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ARTICLE INFO ABSTRACT

Keywords: Conidae is a hyperdiverse family of marine snails that has many hallmarks of adaptive radiation. Hybridization

Conus and introgression may contribute to such instances of rapid diversification by generating novel gene combina-

gl‘:r;’gresswn tions that facilitate exploitation of distinct niches. Here we evaluated whether or not these mechanisms may have
ylogeny

contributed to the evolutionary history of a subgenus of Conidae (Virroconus). Several observations hint at ev-
idence of past introgression for members of this group, including incongruence between phylogenetic relation-
ships inferred from mitochondrial gene sequences and morphology and widespread sympatry of many Virroconus
species in the Indo-West Pacific. We generated and analyzed transcriptome data of Virroconus species to (i) infer a
robust nuclear phylogeny, (ii) assess mitochondrial and nuclear gene tree discordance, and (iii) formally test for
introgression of nuclear loci. We identified introgression of mitochondrial genomes and nuclear gene regions
between ancestors of one pair of Virroconus species, and mitochondrial introgression between another pair. We
also found evidence of adaptive introgression of conotoxin venom loci between a third pair of species. Together,
our results demonstrate that hybridization and introgression impacted the evolutionary history of Virroconus and

Adaptive radiation
Mito-nuclear discordance

hence may have contributed to the adaptive radiation of Conidae.

1. Introduction

Reticulate evolutionary processes, such as introgressive hybridiza-
tion, enable horizontal genetic exchange among otherwise indepen-
dently evolving lineages and produce genomes comprised of genes with
discordant patterns of descent (Doolittle, 1999; Pease and Hahn, 2015).
As these processes are discovered at play across a widening cross-section
of the tree of life (Abbott et al., 2013), interest has grown in under-
standing their role in the origin and maintenance of biodiversity. Species
concepts have become more porous, and phylogenetic hypotheses now
must account for the network-like patterns that reticulate processes can
impart on evolutionary histories (Doolittle, 1999).

Lineages may be especially prone to introgressive hybridization
during periods of rapid diversification in sympatry, conditions that are
common during adaptive radiations (Seehausen, 2004). Conidae — “cone
snails” — is a species rich (>900 species) (MolluscaBase eds., 2021)
family of predatory marine gastropods that has likely experienced these
conditions throughout its evolutionary history. This family has diversi-
fied rapidly over the past 55 million years, with the fastest diversifica-
tion rate found in gastropods (Stanley, 2007). The genus Conus — which

comprises about 85% of the described species of Conidae — has a cir-
cumtropical distribution with a center of diversity in the Indo-West
Pacific where it is not uncommon to find many congeners coexisting
in the same habitat, including an unusually high frequency of close
relatives and sister species (Rockel et al., 1995; Kohn, 2001; Vallejo,
2005). Niche partitioning offers a possible mechanism for coexistence,
with niche space partitioned according to diet with co-occurring species
specializing on distinct prey taxa (Kohn, 1959; Leviten, 1978; Duda
et al., 2009a).

The Virroconus clade stands out as one in which it would be fruitful to
examine the role of reticulate processes in the diversification of Conus. It
is comprised of thirteen species that have diversified in the past ~10
million years (Duda and Kohn, 2005), including some of the most widely
distributed Conus species, and many coexist in the same microhabitats
(Rockel et al., 1995; Kohn, 2001). Their relatively recent divergence and
frequent sympatry suggest opportunities for hybridization. Moreover,
conspicuous incongruence between mitochondrial phylogenies and re-
lationships inferred from shell color patterns raises suspicions of retic-
ulate evolution. Indeed, the species with different shell color patterns
have been previously proposed to be members of distinct taxonomic
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Fig. 1. Illustrations of Virroconus species with species sorted based on general similarity in shell color patterns. Illustrations by John Megahan.

groups (Tucker and Tenorio, 2009). Three pairs of species are of
particular note: Conus judaeus — Conus ebraeus, Conus aristophanes —
Conus coronatus, and Conus fulgetrum — Conus miliaris (Fig. 1). Conus
judaeus was initially described by Rudolph Bergh (Bergh, 1895) from a
single specimen collected in the Philippines (neotype at University of
Michigan Museum of Zoology, UMMZ no. 303943), but was later syn-
onymized with C. ebraeus by subsequent taxonomists due to the similar
shell color patterns exhibited by these species (Fig. 1). The pattern of
repeating black spots on a white background is a motif that is also shared
by Conus chaldaeus, and that starkly contrasts with shell color patterns
exhibited by other Virroconus members. Only after a comprehensive
examination of radular morphology, feeding ecology, and sequence data

was C. judaeus again recognized as a distinct species (Duda et al.,
2009b). Although their color patterns suggest close phylogenetic affin-
ity, mitochondrial gene sequences recovered from C. ebraeus and
C. judaeus are relatively divergent, and phylogenies produced from these
data recover C. judaeus as sister to C. coronatus, a species that has a quite
different shell color pattern from those of C. ebraeus and C. judaeus
(Fig. 1) (Remigio and Duda, 2008; Puillandre et al., 2014). This rela-
tionship is also surprising given the morphological similarity of
C. coronatus and C. aristophanes, two species that have also historically
been synonymized (Kohn, 1959) but that are not represented as sister
species in phylogenies derived from mitochondrial genes (Remigio and
Duda, 2008; Puillandre et al., 2014). These species are currently
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Table 1
Summary of Conidae taxa sequenced.

Species n Tissue Sex Collection locale(s)
Conus miliaris 22 Venom duct 12g, 10 Easter Island; Guam;
Q American Samoa
Conus coronatus 2 Venom duct 29 American Samoa
Conus ebraeus 2 Venom duct 13,19 Okinawa
Conus judaeus 2 Venom duct 13,19 Okinawa
Conus chaldaeus 1 Osphradium 19 Okinawa
Conus 1 Venom duct 18 Hawaii
abbreviatus
Conus 2 Venom duct 18,19 American Samoa
aristophanes
Conus fulgetrum 2 Venom duct  2¢Q Okinawa
Outgroup spp.
Conus mordeirae 2 Venom duct 13,19 Cape Verde
Conus regonae 2 Venom duct 18,19 Cape Verde

recognized as distinct species in MolluscaBase eds. (2021). A similar
mismatch is apparent with C. fulgetrum and C. miliaris, the former having
been identified at times as a subspecies of C. miliaris based on similarity
in shell color patterns (Fig. 1) (Rockel et al., 1995). Yet again, although
MolluscaBase currently synonymizes C. fulgetrum with C. miliaris, these
species do not resolve as sister species in phylogenies constructed from
analyses of mitochondrial gene sequences (Puillandre et al., 2014).
Closer inspection of similar mismatches in other systems has frequently
revealed that mitochondrial introgression is responsible (Shaw, 2002;
Sota, 2002; Babik et al., 2005; Renoult et al., 2009; Kohler and Deein,
2010).

