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Abstract

Natural hybridization is increasingly recognized as playing a significant role in species diversification and adaptive evolution.
Amphiprion leucokranos, the naturally occurring clownfish hybrid between Amphiprion chrysopterus and Amphiprion
sandaracinos, is found within the hybrid zone of the two parental species. Based on whole-genome sequencing of parental
and hybrid individuals sampled in Kimbe Bay, Papua New Guinea, we found that most of the hybrids collected were first-
generation hybrids, a few were first- and second-generation backcrosses with A. sandaracinos, and the first evidence, to
our knowledge, of both an early backcross with A. chrysopterus and a second-generation hybrid in the wild, highlighting
the richness and diversity of genomic architectures in this hybrid zone. The frequent backcrossing with A. sandaracinos
has led to higher levels of introgression from A. chrysopterus into the A. sandaracinos genomic background, potentially
allowing for adaptive introgression. We have additionally identified morphological features which could potentially allow
differentiating between first-generation hybrids and backcrosses. By comparing population genetic statistics of first-
generation hybrids, backcrosses, parental populations within the hybrid zone, and parental allopatric populations, we
provide the context to evaluate population differentiation and the consequences of ongoing hybridization. This study is
the first whole-genome analysis of a clownfish hybrid population and builds upon the growing body of literature relative
to the evolutionary outcomes of hybridization in the wild and its importance in evolution.
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Significance

Clownfish represent an important group of coral reef fishes engaged in mutualistic relationships with sea anemones. Recent
studies have suggested that hybridization across the clownfish phylogeny has been important in the rapid diversification of
clownfish species. In this study, we focus on one of the two known naturally occurring clownfish hybrids. By analyzing
whole-genome sequences of Amphiprion leucokranos and its two parental species, we have investigated inheritance pat-
terns, consistency of introgression among hybrids, and the impact of genetic exchanges on parental genomes. This research
provides important insight into hybridization dynamics in clownfishes and will help to better understand the maintenance of
species identity in the face of extensive gene flow between parental species in this iconic group.
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Introduction

Hybrid zones are geographic areas where divergent
lineages exchange genetic variants through the process of
hybridization (Barton and Hewitt 1985; Gompert and
Buerkle 2016). They are an ideal focal point to study the
interaction between divergent genomic backgrounds,
which might help elucidate the mechanisms underlying
speciation and eventually lead to the identification of can-
didate genes contributing to reproductive isolation
(Harrison and Larson 2014). Hybrid zones also experience
ongoing evolutionary processes (Abbott et al. 2013). They
can act as conduits for adaptive alleles and enable them
to cross species boundaries (Pardo-Diaz et al. 2012), or in-
crease reproductive isolation by coupling of incompatibil-
ities (Barton and De Cara 2009) or reinforcement, in
which a reduction in hybrid fitness entails the establishment
of a premating barrier (Servedio and Noor 2003). We thus
expect different evolutionary outcomes in hybrid zones.
Extreme scenarios could either result in the completion of
the speciation process by reinforcement or in genetic
swamping and substitution of local parental genotypes by
the hybrid ones (Allendorf et al. 2001). Alternatively, hybrid
zones could lead to adaptive introgression (Hanemaaijer
et al. 2018), formation of a new hybrid species (i.e. hybrid
speciation; Lamichhaney et al. 2018), or persistence of hy-
brids beyond the initial generations through backcrossing
and interbreeding (i.e. hybrid swarm; Abbott et al. 2013;
Harrison and Larson 2014). Finally, hybrid zones might per-
sist over time and be sustained by the balance between se-
lection against hybrids and continuous mating among the
parental species coming from adjacent areas (i.e. tension
zone model; Barton and Hewitt 1989). Consequently, the
fate of a given hybrid zone relies on its ecological and gen-
omic contexts, but our understanding of the influence of
each factor is still in its infancy.

