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Abstract

How early stages of speciation in free-spawning marine invertebrates proceed is poorly understood. The Western Pacific
abalones, Haliotis discus, H. madaka, and H. gigantea, occur in sympatry with shared breeding season and are capable of
producing viable F, hybrids in spite of being ecologically differentiated. Population genomic analyses revealed that
although the three species are genetically distinct, there is evidence for historical and ongoing gene flow among these
species. Evidence from demographic modeling suggests that reproductive isolation among the three species started to
build in allopatry and has proceeded with gene flow, possibly driven by ecological selection. We identified 27 differen-
tiation islands between the closely related H. discus and H. madaka characterized by high Fs; and d,, but not high dyy
values, as well as high genetic diversity in one H. madaka population. These genomic signatures suggest differentiation
driven by recent ecological divergent selection in presence of gene flow outside of the genomic islands of differentiation.
The differentiation islands showed low polymorphism in H. gigantea, and both high Fsy, dxy, and d, values between H.
discus and H. gigantea, as well as between H. madaka and H. gigantea. Collectively, the Western Pacific abalones appear to
occupy the early stages speciation continuum, and the differentiation islands associated with ecological divergence
among the abalones do not appear to have acted as barrier loci to gene flow in the younger divergences but appear
to do so in older divergences.
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Introduction the “speciation continuum” (Nosil 2012; Seehausen et al. 2014).

Long-distance gene flow in the ocean without apparent
physical barriers to it is expected to constrain population
differentiation and speciation (Palumbi 1992). In particular,
speciation in broadcast spawning marine invertebrates is
expected to be challenging due to extensive gene flow
(Bierne et al. 2003). However, these expectations are contra-
dicted by the high diversity of marine invertebrates in the
oceans. Hence, the question how speciation proceeds in the
oceans in the absence of geographic isolation remains an
important topic in marine biology (Bierne et al. 2003;
Palumbi 2009; Puebla 2009).

The process of speciation can be described as a continuum
of divergence leading to reproductive isolation, referred to as

The later stages of divergence along the speciation contin-
uum are characterized by the evolution of strong barriers
to gene flow between species. An example demonstrating
such barriers in broadcast spawning marine invertebrates is
the coevolution of interacting fertilization proteins, Lysin
in sperm and VERL in egg, in the North American abalones
(Clark et al. 2009). Many nonsynonymous substitutions
among abalone species in the Lysin- and VERL-coding
genes have been suggested to prevent interspecies fertili-
zation and cause reproductive isolation in the absence of
physical barriers to gene flow. This coevolution was hy-
pothesized to be caused by sexual conflict resulting from
polyspermy (Clark et al. 2009); that is, sperm evolves to
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increase fertilization efficiency, followed by the evolution of
eggs to decrease fertilization efficiency, thereby reducing
the fertilization of an egg with multiple sperms (i.e, poly-
spermy) which halts embryonic development. Previous
theoretical studies have suggested a model where sexual
conflict and ensuing coevolution of interacting fertilization
proteins also drive reproductive isolation in the early stages
of speciation in broadcast spawning marine invertebrates
(Van Doorn et al. 2001). In this model, intraspecific com-
petition for fertilization increases variance in male gamete
protein repertoire initiating speciation (Van Doorn et al.
2001). Therefore, interacting fertilization proteins may be
responsible for the initial reproductive isolation that even-
tually led to speciation of the North American abalones.
Ecological factors, such as habitat or temporal isolation, are
suggested to be fundamental mechanisms of speciation un-
der situations characterized by the absence of physical bar-
riers to gene flow (Nosil 2012). Barriers to gene flow evolving
between populations as a result of ecologically based diver-
gent selection have become known as “ecological speciation”
(Nosil 2012). Although this speciation process is expected to
be common in the early stages of speciation in marine envi-
ronments (Lessios 2007; Bester-van der Merwe et al. 2012;
Puritz et al. 2012, Rhode et al. 2013; Momigliano et al.
2017), examples of ecological speciation in the ocean are still
rare. According to the genomic view of ecological speciation,
gene flow is restricted at barrier loci (i.e, loci underlying eco-
logical isolation) clustered in a few genomic regions, but con-
tinued in the outside of these regions (speciation with gene
flow), leading to the emergence of peaks of genetic differen-
tiation surrounding the barrier loci (i.e, heterogeneous geno-
mic differentiation; Wu 2001; Feder et al. 2012). Also, the
speciation with gene flow model must further be

distinguished between models where there is no initial period
of allopatry or reduced gene flow (i.e, sympatric speciation)
and those where gene flow occurs after a substantial period of
independent evolution between diverging taxa (i.e, second-
ary contact; Cruickshank and Hahn 2014). However, empirical
genomic data demonstrating such heterogenous differentia-
tion and demographic processes in the early stages of marine
speciation are scarce (Palumbi 2009; Pogson 2016;
Momigliano et al. 2017). Hence, investigation of genome-
wide patterns of genetic differentiation at multiple stages of
the speciation continuum in the ocean has been called forth
(Puebla 2009; Miglietta et al. 2011).

Here, we focus on the speciation continuum in three spe-
cies of closely related Western Pacific abalones: Haliotis discus,
H. madaka, and H. gigantea (fig. 1A; Ino 1952). Of these, H.
discus is distributed widely along the coasts of the Japanese
archipelago and the Korean Peninsula, and it is classified into
two subspecies due to slight morphological differences in
dorsal surface of the shell (Ino 1952). Haliotis discus hannai
is distributed throughout northern Japanese and Korean
coasts, whereas H. discus discus has more southern distribu-
tion along Japanese and Korean coasts (Ino 1952; Hara and
Sekino 2005; Nam et al. 2021; fig. 1A). However, their geo-
graphic distribution ranges have not been accurately deter-
mined in Japan (fig. 1A). On the other hand, H. madaka and
H. gigantea tend to be endemic to the Japanese archipelago
and occur in sympatry with the subspecies H. discus discus in
the southern Japanese coast (fig. 1A) sharing the same breed-
ing season (Ino 1952). Previous genetic studies using allozyme
(Hara and Fujio 1992), mitochondrial DNA (An et al. 2005),
microsatellite DNA (Sekino and Hara 2007a), and the Lysin
gene (Lee and Vacquier 1995) variability have shown that the
three species are closely related but differ in the degree of
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Fic. 1. (A) Morphological and ecological features, as well as geographical distributions of the Western Pacific abalones in Japan. The scale bars in the
(A) corresponds to 2 cm. Arrows in the distribution map of Haliotis discus show boundary zones between the two subspecies, H. discus hannai and
H. discus discus. (B) Sampling locations of the Western Pacific abalones used in this study.
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divergence from each other; H. gigantea is genetically distinct
from H. discus and H. madaka. The three species are also
morphologically distinct and occupy different depth zones
(fig. 1A; Ino 1952; Itami et al. 1978; Sakai and Shimamoto
1978), but can produce viable F;, F,, and backcross generation
offspring in experimental settings (Koike et al. 1988; Ahmed et
al. 2008), suggesting that prezygotic and postzygotic isolation
is still incomplete. Hence, it appears that the Western Pacific
abalones in the Japanese archipelago may be in the early
stages of speciation triggered by ecological factors such as
the differences in habitat selection, providing an opportunity
to investigate the evolutionary processes and genomic archi-
tecture along the speciation continuum in broadcast spawn-
ing marine invertebrates.