In this study we leveraged high-throughput RNA sequencing to
generate a phylogenomic dataset for members of the Virroconus clade
and used it to achieve three goals. First, we clarified the relationships of
Virroconus species by building a robust phylogeny with a large set of
nuclear orthologs. We then contrasted this phylogeny with one derived
from mitochondrial data to map instances of mito-nuclear discordance
in the clade that point to avenues of introgression. Finally, we formally
tested for signatures of nuclear introgression among clade members.

2. Materials and methods
2.1. Taxon sampling

We sampled a total of 38 individuals from ten species: eight members
of the Virroconus subgenus for which we had specimens (Conus miliaris,
Conus fulgetrum, Conus judaeus, Conus ebraeus, Conus aristophanes, Conus
abbreviatus, Conus coronatus, Conus chaldaeus), and two outgroup species
(Conus mordeirae (=Conus cuneolus according to Tenorio et al. (2020)
and MolluscaBase (2021)) and Conus regonae) from the Cape Verde
species flock. For two species, C. miliaris and C. coronatus, we used
sequence data that was previously generated from three distinct pop-
ulations by Weese and Duda (2019), and were therefore able to include
more individuals of C. miliaris (22) than the other species. The extra data
available for C. miliaris facilitated a reference-based transcriptome as-
sembly approach. Identifications of phenotypically similar C. ebraeus
and C. judaeus had previously been confirmed using mtDNA sequences.
We lacked appropriately preserved tissues from additional Virroconus
species (i.e., Conus dorreensis, Conus encaustus, Conus lecourtorum, and
Conus taeniatus), and so did not include them in our analyses. All tissues
used in this study were retrieved from the University of Michigan
Museum of Zoology (UMMZ) Mollusk Division collections, where tissues
were stored in —80 °C or long-term liquid nitrogen storage. Specimens
obtained, collection locales, sex, and tissue types are presented in
Table 1.

2.2. RNA extraction, library preparation, & sequencing

We followed workflows described by Weese and Duda (2019) to
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generate transcriptome data. Total RNA was extracted from whole
venom ducts for all specimens except C. chaldaeus, for which the
osphradium (an olfactory organ) was utilized because a venom duct was
not available. Consequently, data recovered from C. chaldaeus was not
included in analyses involving conotoxin genes. In brief, tissues were
pestle-homogenized and total RNA was extracted using Trizol (Invi-
trogen, Carlsbad, CA, USA) following the supplier instructions. RNA was
submitted to the University of Michigan DNA Sequencing Core for
quality assessment using a Bioanalyzer 2100 and for library preparation
and indexing (Illumina Tru-Seq kit, San Diego, CA, USA). Samples were
spread over three flowcell lanes on an Illumina HiSeq4000. Raw read
data for C. miliaris is available from NCBI under BioProject number
PRJNA257931, and for all other individuals under BioProject number
PRJINA658056.

2.3. Read processing, transcriptome assembly, transcript filtering

To generate our phylogenomic dataset we built a robust de novo
transcriptome of C. miliaris (the species with the highest quality data)
which we then used as a scaffold for reference-based assembly of tran-
scriptomes of the remaining species. We extracted a reliable set of
orthologs from assembled transcriptomes using the phylogenomic
dataset construction pipeline established by Yang and Smith (2014). A
number of tools implemented in this pipeline are from Phyx (Brown
etal., 2017). All analyses were performed on the University of Michigan
Flux High Performance Computing core.

Raw Illumina reads were filtered in the same way for both de novo
and reference-based assemblies. Potential sequencing errors were cor-
rected with Reorrector (Song and Florea, 2015), and reads that could not
be corrected were removed. Trimmomatic v0.36 (Bolger et al., 2014)
was used with default parameters to remove Illumina sequencing
adapters and low-quality sequences. Reads were binned as mitochon-
drial or nuclear DNA according to whether or not they mapped to a
custom database comprised of nine complete Conus mitochondrial ge-
nomes (none of them Virroconus) using Bowtie2 v2.3.4.3 (Langmead and
Salzberg, 2012). FastQC v0.10.1 (Andrews, 2010) was used to assess
read quality and read-representation; over-represented sequences were
culled. Cleaned C. miliaris reads were then assembled de novo using
Trinity v2.4.0 (Grabherr et al., 2011).

We stringently filtered the C. miliaris transcriptome to serve as a
reference for assembling transcriptomes of other species. Assembly
quality was assessed using Transrate v1.0.3 (Smith-Unna et al., 2016)
and poor-quality transcripts were removed using default settings.
Chimeric transcripts were also removed using the Yang and Smith
(2014) pipeline. Corset v1.07 (Davidson and Oshlack, 2014) was used to
cluster transcripts belonging to the same putative gene, and a single
representative transcript-the largest in each cluster-was identified.
Open reading frames (ORFs) were predicted using TransDecoder v5.0.1
(Haas et al., 2013) with a BLASTp homology search included for ORF
retention criteria. Candidate ORFs were blasted against a custom
reference database that included all Conus, Lottia gigantia, and Alpysia
californica protein sequences from the NCBI non-redundant database;
ORFs with BLASTp hits were retained. Finally, redundant transcripts
were removed using CD-HIT-EST (Li and Godzik, 2006; Fu et al., 2012),
with a sequence identity threshold of 0.99.

To assemble transcriptomes for the remaining nine species, we used
the read mapping program Stampy v1.0.32 (Lunter and Goodson, 2011)
with default settings to align reads from each species to the filtered
C. miliaris reference. Although a variety of read-mapping tools are
available, we chose Stampy for its high sensitivity and optimization for
aligning reads with sequence variation relative to the reference (Than-
kaswamy-Kosalai et al., 2017). Output SAM files were then converted to
coordinate-sorted BAM files using samtools v1.3.1 (Li et al., 2009), and
assembled using Trinity v2.4.0 in genome-guided mode (Grabherr et al.,
2011). To minimize potential cross-contamination introduced during
sample preparation or sequencing, we ran all assemblies and fastq read
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files (except those of C. miliaris & C. coronatus for which data were
generated separately) through CroCo v1.1 (Simion et al., 2018) with
default settings, which produces a meta-transcriptome from all samples,
maps reads to it, and determines putative cross-contamination based on
relative read-coverage. We removed all transcripts identified as con-
taminants. We then ran the remaining transcripts through the same
filtering pipeline used on the C. miliaris reference transcriptome.

