,466 
N90 (bp) 59,506 
GC (%) 43.84 
BUSCO v5.1.3 (metazoa_odb10) n = 954 
Complete 93.10% 888 
Complete single copy 87.20% 832 
Complete duplicated 5.90% 56 
Fr a gmented 4.20% 40 
Missing 2.70% 26 

Scaffold Assembly 
Total length (bp) 2,868,185,268 
Total No. scaffolds 18,573 
Scaffolds ( ≥1,000 bp) 18,495 
Largest scaffold 153,129,599 
N50 (bp) 79,645,777 
N90 (bp) 40,485,963 
GC (%) 43.84 
BUSCO v5.1.3 (metazoa_odb10) n = 954 
Complete 93.50% 892 
Complete single copy 87.50% 935 
Complete duplicated 6% 57 
Fr a gmented 3.80% 36 
Missing 2.70% 26 

Genome Annotation 
Repeats Masked Total genome masked 55.80% 

Class I TE repeats 16.65% 

Class II TE repeats 6.06% 

Low-complexity repeats 0.82% 

Simple repeats 11.19% 

MAKER BRAKER 
Gene Prediction Total number of genes 34,250 34,287 

Total coding region (bp) 37,756,940 (37.756 Mb) 50,351,333 (50.351 Mb) 
Number of single-exon genes 10,549 —

Protein Assessment BUSCO v5.1.3 (metazoa_odb10) n = 954 (metazoa_odb10) n = 954 
Complete 81.60% 779 90.90% 867 
Complete single copy 80.90% 772 82.30% 785 
Complete duplicated 0.70% 7 8.60% 82 
Fr a gmented 5.10% 49 6.10% 58 
Missing 13.30% 126 3.00% 29 
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else wher e. Furthermor e, as mor e c hr omosome-le v el genomes 
of cones are reported, it will be possible also to identify those 
genomic regions associated with diversification and adaptation. 

Phylogenomic reconstruction 

T here ha ve been different attempts to reconstruct phylogenetic 
relationships among caenogastropod orders based on morphol- 
ogy (e.g., [ 49 ]), mitogenomes (e.g., [ 50 ]), and few fragments of nu- 
clear ribosomal RN A (rRN A) and mitochondrial genes (e.g., [ 51 ]),
but they have proven to be difficult to resolve . Here , an ML phy- 
logeny of Caenogastropoda was reconstructed based on 57 single- 
copy proteins and 18 species of caenogastr opods r epr esenting 12 
orders (Supplementary Table S3). The reconstructed phylogeny 
sho w ed maximal or strong ( > 90%) statistical support in all but 2 
nodes (Supplementary Fig. S4). The order Ampullarioidea was re- 
cov er ed as the first div er ging br anc h among the caenogastropod 
axa analyzed. The next order that branched off was Cerithioidea.
he order Truncatelloidea was sister to 2 clades: (i) Epitonioidea
ister, with low support to a well-r esolv ed monophyletic group, in-
luding Abyssochrysoidea sister to Littorinoidea plus Naticoidea,
nd (ii) Stromboidea sister to Velutionoidea plus Neogastropoda 
Supplementary Fig. S4). The r elativ e phylogenetic positions here
 ecov er ed ar e totall y consistent with those based on mitogenomes
 50 ] and a combined data set of partial rRNA and mitochondrial
equences [ 51 ] but having stronger statistical support, thus pro-
iding a robust phylogenetic fr ame work for e volutionary stud-
es within Caenogastropoda. For instance, it is useful for test-
ng in combination with c hr omosomal-le v el genomes a predicted
hole-genome duplication (WGD) e v ent that pr edated the ori-

in of Neogastropoda [ 52 ]. The number of c hr omosomes (35 in
oth cone species vs. 14 in the caenogastropod Pomacea canaliculata 
 53 ]), together with the synten y r elationships between K. canarien-
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is and L. ventricosus (this work) and between L. ventricosus and P.
analiculata [ 8 ], str ongl y supports suc h a WGD e v ent (Supplemen-
ary Fig. S4). 

Another contr ov ersy within Caenogastr opoda is r elated to the
onophyly and internal phylogenetic relationships at the su-

erfamil y le v el of Neogastr opoda [ 50 , 54 ]. Her e, the monophyl y
f Neogastropoda is recovered with maximal support, although
any important superfamilies are missing, and thus we cannot

dd new insights on the relative phylogenetic position of super-
amilies such as Volutoidea, Tonnoidea, and Ficoidea, which are
he center of a long-standing debate [ 50 , 54 ]. The monophyly of
he superfamily Conoidea received maximal support, and within
he family Conidae, D. betulinus was recovered as sister to L. ventri-
osus plus K. canariensis , in a gr eement with pr e vious phylogenies
ased on mitogenomes [ 55 ]. 

onclusions 

ntil now, only 2 genomes were available for cone snails. In this
tudy, we provide a high-quality chromosome-level assembly of
. canariensis , an endemic cone snail of the Canary Islands . T his
e w genome r epr esents a v aluable r esource for compar ativ e ge-
omics among venomous gastropods, which are essential to un-
erstand the genetic basis of the origin and diversification of tox-

ns and their use in novel drug de v elopment. Mor eov er, this anno-
ated genome would serve as a helpful support for the assembly
f other genomes within the famil y Conidae. Finall y, because of
he lack of genomic resources available for gastropods, this cone
nail genome will be useful for evolutionary studies in gastropod
volution. 
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