To address how far speciation has proceeded along the
speciation continuum, we examined the patterns of genomic
divergence in the Western Pacific abalones using nuclear sin-
gle nucleotide polymorphism (SNP) loci obtained with a cost-
effective nontargeting polymerase chain reaction (PCR)-
based sequencing method, genotyping by random amplicon
sequencing, direct (GRAS-Di; Enoki and Takeuchi 2018;
Hosoya et al. 2019) and whole-genome sequencing, as well
as with mitochondrial genome sequencing. Based on these
genomic data, we examined the patterns and degree of ge-
nomic divergence among the three abalone species, with fo-
cus on identifying genomic regions showing evidence for
divergent selection. We also performed demographic model-
ing to infer divergence times and patterns of gene flow among
the three species based on analyses of the site-frequency
spectrum (SFS).

Results

Close Phylogenetic Relationships among the Western
Pacific Abalones

The RAXML tree (Stamatakis 2014) based on 46,366 SNP loci
common to the North American and the Western Pacific
abalones derived from whole-genome sequencing data sug-
gested that the genetic distances among the Western Pacific
abalones are very small in comparison to those among six
North American abalones (fig. 2A). This result suggests that
speciation of the Western Pacific abalones has occurred more
recently than that of the North American abalones which are
thought to be reproductively isolated (Clark et al. 2009).
Similarly, the RAXML tree of the Western Pacific abalones
based on 18,109 SNP loci derived from GRAS-Di demon-
strated small but clear genetic differentiation among H. discus,
H. madaka, and H. gigantea (fig. 2B). Given that the three
species are caught in sympatry by local fishermen in our study
sites (fig. 1B), the result suggests that the species are undoubt-
edly reproductively isolated.

However, the phylogenetic tree based on mitochondrial
genome data was not consistent with the phylogenetic tree
based on nuclear genomic data; whereas all H. gigantea indi-
viduals fell into one of the four clades, the other three clades
were shared among H. discus, and H. madaka populations (fig.
2C). Moreover, analysis of molecular variance (AMOVA)
based on mitochondrial genome data did not show genetic

differentiation between H. discus and H. madaka (AMOVA,
P > 0.05). These results may be attributed to the recent es-
tablishment of reproductive isolation between H. discus and
H. madaka and/or ongoing hybridization between these spe-
cies. Two mitochondrial haplotypes detected in two H.
madaka individuals were close to the H. gigantea clade and
located at basal positions (fig. 2C), suggesting that this hap-
lotype sharing is not attributable to recent hybridization.

Coevolution of Lysin- and VERL- Genes Is Not
Associated with Reproductive Isolation

Interspecies nonsynonymous substitutions in the Lysin and
VERL genes are involved in the reproductive isolation among
the North American abalones (Clark et al. 2009). Therefore,
interspecies nonsynonymous substitutions in the two genes
may be also associated with reproductive isolation among the
Western Pacific abalones. However, such nonsynonymous
substitutions within the Western Pacific abalones have
been reported only in the Lysin gene of H. gigantea (Lee
and Vacquier 1995); intraspecific polymorphisms in Lysin
genes of the Western Pacific abalones and substitutions in
VERL genes of the Western Pacific abalones have not been
investigated yet. Our gene annotation suggested that both of
Lysin (HDSCO1187: 6,572-33,666) and VERL (HDSC09152:
4,839-9,463) genes were included in the H. discus hannai
reference genome (Nam et al. 2017). Hence, we next exam-
ined whether nonsynonymous substitutions occur in the
Lysin and VERL genes of H. madaka and H. gigantea against
the H. discus hannai reference genome (Nam et al. 2017) using
whole-genome sequencing data.

Consistent with the results of the previous study (Lee and
Vacquier 1995), there were one synonymous and four non-
synonymous substitutions in the first exon of the Lysin gene,
for which positive selection was suggested (Clark et al. 2009),
in H. gigantea (supplementary table 1, Supplementary
Material online). In contrast, we found no nonsynonymous
substitution between H. discus and H. madaka in the Lysin
gene (supplementary table 1, Supplementary Material on-
line). In all species, intraspecific polymorphism was absent,
suggesting selective sweep in this gene as suggested in the
North American abalones (Clark et al. 2009). VERL comprised
22 protein repeats, and the first two repeats (repeat 1 and 2)
are the most different from other repeats. Among these
repeats, VERL repeat 2 is considered to play a role in
species-specific sperm selection (Galindo et al. 2003).
However, we found nonsynonymous substitution in the cod-
ing region of VERL repeats 1 and 2 neither in H. madaka nor
in H. gigantea, suggesting that the coevolution of Lysin and
VERL genes has not occurred in all Western Pacific abalones.
Therefore, this finding raises the possibility that some other
factors rather than the coevolution of fertilization proteins,
such as ecological factor(s), contribute to reproductive isola-
tion in the Western Pacific abalones.

Footprints of Recent and Historical Hybridization

Given the close phylogenetic relationships and shared mito-
genome haplotypes among H. discus, H. madaka, and H.
gigantea (figs. 2A-C), hybridization may have occurred
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Fic. 2. (A) ML tree of the Western Pacific and the North American abalones (Red: Haliotis rufescens, Pinto: H. kamtschatkana, White: H. sorenseni.
Black: H. cracherodii, Pink: H. corrugate, Green: H. fulgens) based on whole-genome sequencing data (46,366 SNP loci). (B) ML tree of the Western
Pacific abalones based on GRAS-Di data (18,109 SNP loci). (C) Neighbor-joining tree based on the mitochondrial genomes of the Western Pacific
abalones. The values in the nodes in (A)-(C) are bootstrap values. (D) Individual admixture proportions (g-values) among the Western Pacific
abalones estimated by ADMIXTURE. (E) D-statistics of the Western Pacific abalones (z-score [D-statistic/standard error] > 3). The Red abalone (H.

rufescens) was used as an outgroup in calculation of D-statistics.

among the three abalone species. To get insight into this
possibility, we set to evaluate the degree of gene flow among
the three abalone species. In clustering analyses using
ADMIXTURE (Alexander et al. 2009) with GRAS-Di data,
the cross-validation error reached a plateau at around
K =4 (supplementary fig. 1, Supplementary Material on-
line). When assuming K=4, H. discus was assigned into
two genetic clusters corresponding to H. discus hannai
and H. discus discus, and these two genetic clusters admixed
in putative boundary zones (fig. 2D). Haliotis madaka and H.
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gigantea were also assigned into different genetic clusters
(fig. 2D), suggesting limited gene flow among three abalone
species.