Because conotoxins are central to the feeding ecology of cone snails
and have likely played a role in the adaptive radiation of this family, we
examined conotoxin loci separately from non-conotoxin (“house-
keeping”) loci to determine if they exhibit markedly different topologies
or patterns of introgression suggestive of adaptive introgression. We
therefore separated the final transcript set into conotoxin and non-
conotoxin loci by creating a local BLASTx database from all conotoxin
sequences in the Conoserver database (Kaas et al., 2008, 2012) and
extracting those transcripts that hit with an e-value of 1e-4 or lower.

Mitochondrial genes were assembled for each species from raw,
unfiltered reads using NOVOPlasty (Dierckxsens et al., 2017). We used
the coding sequences of all 13 protein-coding mitochondrial genes of
Conus betulinus as seed sequences. We used the complete C. betulinus
mitochondrial genome (Genbank accession: NC_039922) as the refer-
ence sequence. We performed separate NOVOPlasty runs with each of
the 13 genes as a seed sequence for each species. Default parameters
were used except that read length was set to 151, insert size to 150, and
K-mer size of 23. The identity of resultant contigs were confirmed using
BLASTX, and assembled contigs were aligned to the appropriate seed
sequence using MUSCLE (Edgar, 2004) and manually edited in Seqotron
(Fourment and Holmes, 2016).

2.4. Ortholog inference

Orthology was inferred using the pipeline developed by Yang and
Smith (2014). First, homology inference was conducted for nuclear loci
using coding sequences obtained during the transcript filtering step.
Transcripts from all species were combined into a single FASTA file and
subjected to all-by-all BLASTn (Altschul et al., 1990) to identify clusters
of similar transcripts as candidate homologs. Raw BLASTn output was
filtered according to a hit fraction cutoff of 50% coverage to produce
tight clusters and high-quality alignments. The resulting clusters were
input to MCL v.14-137 (Enright et al., 2002; van Dongen and Abreu-
Goodger, 2012) to refine clusters using a minusLogEvalue of one and
an inflation value of 1.5, with the output filtered to retain only homolog
clusters with at least four species represented. Putative homolog clusters
were then refined using the iterative tree-building and deep-paralog
trimming method described by Yang and Smith (2014). We executed
three rounds of homolog tree building with internal branch-length cut-
offs of 0.5, 0.25, and 0.15 before building bootstrapped final homolog
trees. Final orthologs were then inferred using the Maximum Inclusion
approach, set to a minimum of four represented taxa. Final ortholog
clusters were aligned using PRANK v.15080 (Loytynoja and Goldman,
2008) and trimmed using Phyx (Brown et al., 2017) for a minimum
column occupancy of 0.6.

2.5. Phylogenetic analyses

2.5.1. Mitochondrial data

We selected eight protein coding genes (COIL, ND1, ND2, ND3, ND4,
ND4L, ND5, ATP6) that were recovered from all ten species to use as our
final mitochondrial dataset. Single concatenated sequences were pro-
duced for each species, aligned using MUSCLE (Edgar, 2004), and
manually inspected and trimmed in Seqotron. We used ModelFinder
(Kalyaanamoorthy et al., 2017) to select the best fit substitution model
according to BIC (TPM3u + F + R2), and conducted phylogenetic
inference using IQ-TREE (Nguyen et al., 2015) with 1000 bootstrap
replicates.
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2.5.2. Nuclear loci

We inferred a species tree from our nuclear loci using a concatenated
supermatrix of non-conotoxin (“housekeeping”) orthologs. Orthologs
were included in the supermatrix if they were recovered from at least six
species and if the trimmed ortholog alignment was at least 100 nucle-
otides long, resulting in a total of 2216 orthologs. We partitioned the
supermatrix by locus, allowing each partition to evolve under a different
substitution model. Model selection was done separately for each
partition using ModelFinder (Kalyaanamoorthy et al., 2017), and com-
bined for all loci into a NEXUS partition file. We then ran multi-locus
partitioned tree inference with IQ-TREE (Nguyen et al., 2015) with
1000 bootstrap replicates. We carried out two additional analyses to
assess the consistency of support across the phylogeny. First, we calcu-
lated gene concordance factors (gCF) and site concordance factors (sCF)
using IQ-TREE concordance analysis (Minh et al., 2018). The former
metric represents the proportion of genes trees containing a given
branch and the latter the number of individual sites supporting a given
branch. Both metrics account for variable taxon coverage among gene
trees. They offer an alternative to bootstrap values for measuring branch
support and provide insight into discordance between gene-trees and the
species-tree. Second, we randomly assigned the 2216 loci into eight
subsets of 277 loci each, concatenated and partitioned each subset, and
estimated phylogenies with IQ-TREE in the same way that we did for the
full-concatenation supermatrix. By assessing several subsamples of
genes, we sought to determine how robust the relationships that we
recover in our full concatenation tree are to random effects. The number
of subsets was chosen arbitrarily.

2.6. Concordance analysis & tests of introgression

To test for introgression we used two approaches: Bayesian
Concordance Analysis (BCA) and Patterson’s D-statistic. We targeted
these approaches based on patterns of discordance that we observed
between our mitochondrial and nuclear trees, as well the IQ-TREE
concordance factors.