Until recently, knowledge about the mechanisms pre-
venting populations from fully mixing and the nature of
barriers to genetic exchanges relied on a few genetic mar-
kers and phenotypic variation across and within hybrid
zones (e.g. Taylor et al. 2006). The advent of high-
throughput sequencing has allowed us to build on this fun-
damental knowledge and to help characterize the under-
lying determinants of the observed introgression patterns
and outcomes. In particular, these genomic approaches
have provided new insight into the mosaicism of hybrid
genomes and into how the genomes of the parental species
are blended to form hybrid individuals (e.g. Zhang et al.
2023). Hybrid genomes are characterized by the presence
of admixture tracts—the genetic blocks inherited from
the parental species—whose size decreases with successive
generations due to recombination events. With ongoing
hybrid generations, some tracts can become fixed and
others eliminated by the combination of genetic drift and

selection, with selection against incompatibilities likely
playing an important role (Buerkle and Rieseberg 2008).
Eventually, the interruption of genetic exchanges between
the parental species and the hybrid can lead to genome sta-
bilization of the hybrid taxon (Buerkle and Rieseberg 2008).

During the stabilization process, the type of selective
pressure acting on the hybrid genome highly influences
its architecture (Runemark et al. 2019). When hybrids main-
ly face ecological pressure, selection favors reproductive
isolation from the parental species and adaptation to a no-
vel niche. The genome then stabilizes through the purging
of incompatibilities and the maintenance of co-adapted
gene complexes and pathways, resulting in a hybrid gen-
ome with both parents’ ancestry tracts (Schumer et al.
2016). In the case of numerous incompatibilities, selection
tends to remove the alleles of the minor parent—the spe-
cies from which hybrids derive less of their genome—in
gene-rich regions through backcrossing. Such a mechanism
will result in a stabilized genome with a few adaptive ad-
mixed regions (Pardo-Diaz et al. 2012; Hanemaaijer et al.
2018). The proportion of the genome inherited by the hy-
brids from each parent might thus vary substantially within
species after subsequent hybrid generations. The hybrids
can exhibit mosaic genomes with an equal contribution
from both parental species (e.g. Italian sparrow; Elgvin
et al. 2017), a highly unbalanced contribution (Heliconius
butterflies; Jiggins et al. 2008), or even genomes with an
ancestry almost completely biased toward a single donor
(e.g. Anopheles mosquito; Hanemaaijer et al. 2018).
Moreover, some hybrids also exhibit high variation in par-
ental genome proportions among individuals, as shown in
swordtail fishes (Schumer et al. 2016). As puzzling as
such patterns might be, the causes and evolutionary conse-
guences of hybridization outcomes are still poorly
understood.

Here, we focus on a precise location (i.e. Kimbe Bay,
Papua New Guinea) of the mosaic hybrid zone (as defined
by Rand and Harrison 1989) between two genetically and
morphologically distinct clownfish species—Amphiprion
sandaracinos and Amphiprion chrysopterus. Like all
clownfish species, A. sandaracinos and A. chrysopterus
exhibit a mutualistic interaction with specific host sea
anemones (Marcionetti et al. 2019), and have an overlap
in host preference. They have a size-based hierarchy, where
the largest individual in the sea anemone is the dominant
female, followed in size by the male and smaller nonbreed-
ing subordinates (Buston 2003). Both species display mostly
allopatric distributions but coexist in a narrow area be-
tween the Solomon Islands and the Halmahera Island
(Indonesia), where they hybridize and form the hybrid
Amphiprion leucokranos (Gainsford et al. 2015). Due to
its distinctive color patterns, the hybrid was previously con-
sidered a nominal species, but genetic, morphological, and
ecological data have confirmed its hybrid status (Gainsford
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et al. 2015; He et al. 2019). Hybrids exhibit intermediary
size, colors, and ecological traits compared to the
parental species and, similar to the parents, use mainly
Stychodactyla mertensii as the host sea anemone or
Heteractis crispa as an alternative host (Gainsford et al.
2015). The size difference of parental species combined
with their hierarchical social structure were suggested to
be the main drivers of their mating patterns, with the larger
A. chrysopterus being the female when reproducing with
the smaller A. sandaracinos (Gainsford et al. 2015).