However, the H. madaka population in Sado showed clear
signatures of genomic introgression from H. discus discus in
the ADMIXTURE plot (fig. 2D). For each of the putative hy-
brid individuals of H. madaka population in Sado, we geno-
typed 76 SNP loci in 46 scaffolds (parts of these SNP loci are
located closely to each other in same scaffold) that were fixed
for different alleles in each of H. discus and H. madaka.
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Consistent with the ADMIXTURE results, the genotype data
based on the 76 SNP loci showed clear signatures of allele
sharing between H. discus and the Sado population of H.
madaka (supplementary fig. 2, Supplementary Material on-
line). One can expect that first-generation (F;) hybrids would
be consistently heterozygous at nearly all of the 76 SNP loci.
However, because all of the putative hybrids failed to conform
to this expectation, they could be second-generation (F,)
hybrids,  backcrosses, or later-generation  hybrids.
NewHybrids analysis (Anderson and Thompson 2002) based
on 76 SNP loci assigned four putative hybrids to be back-
crosses to H. madaka, and five putative hybrids to be pure H.
madaka with 100% posterior probability (supplementary ta-
ble 2, Supplementary Material online). Given that H. discus
discus and H. madaka are co-distributed in Sado, it can be
inferred that H. discus discus and pure (or nearly pure) H.
madaka have hybridized and even backcrossed to H. madaka
there recently. It is notable that number of inter-scaffold SNP
pairs showed high r* values (>>0.5). This suggests that they are
either in close physical proximity of each other, or strong
positive selection due to possible functional associations
maintains this high linkage disequilibrium (LD) (supplemen-
tary table 3, Supplementary Material online). Although
ADMIXTURE analyses did not find any evidence of hybridi-
zation except in H. madaka in Sado, ABBA-BABA analyses
based on whole-genome sequencing data showed signals of
hybridization among H. discus discus, H. madaka, and H.
gigantea, which overlap in their geographic distributions (z-
score [D-statistic/standard error] > 3; fig. 2E). Altogether,
these findings suggest that the strength of reproductive iso-
lation between H. discus and H. madaka varies regionally and
that the Western Pacific abalones have hybridized historically.

Demographic Modeling Supported Speciation-with-
Gene Flow Model
The aforementioned genomic analyses implied that the
Western Pacific abalones have speciated in the face of gene
flow. To test this hypothesis, we performed demographic
modeling based on the SFS using fastsimcoal2 (Excoffier et
al. 2013). In this analysis, we used GRAS-Di data from sym-
patric H. discus discus, H. madaka (except for the Sado pop-
ulation with recent hybridization), and H. gigantea
populations. First, we compared nine demographic models
(fig. 3A); one model assumed no gene flow during the speci-
ation process (Model 1), whereas the other eight models
(Models 2, 3,4, 5,6, 7,8, and 9) assumed gene flow in different
pairs of species or an ancestor. To simplify the models, we
assumed constant population size for each species. The high-
est log-likelihood and lowest Akaike information criterion
(AIC) were obtained for Model 9 (fig. 3A and C). Model 9
assumed speciation with gene flow for both the initial diver-
gence of H. gigantea and subsequent divergence between H.
discus discus and H. madaka, and gene flow between H. discus
discus and H. gigantea, and between H. madaka and H. gigan-
tea, which is consistent with the result of ABBA-BABA anal-
yses (fig. 2E).

For speciation with gene flow model, we must further
distinguish between models where there is no initial period

of allopatry or reduced gene flow (i.e, sympatric speciation)
and those where gene flow occurs after a substantial period of
independent evolution between diverging taxa (i.e, second-
ary contact; Cruickshank and Hahn 2014). Hence, we com-
pared the Model 9 with its derivate model that assumes
allopatric phase or reduced gene flow in the divergence event
between H. discus discus and H. madaka (Model 10), and
higher log-likelihood and lower AIC were obtained for
Model 10 (fig. 3B and C). Next, we compared Model 10
with its derivate model that assumes allopatric phase or re-
duced gene flow between H. gigantea and an ancestor of H.
discus discus and H. madaka (Model 11), and the higher log-
likelihood and lower AIC were obtained for Model 11 assum-
ing secondary contact between H. gigantea and an ancestor of
H. discus discus and H. madaka (fig. 3B and C). Consequently,
demographic modeling suggested that both speciation events
in the Western Pacific abalones started with allopatric or
reduced gene flow phase followed by secondary contact.

The parameter estimates based on Model 11 show an
interesting pattern of gene flow; the rate of gene flow from
H. discus discus to H. madaka was higher than that from H.
madaka to H. discus discus (fig. 3D). This pattern is consistent
with the results of the clustering analyses using ADMIXTURE,
which suggested genomic introgression from H. discus discus
to H. madaka abalones in Sado (fig. 2D). Although the H.
madaka population in Sado was not included in this demo-
graphic modeling, this suggests that directional genomic in-
trogression may have occurred there too.

Potential Genomic Regions Resistant to Gene Flow
Given the close relationship (median Fst = 0.007; fig. 4) as
well as historical and ongoing hybridization between H. discus
and H. madaka, highly divergent genomic regions between H.
discus and H. madaka are candidate targets of divergent se-
lection, that is, “barrier loci” (Feder et al. 2012). The above
mentioned 76 SNP loci that were fixed for different alleles in
H. discus and H. madaka (except for Sado population) are
such candidates (fig. 4). To identify such genomic regions
further, we performed SNP-based genome scans based on
GRAS-Di data using pcadapt (Luu et al. 2017), Fdist
(Beaumont and Nichols 1996), BayeScan (Foll and Gaggiotti
2008), and FLK (Bonhomme et al. 2010) using all H. discus and
H. madaka individuals. As a result, we found 148 outlier SNP
loci (16 fixed SNP loci were also included) that were detected
by all four methods (fig. 4). Similarly to loci fixed to different
alleles between H. discus and H. madaka, some of these outlier
SNP loci also showed high inter-scaffold r* values (>0.5) in H.
madaka in Sado (supplementary table 4, Supplementary
Material online).

We next investigated whether the 76 fixed and the 148
outlier SNP loci were located in divergent genomic regions
identified with the aid of 5.9 million SNP loci obtained from
the whole-genome sequencing data. We did this by searching
divergent genomic regions (in 20-kb windows) showing up in
the top 1% of the Fsr distribution between H. discus and H.
madaka. This search yielded 23 fixed and 30 outlier SNP loci
overlapping divergent genomic regions in 27 different scaf-
folds (fig. 5A; table 1; henceforth referred to as “23 divergent
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SNP loci,” “30 selected outliers” and “27 differentiation
islands” [Burri 2017]). The number of these overlaps were
confirmed to be significantly higher than expected on the
basis of random sampling of SNP loci (max. 6 overlapping
loci for 148 SNP loci and max. 4 overlapping loci for 76 SNP
loci; P < 0.001). Observed heterozygosity in the 30 selected
outliers, as well as that in the 23 divergent SNP loci, was lower
than that of other loci in all populations with the exception of
H. madaka population in Sado where genomic introgression
from H. discus was detected (fig. 5B). Nucleotide diversity (pi)
in 27 differentiation islands was also lower than other geno-
mic regions in all abalones, suggesting that these islands are
under divergent selection (fig. 5C).