2.6.1. Bayesian concordance analysis

We carried out BCA with the coalescent-based BUCKy v1.4.4 (Ané
et al., 2007; Larget et al., 2010) to more closely examine the patterns of
discordance suggested by the mitochondrial and nuclear trees and by
gCFs/sCFs calculated by IQ-TREE. The relative frequencies of gene tree
topologies that are discordant with the primary concordance tree pro-
vide hints as to which process — incomplete lineage sorting (ILS) or
introgression — may have produced the discordance. If ILS is responsible,
discordant topologies should be recovered at roughly equal frequencies.
Introgression, however, should bias the frequency of discordant gene
tree topologies toward the topology that groups hybridizing species (e.g.
Durand et al., 2011). Like with IQ-TREE concordance factor analysis,
BUCKy uses individual gene trees as input and produces concordance
factors (CF) to produce a primary concordance tree and common
discordant topologies, but BUCKy requires that input loci share a com-
mon set of taxa (i.e., a gene that is represented by only nine of ten species
will be excluded from the analysis). We therefore performed BCA
separately on different taxon subsets to maximize the number of usable
loci for each analysis. We targeted these analyses to detect evidence of
introgression in three areas of discordance: within the ‘ebraeus’ clade
(subset: C. ebraeus, C. judaeus, and C. chaldaeus), between C. judaeus and
C. coronatus (subset: C. chaldaeus, C. judaeus, C. coronatus), and within
the ‘miliaris’ clade (C. miliaris, C. fulgetrum, and C. abbreviatus). We
restricted subset size to four taxa to maximize the number of shared loci
and so we could calculate Patterson’s D-statistic (which requires a four-
taxon phylogeny) on the same subsets. C. mordeirae was used as the
outgroup species for all analyses. We analyzed housekeeping loci for all
subsets and separately analyzed conotoxin loci for those subsets with
sufficient loci available (judaeus-coronatus subset, and miliaris clade).

For each taxon subset, we extracted orthologs with all target taxa
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Table 2
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Summary of bioinformatic filtering pipeline. Read and transcript counts are pooled by species.

Raw transcripts

Filtered transcripts

Supermatrix occupancy (2116 total)

Species Raw reads Filtered reads

Conus miliaris 241,403,636 190,152,238 238,284
Conus coronatus 30,841,334 22,831,016 44,859
Conus ebraeus 27,552,422 9,820,911 11,494
Conus judaeus 44,441,736 16,311,881 101,437
Conus chaldaeus 24,162,240 9,691,346 189,156
Conus abbreviatus 19,832,559 14,333,554 29,203
Conus aristophanes 32,548,924 18,073,252 36,224
Conus fulgetrum 24,064,654 9,133,846 158,382
Conus mordeirae 45,714,732 20,992,365 124,001
Conus regonae 43,014,796 18,489,458 118,915

28,631 93.5% (2072)
6931 73.6% (1630)
1406 13.2% (293)

10,312 49.7% (1102)
22,216 84.7% (1878)
7916 83.3% (1847)
9100 81.6% (1808)
8307 48.1% (1066)
16,288 86.0% (1905)
15,306 85.6% (1896)

represented and produced separate Bayesian trees for each locus using
MrBayes 3.2.6 (Huelsenbeck and Ronquist, 2001; Ronquist and Huel-
senbeck, 2003) with two runs of four chains each, 10,000,000 genera-
tions, a sample frequency of 1000 and a burn-in fraction of 0.25. We
then used BUCKy to summarize the output tree files for each locus and
create input files for the BCA analysis. Concordance factors were esti-
mated using BUCKy with four separate chains and 10,000,000 genera-
tions with the alpha parameter set to one.

2.6.2. Patterson’s D-statistic

We formally tested for introgression by calculating Patterson’s D-
statistic (Patterson et al., 2012) with the software package DFOIL (Pease
and Hahn, 2015). Briefly, the approach counts the number of bi-allelic
sites in a set of four taxa, and tallies the number that fit ABBA and
BABA patterns which is then used to calculate the D-statistic and an
accompanying p-value (Green et al., 2010; Durand et al., 2011).
Significantly higher counts of one pattern over the other indicate
introgression. We extracted ortholog alignments and concatenated them
into a single supermatrix for each taxon subset using Phyx (Brown et al.,
2017). Site counts were performed on concatenated alignments using
the script fasta2dfoil.py, and Patterson’s D-statistic analysis was run
with the script dfoil.py in dstat mode. Taxon subsets were the same as
those used for BCA.

3. Results
3.1. Taxon sampling, RNA extraction, & sequencing

We sampled a total of 38 individuals representing 10 species: eight
members of the Virroconus subgenus (Conus miliaris, Conus fulgetrum,
Conus judaeus, Conus ebraeus, Conus aristophanes, Conus abbreviatus,
Conus coronatus, Conus chaldaeus), and two outgroup species (Conus
mordeirae, Conus regonae) from the Cape Verde species flock. Specimens
obtained, collection locales, sex, and tissue types are presented in
Table 1.

3.2. Transcriptome assembly and ortholog inference

We produced a robust de novo transcriptome for C. miliaris, which we
then used for reference-based assemblies of transcriptomes for the
remaining species. Results of the read-filtering, transcriptome assembly,
and transcript filtering pipeline are summarized in Table 2. Our de novo
C. miliaris reference transcriptome assembly resulted in 238,284 unfil-
tered transcripts and 28,631 post-filtering transcripts. This is similar to
the number of uniquely-annotated transcripts (25,131) discovered by
Weese and Duda (2019) with the same dataset.

Using the phylogenomic dataset construction pipeline established by
Yang and Smith (2014), we identified a total of 2216 orthologs with
coding sequences at least 100 nucleotides long that were found in a
minimum of six taxa. Taxon occupancy of the resulting supermatrix is
summarized in Table 2. On average, species were represented by 69.9%
of orthologs. This average was brought down by relatively low

representation in three species: C. judaeus (49.7%), C. fulgetrum (48.1%),
and especially C. ebraeus (13.2%).

3.3. Phylogenetic analyses

3.3.1. Mitochondrial phylogeny

We produced a concatenated alignment of eight mitochondrial genes
that were recovered from all ten species (COI, ND1, ND2, ND3, ND4,
NDA4L, ND5, ATP6). The final alignment of 7846 nucleotides was input to
IQ-TREE (Nguyen et al., 2015) to produce a maximum likelihood phy-
logeny (Fig. 2a). This tree presents a topology similar to those generated
for Virroconus in prior studies that utilized mitochondrial sequence data
(Remigio and Duda, 2008; Puillandre et al., 2014) and separates the
group into two main clades. These groupings reproduce the incongru-
ence between morphology and phylogeny noted previously, most
obvious in the sister species relationship between C. judaeus and
C. coronatus.