Three distinct locations (i.e. (1) Kimbe Bay, (2) Kavieng, in
Papua New Guinea, and (3) Solomon Islands) within the hy-
brid zone between A. sandaracinos and A. chrysopterus
were previously studied based on a few genetic markers
and morphological data (Gainsford et al. 2015, 2020).
The outcome of hybridization events in each of these loca-
tions is thought to be dependent on their specific ecological
context, with the relative abundances and the distinct sizes
of the parental species most likely explaining the hybridiza-
tion patterns (Gainsford et al. 2015, 2020). Mixed-species
assemblages frequently occur in the Solomon Islands—
where A. chrysopterus is more abundant compared to
A. sandaracinos. In addition, hybrids from both Kavieng
and Solomon Islands exhibit balanced parental ancestry.
In contrast, there is a bias toward A. sandaracinos ancestry
in hybrids in Kimbe Bay, where both parental species have
relatively similar frequency and mainly form conspecific
assemblages (Gainsford et al. 2020). Indeed, Kimbe Bay
comprises hybrids with equal contribution from both
parents alongside putative A. sandaracinos backcrosses
(BCs). However, BCs with A. chrysopterus are seldom ob-
served (Gainsford et al. 2015, 2020). This pattern is surpris-
ing given that hybrids inherit their mitochondrial genome
from the female A. chrysopterus and mounting evidence
that incompatible mitonuclear interactions might result in
hybrid fitness reduction (Runemark et al. 2018).

In this study, we took a step further into understanding
the dynamics of the Kimbe Bay hybrid zone location using
whole-genome sequencing data. We investigated the gen-
omic outcomes of the recurrent hybridization among
A. sandaracinos and A. chrysopterus, focusing on its impact
on both the hybrids and the parental species. Given the pres-
ence of widespread hybridization in clownfishes (Litsios et al.
2014; Schmid et al. 2022; Marcionetti and Salamin 2023)
and its potential role in their evolutionary history, we wanted
to characterize the Kimbe Bay hybrid zone through an in-
depth genomic analysis of A. sandaracinos, A. chrysopterus
and hybrid (hereafter A. leucokranos) individuals and test if it
is a tension zone (Barton and Hewitt 1985) with mainly first-
generation (F1) hybrids or if it is a hybrid swarm (Grant 1981;
Allendorf et al. 2001) with a mix of early and later hybrid
generations. Furthermore, we analyzed the patterns of ad-
mixture among hybrid individuals and the impact of recur-
rent genetic exchanges on the parental genomes.

Shedding light on these matters will improve current knowl-
edge of the mechanisms maintaining species integrity and
this hybrid’s genomic architecture.

Results

Sequencing, Mapping, and Single Nucleotide
Polymorphism (SNP) Calling Statistics

Our dataset consists of 23 A. chrysopterus, 24 A. leucokranos,
20 A. sandaracinos. All 24 A. leucokranos, as well as ten
A. chrysopterus and ten A. sandaracinos were sampled in
Kimbe Bay (Papua New Guinea). Within the species range
overlap between A. chrysopterus and A. sandaracinos
(He et al. 2019), we sampled seven A. sandaracinos and eight
A. chrysopterus from the Solomon Islands, and one
A. chrysopterus from Palau. We additionally sampled parental
species from allopatric populations in regions with no parental
species overlap: three A. sandaracinos from Christmas Island
and four A. chrysopterus from Fiji (Fig. 1 and supplementary
table S1, Supplementary Material online). We achieved an
average of ~5.91 billion raw paired reads across 67 samples,
with the number of raw reads per sample ranging from ~40
to ~191 million (supplementary table S2, Supplementary
Material online). After trimming low-quality regions and re-
moving low-quality reads, we ended up with ~36 to 173 mil-
lion paired reads per sample, corresponding to an estimated
coverage between 6.1x and 28.9x (supplementary table S2,
Supplementary Material online).

We mapped the trimmed reads to the Amphiprion clarkii
(Moore et al. 2023) genome and 90.2% to 96.6% of the
reads mapped properly to the reference (i.e. with pairs hav-
ing the correct orientation and insert-size; supplementary
table S3, Supplementary Material online). We further fil-
tered the data by removing duplicated reads and reads
mapped with low-confidence to obtain a final average
coverage ranging between 3x and 24.3x (supplementary
table S3, Supplementary Material online). Following these
steps, three individuals with low depth were removed and
we proceeded to call variants and filtered the resulting vari-
ant call format (VCF) file to obtain two final data set consist-
ing of (1) 3,304,054 single nucleotide polymorphisms
(SNPs) for 64 individuals (A. leucokranos, A. chrysopterus,
and A. sandaracinos data set; after removal of three indivi-
duals with low average read depth—see “Materials and
methods”) and (2) 9,456,356 SNPs for 74 individuals
(full dataset including 10 A. clarkii (Schmid et al. 2024)
used as outgroup—see “Materials and methods”;
supplementary table S4, Supplementary Material online).