If the 27 differentiation islands have been involved in re-
ducing gene flow between sympatric H. discus and H. madaka
since the early stages of divergence, they are expected to show
both high Fsr and high absolute sequence divergence (dyy:
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Nei and Li 1979) as pointed out by Cruickshank and Hahn
(2014). This is because divergence is expected to be initiated
in the regions with reduced gene flow, resulting in both high
Fst and elevated nucleotide divergence. To test this, we esti-
mated dyy for the 27 differentiation islands. Unexpectedly,
the values of dyy of the identified differentiation islands were
not significantly higher than the genomic background
(Wilcoxon rank-sum test; P > 0.05; fig. 5D; table 1). On the
other hand, 4 of the 27 differentiation islands (scaffolds
HDSC00375, HDSC01503, HDSC01562, and HDSC04393)
had dyy values above the 90th percentile of the genome-
wide distribution (table 1). Because introgression from H.
gigantea to either H. discus or H. madaka can also elevate
both Fsr and dxy (Jones et al. 2018; Oziolor et al. 2019), the
possibility of introgression in 27 differentiation islands was
evaluated based on sliding-window-based f-statistics, a mod-
ified version of ABBA-BABA statistics (Martin et al. 2015). Of
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Fic. 4. Histograms of site-Fsy values of all SNPs (left), 76 fixed SNPs (middle), and 148 common outlier SNPs (right).

the four differentiation islands with both high Fs; and high
dyy, differentiation islands within the HDSC01562 and
HDSC04393 scaffolds showed high f, values above 90th per-
centile, suggesting that they might originate from introgres-
sion (table 1). Consequently, only two of the differentiation
islands (in scaffolds HDSC00375 and HDSC01503) exhibited
features of high Fsr and high dxy expected from barrier loci
allowing speciation with gene flow.

Although dyy between H. discus and H. madaka in the 27
differentiation islands was not high, the values of d (Nei and
Li 1979) were significantly higher than the genomic back-
ground (Wilcoxon rank-sum test; P < 0.05; fig. 5E; table 1).
d value is obtained by subtracting pi of the two lineages from
dxy, and this measure captures pairwise differences that arose

since the lineage split (Burri 2017). Therefore, the high da
value suggests that although nucleotide divergence between
H. madaka and H. discus due to divergent selection has cer-
tainly been accumulating in the differentiation islands, rela-
tively high within-species pi have elevated absolute dyy in
their genomic backgrounds (fig. 5C) and lead to the low
dyy in the differentiation islands.

Several previous studies demonstrate that high Fsr is sel-
dom associated with high dyy (Cruickshank and Hahn 2014).
Such pattern of differentiation can be caused by recurrent
background selection before and after speciation, but not by
reduced gene flow (Begun et al. 2007; Cruickshank and Hahn
2014; Burri 2017; Ravinet et al. 2017). If background selection
has contributed to high Fst and unaffected dyy in
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differentiation islands, comparisons between H. discus and H.
gigantea, and between H. madaka and H. gigantea should also
show high Fst and unaffected dyy because background selec-
tion is not expected to be a lineage-specific (Burri 2017).
However, contrary to this expectation, these Fst and dyy
values exceeded significantly the genomic background levels
as well as d values (Wilcoxon rank-sum test; P < 0.05; fig. 5F—
H; table 1). In addition, pi in each of 27 differentiation islands
was low in not all species (table 1). These results suggest that
background selection cannot explain unaffected dyy between
H. discus and H. madaka and that most of the differentiation
islands have reduced gene flow between H. gigantea and H.
discus or H. madaka, with older divergences. On the other
hand, one differentiation island (in scaffold HDSC04994)
showed low pi in all three species and unaffected dyy in all
species pairs, and thus, this island may have been generated
by background selection. In addition to background selection,
local adaptation following or unrelated to speciation has also
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been suggested to result in high Fst and unaffected dyy values
(Cruickshank and Hahn 2014; Ravinet et al. 2017). However,
given high Fs and high dyy between H. discus and H. gigantea,
and between H. madaka and H. gigantea, it is unlikely that the
27 differentiation islands are involved in local adaptation of H.
madaka and H. discus.

The 27 differentiation islands included 13 annotated genes
(table 1). Among these genes, the 26S proteasome non-
ATPase regulatory subunit 10 (PSMD10) that was included
in the differentiation island of HDSC 06434 has been reported
to change oxidative stress-related pathways in the muscle of
the white leg shrimp Litopenaeus vannamei in response to
increased salinity (Wang et al. 2015). Also, the Ankyrin gene,
the motif of which is included in PSMD10, is a candidate gene
of local adaptation in Red abalone (De Wit and Palumbi
2013). Therefore, this gene might be related to the adaptive
differentiation also in Western Pacific abalones. Indeed, SnpEff
(Cingolani et al. 2012) analyses revealed the presence of
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divergent nonsynonymous substitutions among the three
abalones in PSMD10 genes. Each species has different combi-
nations of these substitutions, that is, haplotypes, which may
be associated with the expression of different phenotypes
among the three abalone species (supplementary fig. 3,
Supplementary Material online). Other genomic regions
also include functionally interesting genes (table 1). For ex-
ample, the sex peptide receptor (SPR) that included in the
differentiation island of HDSC00375 scaffold has been stud-
ied in the fruit fly D. melanogaster, and it has an important
function in determining reproductive behavior (Yapici et al.
2008). Nowland et al. (2019) suggested that this gene may
play a role in adaptive differences between the tropical
black-lip rock oyster populations. Many genes of solute car-
rier family (SLC) differentially expressed in hyposalinity- and
temperature-stressed oysters (Ertl et al. 2019), and solute
carrier family 6 member 14 (SLC6A14) was included in one
differentiation island of the HDSC01400 scaffold.