3.3.2. Nuclear phylogeny

We inferred a species tree from our nuclear loci using a concatenated
supermatrix of non-conotoxin (“housekeeping™) orthologs. The final
nuclear supermatrix included 2216 loci and the concatenated alignment
is 1,687,663 characters, with overall site occupancy of 63.7%. Site oc-
cupancy for C. ebraeus (13.2%) was markedly lower (Table 2). We used
this alignment to produce a maximum likelihood phylogeny with IQ-
Tree (Fig. 2b) that separates Virroconus into two main clades: the
‘ebraeus’ clade and the remaining Virroconus species (the ‘miliaris’ clade
plus C. coronatus and C. aristophanes). Node support was assessed with
1000 bootstrap replicates and by calculating site and gene concordance
factors (sCF and gCF, respectively). Although bootstrap values indicate
mostly high branch support (with the exception of the sister pairing of
C. judaeus and C. ebraeus, perhaps due to the small number of C. ebraeus
loci), gCF and sCF values are less consistent and suggest reasonably high
levels of gene tree discordance in some areas of the tree, particularly
within the ebraeus and miliaris clades. These values do, however, provide
robust support for splitting the ebraeus clade from other Virroconus
members (gCF 99.3, sCF 99.3). Eight trees built with random 277-locus
subsets exhibit uncertainty in the arrangement of the ebraeus clade, but
otherwise broadly agree with the full-concatenation tree. Of the eight
subsets, a plurality (four) recover the same topology as the full-
concatenation tree. Three recover C. ebraeus as sister to C. chaldaeus
(otherwise identical), and one places C. ebraeus basal to the rest of the
Virroconus.

In contrast to the mitochondrial tree (Fig. 2a), the nuclear tree
largely groups species that are morphologically similar. C. judaeus and
C. ebraeus are recovered as sisters, as are C. coronatus and C. aristophanes,
the latter pair falling out adjacent to the clade containing C. miliaris, C.
abbreviatus, and C. fulgetrum.

3.4. Bayesian concordance analysis

We performed BCA to ask if introgression is responsible for patterns
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Fig. 2. Mitochondrial and nuclear phylogenies of
Virroconus. (a) Maximum likelihood IQ-TREE phy-
logeny constructed from eight concatenated mito-

100

chondrial genes (blue topology). Bootstrap support
values are presented at each node. (b) Maximum
likelihood IQ-TREE phylogeny constructed from
concatenated supermatrix of 2216 nuclear loci (red
topology). Branch support values are indicated at
each node (Bootstrap/gene concordance factor/site

Conus abbreviatus

100/43.6/54 )
concordance factor). Both trees rooted using
—— C. regonae and C. mordeirae as outgroups (not shown).
Shell illustrations by John Megahan. (For interpreta-
tion of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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of gene tree discordance (as opposed to ILS) in three subsets of Virro-
conus species. We analyzed housekeeping loci for all subsets, and sepa-
rately analyzed conotoxin loci when possible.

BCA results do not show evidence of introgression among C. ebraeus,
C. chaldaeus, and C. judaeus (Fig. 3a). Unlike our nuclear tree (Fig. 2b),
the primary concordance tree generated by BCA recovers C. chaldaeus as
sister to C. ebraeus as in the mitochondrial tree (Fig. 2a). However, the
95% confidence intervals of the concordance factors (CF) for all three

possible topologies overlapped substantially, suggesting that the anal-
ysis was unable to resolve a confident primary concordance topology
with the available loci. Due to the lack of venom duct tissue from
C. chaldaeus and relatively low number of housekeeping loci recovered
from C. ebraeus, we did not perform the corresponding BCA using con-
otoxin loci.

We found strong evidence of introgression between C. judaeus and
C. coronatus (Fig. 3b) among housekeeping genes. Unlike the within-
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Fig. 3. Results of Bayesian concordance analysis conducted with BUCKy. Error bars show 95% confidence intervals (CI). (a) CFs of 111 housekeeping loci for the
ebraeus clade. Overlapping confidence intervals for all topologies (including primary concordance tree) in the ebraeus clade show widespread discordance and no
signal of introgression. (b) CFs of 470 housekeeping loci for the judaeus-coronatus taxon subset. High CF (CF = 0.692; CI: 0.645-0.738) for the C. judaeus-C. chaldaeus
pairing confirms the results of the nuclear phylogeny, and nearly non-overlapping Cls for the C. judaeus-C. coronatus (CF = 0.199; CI: 0.146-0.255) and C. chaldaeus-
C. coronatus (CF = 0.109; CI: 0.072-0.149) pairings strongly suggest introgression between C. judaeus and C. coronatus. (c) CFs of 669 housekeeping loci for the
miliaris clade. A distinctly higher CF (CF = 0.527; CI: 0.486-0.568) for the C. miliaris-C. abbreviatus pairing confirms the results of the nuclear phylogeny. The CF for
the C. miliaris-C. fulgetrum pairing (CF = 0.262; CI: 0.213-0.313) is higher than for the C. abbreviatus-C. fulgetrum pairing (CF = 0.211; CI: 0.176-0.247), but their CIs
overlap substantially, and therefore do not strongly indicate introgression. All BCA used C. mordeirae as the outgroup species for tree-building.

ebraeus clade taxon subset, BCA for this subset confidently resolves a that does not overlap with discordant topologies. Moreover, the CF for
primary concordance tree in agreement with our nuclear tree (Fig. 2b), the discordant C. judaeus-C. coronatus sister pairing (0.197) is higher
finding C. chaldaeus and C. judaeus to be sisters with a high CF (0.692) than for C. chaldaeus-C. coronatus (0.093), with confidence intervals that

Fig. 4. D-statistic tests of introgression.
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barely overlap. This strongly suggests that introgression between
C. judaeus and C. coronatus and not ILS is responsible for the pattern of
discordance we observe. When performed with conotoxin loci, the pri-
mary concordance tree again recovers C. chaldaeus and C. judaeus as
sister species with a CF that does not overlap with the discordant to-
pology. Due likely to the small number of shared conotoxin loci, only
one of the possible discordant topologies was recovered, making it
impossible to directly compare their frequencies. However, this topol-
ogy has C. judaeus and C. coronatus as sister species, which is consistent
with the evidence for introgression observed with housekeeping loci.