Extension of Haliotis discus hannai Reference Genome
Based on Linkage Information

The genome assembly of H. discus hannai used in this study
(Nam et al. 2017) is fragmented (scaffold
N50 = 211,346 bp). The reason for this is that Haliotis spe-
cies have the largest sequenced genomes among gastro-
pods (~1.9 Gb in H. discus hannai), making it impossible to
infer genome-wide distribution of the detected differentiation
islands. More contiguous genome assemblies of H. rufescens
(scaffold N50=1,895871bp) and H. rubra (scaffold
N50 = 1,227,833 bp) have been obtained using the Chicago
method and Nanopore sequencing (Gan et al. 2019
Masonbrink et al. 2019). Nevertheless, chromosome-level ge-
nome assemblies of Haliotis have not been available. To over-
come this limitation, we increased the contiguity of H. discus
hannai genome using linkage information from a full-sib family
bred in captivity. This family has been used for linkage map
construction with microsatellite DNA markers (Sekino and
Hara 2007b). The parents and 96 full-sibs were genotyped for
175,768 SNP loci across the genome using the GRAS-Di
method, and these SNP loci were used for scaffolding with
SELDLA, which extend scaffolds based on linkage maps gener-
ated with low-depth sequencing data (Yoshitake et al. 2018).
We determined locations of 4,345 scaffolds and orientations of
1,149 scaffolds out of 80,105 scaffolds, representing 54.3% and
24.7% of the H. discus hannai genome sequences, respectively.
This extension led to 21-fold increase in N50 (scaffold
N50 = 4,499,196 bp). The extended scaffolds were further an-
chored onto 18 linkage groups (LGs; Sekino and Hara 2007b)
and assembled using the linkage maps with 167 microsatellite
DNA markers (Sekino and Hara 2007b) with ALLMAPS (Tang
et al. 2015). High collinearity (Pearson correlation coefficient >
0.9) of the locations of microsatellite DNA markers was indi-
cated in 12 LGs, but not in six LGs (LGO04, 11, 12, 14, 15, and 16;
supplementary fig. 4, Supplementary Material online).
Moreover, dot plots comparing the 18 LGs with 26 H. rufescens
and 8 H. rubra scaffolds larger than 5 Mb indicated successful
alignment of LGO1, LGOS, and LG11 (supplementary figs. 5 and
6, Supplementary Material online). Although there are still
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limitations in the quality of the extended genome, we were
able to map 10 of the 27 differentiation islands into LGO1, LG02,
LG04, LG07, LG11, LG13, LG16, and LG17 of the extended H.
discus hannai genome (table 1). Furthermore, we observed high
interchromosomal LD among divergent SNP loci/selected out-
liers in H madaka in Sado (supplementary fig. 7,
Supplementary Material online), which can be suggestive of
positive selection maintaining functional associations among
distant loci.

Discussion

Speciation with Gene Flow Model Fits the Western
Pacific Abalones
Our population genomic analyses revealed that the sympatric
Western Pacific abalones are genetically distinct even though
they are capable of hybridization with high fertility (Koike et
al. 1988; Ahmed et al. 2008). We found no nonsynonymous
substitutions in the Lysin and VERL genes between the most
closely related H. discus and H. madaka (supplementary table
1, Supplementary Material online). For H. gigantea that di-
verged from a common ancestor of H. discus and H. madaka,
several nonsynonymous substitutions were identified in the
Lysin gene but not in the VERL gene. These findings suggest
that the coevolution of fertilization proteins is not the main
factor for the nearly complete reproductive isolation of the
Western Pacific abalones in the wild. On the other hand, each
of the three abalone species occupies different depth zones
(fig. 1A). A previous study suggested that fertilization rates of
abalones decrease when the physical distance between males
and females is about 2 m or more during spawning (Babcock
and Keesing 1999). Also, although geographical distributions
of H. discus and H. madaka overlap, Sakai and Shimamoto
(1978) reported slight differences in the microgeographical
distribution of these species. Therefore, it seems likely that
reproductive isolation of the Western Pacific abalones is
caused by ecological factors, such as habitat separation.
Although the three species are genetically distinct and re-
ciprocally monophyleticc, ABBA-BABA analyses suggested
historical hybridization among all three species. This inference
was backed up by results of demographic modeling, suggest-
ing that the speciation of these taxa could have occurred in
the face of gene flow (cf, Nosil 2012). Given the extensive
sharing of mitogenome haplotypes between H. discus discus
and H. madaka, as well as clear signs of introgression from H.
discus discus to H. madaka in one H. madaka population
shown by clustering analyses and demographic modeling,
the reproductive isolation between the sympatric H. discus
discus and H. madaka is still developing in the face of spatially
varying interspecies gene flow. Also, lack of shared mitogenome
haplotypes and admixture in the clustering analyses suggest
that recent hybridization has not occurred, or has rarely oc-
curred, between H. gigantea and H. discus discus/H. madaka,
but demographic modelling results indicated that hybridization
between these species has occurred during their speciation
processes, suggesting speciation-with-gene flow in the
Western Pacific abalones. Our demographic modeling also sug-
gested secondary contact in both speciation events, suggesting
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that initial allopatric or reduced gene flow phase is important
for speciation in the free-spawning marine invertebrates. This
implies that marine invertebrate speciation consists of allopat-
ric and sympatric phases, which conforms to traditional ideas
in ecological speciation (Rundle and Nosil 2005).

Past phylogenetic analyses suggested close genetic rela-
tionships between the Western Pacific and North American
abalones (Lee and Vacquier 1995; Streit et al. 2006), and North
American abalones are considered to have more derived mor-
phological characters than the Western Pacific abalones
(Geiger and Groves 1999). Based on this, the Western
Pacific abalones are considered to have diverged from the
amphi-Pacific abalones, which radiated in California during
glacial cycles (Geiger and Groves 1999). This hypothesis is in
line with the result of our phylogenomic analyses. Although it
is difficult to estimate the divergence times among the
Western Pacific abalones because information on the muta-
tion rates of marine invertebrates is limited, our demographic
modeling using the human mutation rate (2.5x 10~ %
Nachman and Crowell 2000) suggests that H. gigantea di-
verged 14 million years ago (Ma) and H. discus and H. madaka
diverged 3 Ma assuming generation time of 3 years (H. discus
in the wild reach sexual maturity as 3- or 4-year-olds; Yu et al.
2018). Fossil records of H. discus and H. gigantea in Pliocene
have been reported (Geiger and Groves 1999). It is notable
that 14 Ma is the time when the Sea of Japan opened by the
rotation of the Japanese archipelago (Chinzei 1986) and that 3
Ma corresponds to the time after which the Sea of Japan was
repeatedly closed (Tada 1994). These paleogeographic isola-
tion events of the Sea of Japan have led to several allopatric
divergences in coastal species (Kojima et al. 1997, 2004;
Akihito et al. 2008; Kokita and Nohara 2011; Hirase et al.
2012; Hirase and lkeda 2014). Therefore, speciation of
Western Pacific abalones in Japanese archipelago might
have started before the Pleistocene due to these complex
paleogeographic events (Kitamura et al. 2001; Kitamura and
Kimoto 2006), and interspecific gene flow has continued until
now.

It is noteworthy that relatively more nonsynonymous sub-
stitutions than synonymous substitutions in the Lysin gene
were detected only in H. gigantea that diverged first. This
means that the evolution of Lysin and VERL begins after
long-term ecological separation of H. gigantea, and which is
consistent with the assumption that allopatry is the essence
of coevolution of gamete recognition (Palumbi 2009). This
coevolution was hypothesized to be induced by sexual con-
flict resulting from polyspermy (Clark et al. 2009), and poly-
spermy is more likely to occur in high population density.
One common ecological situation in which population den-
sities might increase is when a species invades a new habitat
(Palumbi 2009). Therefore, we can speculate that long-term
ecological separation and increase of population density
of H. gigantea led to sperm competition and evolution of
Lysin gene with selective sweep as suggested by Clark et al.
(2009). Alternatively, given that continued gene flow between
H. gigantea and other two species, reinforcement driven

by hybrid disadvantage may also be involved in the
Lysin evolution (Palumbi 2009). In any case, the absence of
any mutations in VERL suggests that the evolution of fertili-
zation genes after ecological separation is ongoing in H.
gigantea.

Differentiation Islands of the Western Pacific Abalones
Under a secondary contact scenario fitting to the Western
Pacific abalones, genomic differentiation first builds up over
time due to genetic drift during a period of geographical
isolation. After secondary contact, gene flow between popu-
lations gradually erodes differentiation outside barrier loci and
regions with increased background selection (Cruickshank
and Hahn 2014; Burri 2017; Ravinet et al. 2017). Whether
differentiation becomes erased in most genomic regions or
only in a few depends on the level of gene flow and the
duration of allopatric isolation. The low-level differentiation
between H. discus and H. madaka (fig. 4) appears to fit to the
former scenario with the 27 differentiation islands represent-
ing possible barrier loci. Previous studies suggest that loci
causing speciation with gene flow are likely to be located in
relatively few linked clusters within the genome (Feder et al.
2012; Cruickshank and Hahn 2014). Extension of the reference
genome of H. discus hannai based on linkage information
made it possible to investigate the genomic locations of the
27 differentiation islands, and to discover that the candidate
genomic regions were located at least in eight different LGs.
Therefore, our data suggest that genomic regions responsible
for abalone speciation are distributed in multiple chromo-
somes, even if the species are at early stages of speciation
continuum.

A key prediction of speciation with gene flow model is that
causal loci of speciation should have both high relative diver-
gence (Fsr) and absolute divergence (dxy; Cruickshank and
Hahn 2014). However, dxy values of most of the differentia-
tion islands between most closely related H. discus and H.
madaka were not high in comparison to other regions.
Background selection has been identified as a mechanism
generating such pattern of differentiation (Cruickshank and
Hahn 2014; Burri 2017). However, background selection is not
likely to explain this differentiation pattern because high Fst
and low dyy were specific for the pair of most closely related
H. discus and H. madaka. Contrary to the dyy, the d5 between
H. discus and H. madaka was relatively high in the differenti-
ation islands. The likely explanation for relatively low dyy in
the differentiation islands is recent ecological selection, which
reduces pi in H. discus and H. madaka, whereas continued
gene flow in the genomic background can likely explain the
relatively high pi for these two species. These findings are
consistent with a simulation study of Cruickshank and
Hahn (2014) showing that there is a difference in the power
of Fst and dxy in identifying barrier loci contributing to recent
divergences in the presence of high gene flow. On the other
hand, the differentiation islands showed high dyy as well as
Fst and d values between H. discus and H. gigantea, as well as
between H. madaka and H. gigantea, suggesting that the low
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background pi in H. gigantea is due to long-term isolation (cf,
fig. 5C).

The H. madaka population in Sado with enhanced geno-
mic introgression from H. discus showed high observed het-
erozygosity in 23 divergence and 30 outlier loci within the 27
differentiation islands. In particular, genomic introgression in
the differentiation islands around 23 divergence loci seems
robust because these loci were fixed for different alleles in
each of H. discus and H. madaka. Simultaneously, this popu-
lation showed high interchromosomal LD, which supports
the hypothesis that these genomic regions are associated
with reductions in hybrid survival and reproductive isolation
(Bradbury et al. 2014). These findings suggest that the differ-
entiation islands are indeed associated with the ecological
divergence between H. discus and H. madaka, but have not
worked as stable barrier loci between the two species (cf, Han
et al. 2017); temporal and/or spatial weakening of the eco-
logically based divergent selection has facilitated gene flow
and prevented accumulation of fixed differences. Available
evidence suggests that fluctuating selective pressures are a
widespread phenomenon (e.g, Nosil 2012). All this said, the
observed high Fsr, dyy, and da characterizing differentiation
between H. gigantea and H. discus or H. madaka suggest that
the differentiation islands are likely to work as barrier loci on
longer time scales.

In conclusion, our findings suggest that the Western Pacific
abalones, H. discus, H. madaka, and H gigantea, are going
through speciation-with-gene flow under ecological separa-
tion, which was initiated in allopatry. Speciation in the
abalones has proceeded to different stages in different species
pairs: Barriers to gene flow are incomplete among the younger
divergence of H. discus and H. madaka but fairly complete in
the case of older divergences of H. gigantea and other two
species in which evolution of fertilization proteins has taken
place. Hence, the Western Pacific abalones provide insight
into the genomic processes taking place in the early phase
of speciation continuum before coevolution of interacting
fertilization proteins has started.

Materials and Methods

Samples

From 2000 to 2008, we collected abalone individuals from 15
sampling locations along the coastline of Japan (fig. 1B; sup-
plementary table 5, Supplementary Material online). These
samples were provided by local fishermen, and species iden-
tification was conducted by us. Hatiois discus is classified into
two subspecies, H. discus hannai and H. discus discus on the
basis of sampling locations (Ino 1952; see fig. 1A for their
geographic distributions). This is because these two subspe-
cies show only slight morphological difference in dorsal sur-
face of the shell (Ino 1952), and hence, are difficult to
distinguish based on morphological features. Therefore, we
assigned H. discus populations into H. discus hannai, H. discus
discus, and into boundary populations based on the geo-
graphic location of the sampling sites (Ino 1952). Tissue sam-
ples of the Red abalones (H. rufescens) from California were
used as outgroups. For all species, DNA was extracted from
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foot muscles using the phenol/chloroform method with
TNES-urea buffer (Asahida et al. 1996) or Gentra Puregene
Tissue Kit (QIAGEN) and stored at —30 °C before analyses.

Mitogenome Sequencing and Analyses

Primer sets for PCR used for mitochondrial DNA sequencing
were designed for 15 genes, including COI, COIl, COIll, ND1, ND2,
ND3, ND4, ND4L, ND5, ND6, ATP6, ATP8, Cyt b, 12SrRNA, and
16SrRNA (supplementary table 6, Supplementary Material on-
line). PCR mixture (26 ul) contained 50 ng of template DNA,
2.5 ul of 10x Blend Tag-Plus- Buffer, 0.25 pl of Blend Tag-Plus-
polymerase (065 units) (Toyobo), 25l of dNTPs Mixture
(2mM), and 1 ul of each primer (50 uM). Thermal cycling in
PCR consisted of initial denaturation at 94 °C for 2 min, followed
by 35 cycles of 94 °C for 30, 53 °C for 30's,and 72 °C for 1 min.
The PCR products were purified with AMPure XP Kit (Beckman
Coulter) and were bidirectionally sequenced with the BigDye
Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher
Scientific) in combination with an ABI 3730 capillary sequencer
(Thermo Fisher Scientific) using the forward and reverse primers
used for PCR.