We do not see evidence of introgression among housekeeping genes
among members of the miliaris clade (Fig. 3c). The primary concordance
tree recovers C. miliaris and C. abbreviatus as sisters, consistent with our
nuclear tree (Fig. 2b). Although the discordant topology pairing of
C. fulgetrum with C. miliaris has a higher CF (0.262) than the topology
pairing of C. fulgetrum with C. abbreviatus (0.211), the surrounding
confidence intervals overlap substantially, failing to reject ILS as an
explanation for the discordance. Our BCA using conotoxin loci for this
subset produces a similar pattern as did the judaeus-coronatus taxon
subset, recovering only one alternative topology (i.e., C. fulgetrum and
C. miliaris as sister species). However, this topology is recovered as the
primary concordance tree, with a higher CF than the tree pairing
C. miliaris and C. abbreviatus as in the nuclear tree and BCA with
housekeeping genes. Again, without the other discordant topology
available, we cannot directly determine if introgression is responsible,
but the results are consistent with the pattern observed in housekeeping
genes and hint at a past history of introgression between C. miliaris and
C. fulgetrum.

3.5. Patterson’s D-statistic

To further examine the patterns observed in our concordance ana-
lyses and to formally test for introgression, we performed D-statistic
analysis for the same taxon subsets as for BCA. In general, the results of
this test corroborate patterns observed from BCA.

We do not find evidence of introgression of housekeeping genes
among members of the ebraeus clade (D = 0.077; p-value = 0.283)
(Fig. 4a). As with BCA, we were unable to calculate Patterson’s D-sta-
tistic with conotoxin loci because we lacked venom duct tissue for
C. chaldaeus. We detected strong evidence for introgression in the his-
tory of the C. judaeus and C. coronatus lineages (D = 0.144; p-value =
8.66E—05) (Fig. 4b) as was suggested by patterns of discordance in
mitochondrial and nuclear trees and BCA. We attempted to detect
introgression among conotoxin loci by substituting C. ebraeus for
C. chaldaeus, but there were too few of the required biallelic sites among
the small number of shared loci to perform the analysis. We did not find
introgression of housekeeping loci among members of the miliaris clade
(D = —0.026; p-value = 0.406) (Fig. 4c), which is in line with results
from BCA. We did, however, find evidence for introgression of conotoxin
loci between C. miliaris and C. fulgetrum (D = —0.758; p-value =
1.35E—-05) (Fig. 4d). This finding is also consistent with the pattern we
observed with conotoxin loci in BCA.

4. Discussion

Reticulate evolutionary processes such as introgressive hybridization
play an under-explored role in the generation and maintenance of
biodiversity. Such processes facilitate broader sampling of ancestral
variation and can provide genetic raw material that underpins ecolog-
ical specialization and fuels adaptive radiations (Toews and Brelsford,
2012). In this study, we used a phylogenomic dataset of 2216 loci to
clarify the Virroconus phylogeny, detected strong mito-nuclear discor-
dance, and identified several patterns of nuclear introgression, including
one suggestive of adaptive introgression of conotoxin genes. Our results
indicate that hybridization has played an active role in the evolutionary
history of this group and demonstrate the viability of introgressive
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hybridization as a mechanism for genetic exchange among Virroconus
and Conidae more broadly, further informing our understanding of the
group’s rapid diversification.

4.1. Mito-nuclear discordance & mitochondrial introgression

The phylogeny of Virroconus that we inferred from a robust phylo-
genomic dataset is markedly discordant with the topology of trees pro-
duced from mitochondrial loci (Fig. 2), both in this study and previously
(Remigio and Duda, 2008; Puillandre et al., 2014). Similar patterns of
mito-nuclear discordance are clear when comparing these mitochon-
drial phylogenies with the nuclear tree generated recently by Phuong et
al (2019). Most immediately apparent is the rearrangement of
C. coronatus and C. judaeus. While mitochondrial data recover these
species as sisters in a clade positioned next to C. ebraeus and C. chaldaeus,
our nuclear tree places C. coronatus and C. aristophanes as sister species
and C. judaeus and C. ebraeus as sister species, and exhibits strong sup-
port for the node that separates members of the ebraeus clade from other
Virroconus species (Fig. 2). This is strongly indicative of mitochondrial
introgression between ancestors of C. coronatus and C. judaeus. We also
detected discordance within the miliaris clade in terms of the relation-
ships of C. abbreviatus, C. fulgetrum, and C. miliairis. While the mito-
chondrial tree reveals C. abbreviatus and C. fulgetrum as sister species,
C. abbreviatus and C. miliaris are sister species in the nuclear tree. Both
areas of mito-nuclear discordance-particularly involving C. coronatus
and C. judaeus-suggest avenues by which other genetic variation,
possibly adaptive, could have traversed species boundaries, an issue we
explore further below.

In addition, our results support recognition of C. fulgetrum as a spe-
cies that is distinct from C. miliaris, a result that was revealed previously
by Puillandre et al. (2014) with mitochondrial sequence data and then
later by Phuong et al. (2019) with nuclear sequence data. Although the
trees presented in the supplementary materials of Phuong et al., show
C. miliaris as two distinct lineages, one of the individuals represented in
the tree is a specimen of C. fulgetrum, while the other presumably rep-
resents C. miliaris.

4.2. Nuclear introgression in Virroconus

We targeted three subsets of species for analyses of introgression
based on initial patterns of discordance between nuclear and mito-
chondrial phylogenies. These analyses produced strong evidence for
several patterns of nuclear introgression among Virroconus species, both
expected and unexpected.

The pattern of introgression between C. judaeus and C. coronatus
suggested by mitochondrial data was reinforced by our nuclear dataset.
BCA and D-statistic tests both rejected ILS as an explanation for
discordant topologies that pair C. judaeus and C. coronatus as sister
species because the frequency of this topology is significantly higher
than those that pair C. chaldaeus with C. coronatus. Such strong
corroboration of the mitochondrial pattern of introgression from nuclear
loci indicates hybridization between ancestors of C. judaeus and
C. coronatus. The geographic distribution of these species offers one
possible explanation for this pattern. Vallejo (2005) suggests that Conus
underwent rapid speciation following the closure of the Tethys Sea,
radiating eastwards from the Indo-West Pacific. C. chaldaeus, C. ebraeus,
and C. coronatus all have widespread distributions throughout the Indo-
West Pacific, with the two former species occurring in the eastern Pacific
(Rockel et al., 1995); C. judaeus, however, is restricted to the Indian
Ocean and western Pacific Ocean. Hybridization is thought to be linked
with periods of rapid diversification (Seehausen, 2004). Our results
suggest a scenario in which the Indian Ocean lineage of the common
ancestor of the ebraeus clade hybridized with the ancestral lineage of
C. coronatus during the period of rapid diversification that occurred after
the closure of the Tethys, which ultimately led to the origin of C. judaeus.