Sequences were aligned using ClustalW in the MEGA 5
with default parameters. DNAcollapser of FaBox (Villesen
2007) was used to assign individuals to respective haplotypes.
Obtained haplotype sequences were deposited to the EMBL/
DDBJ/GenBank database. The length of the concatenated
sequences (13 protein and 2 rRNA-coding genes) was
trimmed to 7,837 base pairs due to the poor quality of
sequences in some individuals. Neighbor-joining tree
(Saitou and Nei 1987) was constructed in MEGA 5
(Tamura et al. 2011) using the Jukes—Cantor distance mea-
sure (Jukes and Cantor 1969), with an option of 95%-cutoff
partial deletion. The statistical credibility of the resulting tree
was evaluated with 1,000 bootstrap replications. We note
that the Jukes—Cantor distance performs well in estimating
phylogenetic relationships among closely related lineages (Nei
and Kumar 2000; Hirase et al. 2016). Genetic differentiation
among species was assessed by AMOVA (Excoffier et al. 1992)
using Arlequin ver. 3.5 (Excoffier et al. 2005).

GRAS-Di Sequencing

The GRAS-Di method, which was developed by Toyota
Motor Corp. (Enoki and Takeuchi 2018), was used for
genome-wide DNA sequencing. The patent for GRAS-Di is
currently available under the license agreement or contract-
based analysis services. This method generates a sequence
library consisting of amplicons created by two rounds of
PCR using random primers and sequence adapter sequences.
The final PCR product is purified using either columns or
magnetic beads without size selection, and then sequenced
on an lllumina platform. This simple method allowed us to
obtain the genotypes at several thousands of loci across the
genome. Details of this method are given in Hosoya et al.
(2019). All library constructions and sequencing were carried
out at Eurofins Japan. The GRAS-Di reads were filtered by
Trimmomatic ver. 038 (-phred33 ILLUMINACLIP TruSeq3-
SEfa:2:40:15 LEADING:10 TRAILING:10 SLIDINGWINDOW:4:20
MINLEN:32) to remove lllumina adapters and low-quality


https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab194#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab194#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab194#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab194#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab194#supplementary-data

Speciation with Gene Flow in Abalones - doi:10.1093/molbev/msab194

MBE

regions. The filtered reads were aligned to the H. discus hannai
genome sequence (Nam et al. 2017) using the BWA-MEM
algorithm in BWA ver. 0.7.8 (Li and Durbin 2009) with default
settings, followed by local realignment around indels by GATK
ver. 3.7 (McKenna et al. 2010) with default settings. After these
alignment procedures, multimapped reads (indicated by “XA”
and “SA” tags in their BAM records) were removed. Mapping
statistics are shown in supplementary table 7, Supplementary
Material online. SNPs were called using SAMtools ver. 1.9 mpi-
leup and bcftools and filtered using VCFtools ver. 0.1.12 (-
minQ 20 -remove-indels —maf 0.05 -max-alleles 2 —min-
meanDP 15 -minDP 10) (Danecek et al. 2011). The MAF filter-
ing option was omitted when we generated a vcf file for de-
mographic modeling. To remove potential genotyping errors
(e.g, due to allele dropout), SNP loci were removed if the pro-
portion of missing genotypes was >10% at least in one of five
genetic groups (H. discus hannai, boundary populations of H.
discus hannai and H. discus discus, H. discus discus, H. madaka,
and H. gigantea) that were pruned using pop_missing_filtersh
of dDocent ver. 2.2.7 package (Puritz et al. 2014). Finally, SNP
loci that showed departure from the Hardy—Weinberg equilib-
rium (P < 0.001) in all genetic groups were removed using the
script filter_hwe_by_pop.pl of the dDocent package. (Of note,
no SNP locus was filtered with this criterion.)

Whole-Genome Sequencing

Genome sequencing was performed for the four abalone spe-
cies (supplementary table 8, Supplementary Material online)
using lllumina HiSeq X Ten with the 250-bp paired-end pro-
tocol. All library construction and sequencing were carried
out at BGI, China. The paired-end reads were filtered by
Trimmomatic to remove the adapter, lllumina-specific
sequences and low-quality regions (-phred33 ILLUMINACLIP
TruSeq3-SE.fa:2:40:15 LEADING:10 TRAILING:10
SLIDINGWINDOW:4:20 MINLEN:32). The filtered paired-end
reads were aligned to the H. discus hannai genome sequence
(Nam et al. 2017) using the BWA-MEM algorithm in BWA
with default settings, followed by local realignment around
indels by GATK ver. 3.7 with default settings. Multimapped
reads were removed in the same manner as described above.
Mapping statistics are shown in supplementary table 8,
Supplementary Material online. SNPs were called using
SAMtools mpileup (-Q 30) and bcftools, and filtered using
VCFtools (-minQ 20 —remove-indels —maf 0.05 —max-alleles 2
—minDP 6 -max-missing-count 1).

Gene Prediction and Annotation of H. discus hannai
genome

We downloaded RNA sequencing data for H. discus hannai
individuals from the NCBI Sequence Read Archive (SRA,

Leinonen et al. 2011): SRR1910554, SRR1943392,
SRR1944101, SRR1944137, SRR1985199, SRR1985200,
SRR1985201, SRR1987402, SRR1987403, SRR1987404,
SRR2057965, SRR2057966, SRR2057969, SRR2058004,
SRR2058005, SRR2058006, SRR2059857, SRR2059863,
SRR2059864, SRR2059865, SRR5082552, SRR5082554,
SRR5082555, SRR5083065, SRR5083066, SRR5083067,
SRR6459616, SRR6459617, SRR6459618, SRR6459619,

SRR7956997,  SRR7956998,  SRR7956999,  SRR7957000,
SRR7957001, SRR7957002, SRR7967467, SRR7967468, and
SRR7967469. All RNA sequencing reads were aligned to the
H. discus hannai genome sequence as single-end reads using
HISAT?2 ver. 2.1.0 (Kim et al. 2019). Stringtie ver. 1.3.5 (Pertea
et al. 2015) was used to predict transcript structures based on
the aligned reads. Third, we identified candidate coding
regions within transcript sequences using TransDecoder ver.
5.5.0 (https://github.com/TransDecoder/TransDecoder, last
accessed July 14, 2021). These analyses were performed with
default set tings. An annotation file is available from Dryad
(https://doi.org/10.5061/dryad.gflvhhmqs5).

Gene functions were annotated using BlastP searches
(E-value cut-off. e-10) against the nr database of NCBI.

Phylogenomic Analyses of the Western Pacific and
North American Abalones

To infer genetic relationships among the Western Pacific and
North American abalones, we constructed a phylogenomic
tree using our whole-genome sequencing data of the Western
Pacific abalones and North American abalones. Whole-
genome sequencing data of North American abalones, except
for H. rufescens, were downloaded from the NCBI SRA
(SRR7958743—SRR7958752; Masonbrink et al. 2019). The
paired-end reads were filtered and aligned to the H. discus
hannai genome sequence in the same manner as described
above. SNPs were called using SAMtools mpileup (-Q 30) and
bcftools and filtered using VCFtools (-minDP 10 —remove-
indels —max-missing-count 0). A maximum likelihood (ML)
tree was constructed using RAXML ver. 82.12 (Stamatakis
2014) with 1,000 bootstrap replicates using the
GTRGAMMA model of nucleotide substitution with a cor-
rection for ascertainment bias (-m ASC_GTRGAMMA -asc-
corr=stamatakis -f a -# 1000) (Leaché et al. 2015). Invariant
sites were removed using ascbias.py (https://github.com/
btmartin721/raxml_ascbias, last accessed July 14, 2021).

Population Genomics Analyses Based on GRAS-Di
Data

Genetic diversity (observed heterozygosity) of each abalone
species and population was estimated using GenoDive ver.
2.0b27 (Meirmans and Van Tienderen et al. 2004). LD be-
tween SNP loci was evaluated based on r” values calculated
using PLINK ver. 1.07 (Purcell et al. 2007). Site-Fsy values were
calculated using VCFtools and those in monomorphic sites
and under zero were converted to zero. To infer the genetic
relationships among the Western Pacific abalones, we con-
structed an ML tree using RAXML as mentioned above. A
clustering analysis was performed using ADMIXTURE
(Alexander et al. 2009) assuming K from 1 to 10 with default
parameters . To alleviate the effect of LD on the clustering
analysis, we retained one SNP locus every 5,000 bp using “—
thin 5,000” command in vcftools. Cross-validation scores
were used to determine the most appropriate K (Alexander
and Lange 2011). We analyzed genotypes of the Sado popu-
lation of H. madaka using NewHybrids ver. 1.1. This analysis
was performed using the genotypes of H. discus and H.
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madaka (except for the Sado population) as parental geno-
types with 10,000 burnin iterations, and 50,000 iterations.
We used four outlier tests to search for signatures of se-
lection between H. discus and H. madaka: BayeScan (Foll and
Gaggiotti 2008), pcadapt (Luu et al. 2017), FLK (Bonhomme et
al. 2010), and the coalescent method of Beaumont and
Nichols (1996) as implemented in Arlequin (referred to as
the Fdist method). For BayeScan analyses, we set prior odds to
10 to minimize chances of false positives and ran 5,000 pilot
runs, followed by 100,000 iterations (5,000 samples, a thinning
interval of 10, and a burn-in of 50,000) (FDR < 0.05). For
pcadapt analyses, SNP loci that significantly contributed to
the first principal component separating H. discus and H.
madaka were retrieved (FDR < 0.01). For the Fdist analyses,
we used the island model with 100 simulated demes and
20,000 coalescent simulations (P < 0.05). FLK analyses were
performed with default settings (P < 0.05). Outliers identified
consistently in all tests were considered as putative loci under
selection. To annotate and predict the effects of SNPs, we
used SnpEff (Cingolani et al. 2012) based on a custom data-
base using a gff3 file of H. discus hannai genome.
Evolutionary history of Western Pacific abalone speciation
process was investigated with ML-based demographic infer-
ence based on SFS using the program fastsimcoal2. The folded
three-population multidimensional observed SFS from GRAS-
Di SNP data was obtained with easySFS.py (https://github.
com/isaacovercast/easySFS, last accessed July 14, 2021). As
sample sizes varied among populations, we narrowed down
to 30 chromosomes per population (i.e, 15 diploid individu-
als) to project the SFS. Five models of divergence were tested
(fig. 3A), and for all them, priors were drawn from a uniform
log distribution. Because there are no estimates of nuclear
mutation rates for abalones, we applied a rate of 2.5 x 10~ ®in
humans (Nachman and Crowell 2000). For each model, we
performed 100 independent runs of 100,000 coalescent sim-
ulations to obtain ML estimates of model parameters. Model
selection was performed using the run with the highest like-
lihood for each of the models. Following Meier et al. (2017),
AIC was used for model selection and assessing the likelihood
distribution for each model by calculating the likelihoods of
100 SFS derived from 1,000,000 coalescent simulations. We
derived 95% confidence intervals for parameter estimates
from the models using nonparametric site bootstrapping
where we resampled SNP loci with replacement. We created
100 bootstrapped SFSs and then performed ten independent
runs of likelihood estimation on them. Estimates from each of
the best runs were then used to derive the 95% confidence
intervals around all parameter estimates from the focal
model. Details of each model are available from Dryad
(https://doi.org/10.5061/dryad.gflvhhmqs5).

Population Genomics Analyses Based on Whole-
Genome Sequencing Data

Genome-wide genetic diversity and differentiation between
abalones were investigated by calculating pi, Fs, and dxy
values for nonoverlapping 20-kb sliding windows using a py-
thon script of Martin et al. (2013) (https://github.com/
simonhmartin/genomics_general, last accessed July 14,
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2021). dn was calculated as dyy — (pix + piy)/2. To test for
gene flow among abalones, we performed the ABBA-BABA
test using popstats (D statistics were calculated as (BABA —
ABBA)/(BABA + ABBA); Skoglund et al. 2015). A z-score with
an absolute value of 3 or more was considered to be evidence
of significant gene flow (Reich et al. 2009; Green et al. 2010). A
test for interspecies gene flow based on f;-statistics, a modi-
fied version of ABBA-BABA statistics, in nonoverlapping 20-
kb sliding windows was also performed using the python
script of Martin et al. (2015).

Elongation of H. discus hannai scaffolds

To increase the contiguity of H. discus hannai genome (Nam
et al. 2017), we used linkage information from one captive
bred full-sib family of this species (family “F”) used earlier for
microsatellite DNA-based linkage map construction (Sekino
and Hara 2007b). The parents and their 96 full-sib offspring
were genotyped for SNPs obtained with the GRAS-Di
method; the obtained SNP loci were scaffolded with
SELDLA ver. 2.0.9 (Yoshitake et al. 2018). The minimum depth
in SNP filtering (DP) was set to 5, and the extended scaffolds
were anchored into 18 LGs (36 diploid chromosomes) con-
taining 167 microsatellite DNA markers (Sekino and Hara
2007b) with ALLMAPS (Tang et al. 2015). The genomic posi-
tion of each microsatellite marker in the SELDLA-extended H.
discus hannai reference genome was determined by the
BlastN search. Dot plots used to explore homology were
generated using minimap2 (Li 2018). Minimap2 results
were converted to tab-delimited text using a portable pipe-
line software (https://github.com/c2997108/OpenPortable
Pipeline, last accessed July 14, 2021), and regions with contin-
uous alignment of at least 1,000 bp were retained.

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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Data Availability

All mitochondrial sequence data are available from DDB)
under accession numbers: LC613253-LC616030; the DDBJ
accession numbers of the data of the whole-genome se-
quencing (DRR276780-DRR276816), GRAS-Di sequencing
(DRR276817-DRR277014). Other data for analysis are avail-
able on Dryad (https://doi.org/10.5061/dryad.gf1lvhhmq5).
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