Within the miliaris clade, our results hint at introgression among
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housekeeping loci, but failed to reject ILS as an explanation. Nonethe-
less, we did find evidence of introgression of conotoxin loci between
C. miliaris and C. fulgetrum based on analyses of Patterson’s D-statistic.
Unlike the judaeus-ebraeus taxon subset for which nuclear data reinforce
the pattern of introgression suggested by mitochondrial data, in the
miliaris clade the mitochondrial data suggest introgression between one
species pair (C. abbreviatus and C. fulgetrum) while the nuclear conotoxin
loci show introgression between another (C. fulgetrum and C. miliaris).

Despite substantial discordance within the ebraeus clade, we did not
find evidence of introgression of housekeeping loci among these three
species. Interestingly, the primary concordance tree produced by our
BCA for this clade matches the topology inferred from our mitochondrial
dataset and three of the random locus subset trees we inferred, placing
C. ebraeus sister to C. chaldaeus. Together with the low IQ-TREE gCF
values, these results leave the topology of the ebraeus clade unsettled.
Such strong discordance may result from incomplete lineage sorting.
However, our ability to confidently infer the relationships in this clade
was handicapped by low ortholog recovery from the C. ebraeus tran-
scriptome (13% ortholog representation). We need to examine a more
complete C. ebraeus transcriptome before making inferences about the
mechanism responsible for the nuclear discordance we observe in the
ebraeus clade.

4.3. Morphology and discordance

The mitochondrial phylogeny produced largely recapitulates topol-
ogies inferred by previous studies that conflict with morphological
variation present in Virroconus. The most striking of these are the sister
species relationships inferred for C. judaeus and C. coronatus and to a
lesser degree, C. fulgetrum and C. abbreviatus (Fig. 2a). Various aspects of
shell morphology and coloration distinguish C. judaeus from C. coronatus
(Fig. 1). Where the former is broadly conical, has a narrow aperture, and
has a grid-like pattern of roughly parallelogram black spots, the latter is
more ovate, with a wider aperture, and an irregular pattern of blotches
of brown-black pigment punctuated with small spots that resemble dots
and dashes (Rockel et al., 1995). C. judaeus and C. ebraeus, however, are
indistinguishable using shell morphology alone, requiring inspection of
radular teeth or DNA for reliable identification. Likewise, C. fulgetrum
and C. abbreviatus have quite distinct shell patterning, each bearing
some characteristics more similar to C. miliaris.

A shell collector arranging Virroconus species at a glance would
almost certainly arrive at a different conclusion than the mitochondrial
data, and our nuclear dataset would likely confirm her intuition, at least
in part. The tree derived from our concatenated nuclear gene super-
matrix resolves the incongruence between relationships inferred by
mitochondrial gene trees and patterns of morphological variation. In
particular, C. judaeus is united with C. chaldaeus and C. ebraeus in the
ebraeus clade (Fig. 2b). In addition, C. coronatus is recovered as the sister
species of C. aristophanes (Fig. 2b). Despite where taxon sampling differs,
these results are concordant with the topology recovered by Phuong et al
(2019).

These findings provide a useful roadmap that can be applied else-
where in Conidae, which contains several cryptic species complexes.
Conus flavidus, Conus frigidus, and Conus peaseii, for example, exhibit
mito-nuclear discordance, and would benefit from a treatment utilizing
multi-locus nuclear data (Lawler and Duda, 2017). More broadly, our
results show that conflicts between relationships inferred from molec-
ular phylogenies (especially those that use limited genetic data, such as
mtDNA) and morphological variation warrants a richer genetic dataset
to more completely reconstruct a group’s evolutionary history and to
determine if conflicts are due to introgression.

4.4. Implications for diversification in Conidae

Introgression provides avenues by which adaptive genetic variation
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may be exchanged among closely related species. Hybridization may
therefore stimulate diversification and the origin of adaptations by
producing novel gene combinations that enable occupation of different
niches. The evolutionary impact of hybridization and introgression is
highly context-dependent (Abbott et al., 2013), however, and the extent
to which it affects broader macroevolutionary patterns and the gener-
ation of biodiversity is subject to debate (Seehausen, 2004; Mallet,
2007). Empirical and theoretical work suggest that the novel combina-
tions of genetic and phenotypic variation produced by these processes
are often deleterious (Mayr, 1963; Rieseberg, 1995), but when hybrid
offspring encounter novel ecological conditions, such combinations may
confer a fitness advantage or open previously inaccessible niches,
thereby driving diversification (Anderson and Stebbins, 1954; Lewontin
and Birch, 1966). The effects of this on evolutionary trajectories are
increasingly well-documented and range from saltatory to incremental.
Between 2% and 4% of angiosperm speciation events are estimated to
have been the direct result of polyploidy resulting from hybridization,
demonstrating the near instantaneous diversifying effects of hybridiza-
tion (Otto and Whitton, 2000). Less dramatically, but perhaps more
widespread, adaptive introgression has been found to combine benefi-
cial alleles and accelerate diversification in a growing number of sys-
tems, including the Lake Victoria Region Superflock of cichlids (Meier
et al., 2017), Caribbean pupfishes (Richards and Martin, 2017), and
Heliconius bufferflies (Pardo-Diaz et al., 2012).

Venomous taxa are attractive systems to study how introgressed
genes confer novel phenotypes, especially because single genes, or small
cassettes of genes, may open entirely new dietary niches. In Mojave
rattlesnakes, for example, the presence or absence of five genes dictates
the difference between neurotoxic or hemorrhagic venom, with corre-
sponding differences in prey (Strickland et al., 2018). In Conus, piscivory
has evolved independently at least twice, and there are about 30 extant
fish-eating Conus species (Duda and Palumbi, 2004). A worm-eating
cone, Conus tessulatus, expresses a conotoxin peptide that is similar in
sequence and function to conotoxins from fish-eating cones, which
suggests that the peptide is an exaptation to a piscivorous feeding mode
(Aman et al., 2015). If genes like those described in Mojave rattlesnakes
and C. tessulatus were to leak through porous species boundaries, it is
conceivable that they could open new ecological niches to their re-
cipients. By revealing a history of hybridization in Virroconus, our study
lays a foundation for future explorations of this possibility. Such studies
could yield valuable insight into the diversification of Conidae, and the
process of adaptive radiation more generally.
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Appendix A

See Table Al

Table Al
Detailed information for each sample utilized in this study. Tissue types are abbreviated as either venom duct (VD) or osphradium (O).

Sample code  Species UMMZ catalog Sex  Tissue  Collection region Collection locale Latitude, Longitude Collection
# date
CebrOK033 Conus judaeus 304718 F VD Okinawa, Japan Cape Bise 26°42'33.9"N, Jun. 25, 2015
127°52'46.9"E
CebrOK035 Conus judaeus 304720 M VD Okinawa, Japan Cape Bise 26°42/33.9"N, Jun. 25, 2015
127°52'46.9"E
CebrOK014 Conus ebraeus 304699 M VD Okinawa, Japan Cape Bise 26°42/33.9"N, Jun. 25, 2015
127°52'46.9"E
CebrOK016 Conus ebraeus 304701 F VD Okinawa, Japan Cape Bise 26°42/33.9"N, Jun. 25, 2015
127°52'46.9"E
CebrOK008 Conus chaldaeus 304693 F [¢] Okinawa, Japan Sesoko Station B 26°38'02.8"N, Jun. 15, 2015
127°51'51.0"E
CabHO073 Conus abbreviatus 302257 M VD Hawaii, USA Maleakahana Beach Park 21°39'38.3"N, Jul. 7, 2009
157°55'39.9"W
CabHO075 Conus abbreviatus 302258 M VD Hawaii, USA Maleakahana Beach Park 21°39'38.3"N, Jul. 7, 2009
157°55'39.9"W
CcorAS019 Conus 303201 M VD American Samoa, Sliding Rock 14.35911°S, 170.779874°W Apr. 6, 2010
aristophanes USA
CcorAS038 Conus 303326 F VD American Samoa, Sliding Rock 14.35911°S, 170.779874°W Apr. 7, 2010
aristophanes USA
CantCV3 Conus mordeirae 300798 M VD Sal, Cape Verde Algodoeira Beach 16.6166700°N, 22.95°W Aug. 7, 2002
CantCV4 Conus mordeirae 300799 F VD Sal, Cape Verde Algodoeira Beach 16.6166700°N, 22.95°W Aug. 7, 2002
CregoCV5 Conus regonae 300822 F VD Sal, Cape Verde North of Rigona 16.85°N, 22.93333°W Aug. 11, 2002
CregoCV6 Conus regonae 300823 M VD Sal, Cape Verde North of Rigona 16.85°N, 22.93333°W Aug. 11, 2002
CmiliOK005 Conus fulgetrum 304875 F VD Okinawa, Japan Sesoko Beach 26°39'00.4"N, Jun. 22, 2015
127°51'21.6"E
CmiliOK006 Conus fulgetrum 304876 F VD Okinawa, Japan Sesoko Beach 26°39'00.4"N, Jun. 23, 2015
127°51'21.6"E
CmilAS023 Conus coronatus 303030 F VD American Samoa, Fatumafuti 14.9°S, 170.7°W Mar. 27, 2010
USA
CmilAS045 Conus coronatus 303167 M VD American Samoa, Tank Farm, Pago Pago 14.282522°S, Apr. 4, 2010
USA Harbor 170.679554°W
CmilEI120 Conus miliaris 302822 M VD Easter Island, Chile Hanga Roa 27.1°S, 109.4°W Nov. 2007
CmilEI165 Conus miliaris 302831 F VD Easter Island, Chile Hanga Roa 27.1°S, 109.4°W Nov. 2007
CmilEI202 Conus miliaris 302835 F VD Easter Island, Chile Hanga Roa 27.1°S, 109.4°W Nov. 2007
CmilEI283 Conus miliaris 302847 F VD Easter Island, Chile Hanga Roa 27.1°S, 109.4°W Nov. 2007
CmilEI329 Conus miliaris 302852 F VD Easter Island, Chile Hanga Roa 27.1°S, 109.4°W Nov. 2007
CmilEI381 Conus miliaris 302862 M VD Easter Island, Chile Hanga Roa 27.1°S, 109.4°W Nov. 2007
CmilEI388 Conus miliaris 302863 M VD Easter Island, Chile Hanga Roa 27.1°S, 109.4°W Nov. 2007
CmilEI400 Conus miliaris 302866 M VD Easter Island, Chile Hanga Roa 27.1°S, 109.4°W Nov. 2007
CmilGU075 Conus miliaris 302708 M VD Guam, USA Pago Bay 13.4°N, 144.8°E Jun. 10, 2008
CmilGU078 Conus miliaris 302709 F VD Guam, USA Pago Bay 13.4°N, 144.8°E Jun. 10, 2008
CmilGU085 Conus miliaris 302712 M VD Guam, USA Pago Bay 13.4°N, 144.8°E Jun. 10, 2008
CmilGU096 Conus miliaris 302715 F VD Guam, USA Pago Bay 13.4°N, 144.8°E Jun. 10, 2008
CmilGU100 Conus miliaris 302717 M VD Guam, USA Pago Bay 13.4°N, 144.8°E Jun. 10, 2008
CmilGU104 Conus miliaris 302719 F VD Guam, USA Pago Bay 13.4°N, 144.8°E Jun. 10, 2008
CmilGU117 Conus miliaris 302728 F VD Guam, USA Pago Bay 13.4°N, 144.8°E Jun. 10, 2008
CmilGU139 Conus miliaris 302733 M VD Guam, USA Pago Bay 13.4°N, 144.8°E Jun. 10, 2008
CmilAS014 Conus miliaris 303016 F VD American Samoa, Fatumafuti 14.9°S, 170.7°W Mar. 27, 2010
USA
CmilAS027 Conus miliaris 303062 M VD American Samoa, Fatumafuti 14.9°S, 170.7°W Mar. 28, 2010
USA
CmilAS028 Conus miliaris 303080 M VD American Samoa, Fatumafuti 14.9°S, 170.7°W Mar. 29, 2010
USA
CmilAS032 Conus miliaris 303091 M VD American Samoa, Fatumafuti 14.9°S, 170.7°W Mar. 30, 2010
USA
CmilAS035 Conus miliaris 303111 M VD American Samoa, Fatumafuti 14.9°S, 170.7°W Mar. 31, 2010
USA
CmilAS038 Conus miliaris 303118 F VD American Samoa, Fatumafuti 14.9°S, 170.7°W Apr. 1, 2010

USA

10
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