Principal Component Analysis, Admixture, and
Mitochondrial Phylogenetic Reconstruction

To describe the relationship between the two parental spe-
cies and the hybrid, we first performed a principal
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Fig. 1. Sampling and population genetic structure of A. chrysopterus, A. leucokranos (hybrid), and A. sandaracinos. a) Colored circles represent sampling sites
for the study and the two color patches correspond to the geographic range of the two parental species (A. chrysopterus and A. sandaracinos) following He
etal. (2019). The numbers below correspond to the number of samples for each site and species. b) PCA showing a separation of the two parental species (A.
chrysopterus and A. sandaracinos) on the first axis (PC1), with the hybrid species (A. leucokranos) in the middle, and separation of individuals within the Kimbe
Bay hybrid zone with allopatric populations A. chrysopterus from Fiji and A. sandaracinos from Christmas Island on the second axis (PC2). ¢) Admixture bar plot
for K=2. Each bar represents the ancestry proportion of each individual for both parental species (A. chrysopterus or A. sandaracinos). d) Mitochondrial
midpoint-rooted phylogenetic reconstruction with IQ-tree VV2.2.2. The phylogeny is based on the 67 mitochondrial genomes reconstructed with MITObim
using A. percula reference mtDNA genome. The size of the dots on the branches corresponds to the bootstrap support (ranging from 5 to 100) based on

1,000 ultrafast bootstraps.

component analysis (PCA) on the covariance matrix be-
tween all individuals (Fig. 1b, showing the first two principal
components, and supplementary fig. S1, Supplementary

Material online showing the second and third principal
components). We found a clear separation between
A. chrysopterus and A. sandaracinos—the parental
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species—along the first axis of the PCA, which explains
34.77% of the variance. We can additionally identify two
clusters of A. leucokranos individuals: One equally distant
from both parental species clusters and the second one clo-
serto the A. sandaracinos cluster. Among the latter, there is
an A. sandaracinos individual (SA232) potentially repre-
senting a misidentified A. leucokranos. The second axis of
the PCA explains 21.52% of the variance and separates
A. chrysopterus individuals from Fiji as well, as the
A. sandaracinos individuals from Christmas Island, from
the main cluster. These two clusters representing the allo-
patric populations are separated from the rest of individuals
which are within the parental species overlapping range,
potentially representing that variants are shared among
all these individuals through hybridization and backcrossing
events within the hybrid zone.

We quantified the contribution of each parental species
to the hybrid genome and potential introgression events
in parental populations by calculating the admixture pro-
portion of each individual (Fig. 1c and supplementary
fig. S2, Supplementary Material online). Cross-validation
values for K= 2 (Fig. 1¢), K=4, and K= 5 were the lowest
and highly similar (~0.32), followed by K=3(0.34), K=6
(0.36), and K=7(0.38). At K= 3, each species (hybrid and
parental species) formed a separate cluster, at K= 4 indi-
viduals from Fiji (allopatric A. chrysopterus population)
formed an additional cluster, and at K=5, the A. sandar-
acinos samples from Christmas Island (allopatric popula-
tion) formed the fifth cluster (see supplementary fig. S2,
Supplementary Material online for results from K=3 to
K=7). We found that 14 A. leucokranos individuals had
half of each parental species ancestry (considered as
F1-hybrids or “F1s” in subsequent analyses), four indivi-
duals (LU60, LU21, LUOQY, and LU130) had a ~0.75 pro-
portion of A. sandaracinos ancestry (considered as
first-generation A. sandaracinos-BCs or “BCs”, that is, re-
sulting from an F1 x A. sandaracinos cross, in subsequent
analyses). One individual (LU51) had slightly below half of
A. chrysopterus ancestry, one individual LU14 had slightly
above half, and another individual (LU131) had slightly
above 0.75. Four A. sandaracinos individuals from
Kimbe Bay displayed introgression from A. chrysopterus.
The one with the highest level of introgression (SA232)
was probably a misidentified A. leucokranos (in particular,
an A. sandaracinos-BC), while the other three individuals
(SA113, SA179, and SA228) had much lower levels of
A. chrysopterus ancestry.

Finally, we determined the parental inheritance of the
mitochondrial genome in hybrids by reconstructing a
maximum-likelihood tree based on the whole mitochon-
drial sequence (Fig. 1d). All A. leucokranos clustered with
A. sandaracinos, except for a single individual (LU131).
We also found that two A. sandaracinos individuals
grouped with A. chrysopterus (SA113 and SA232), one

of them (SA232) being the potentially misidentified
A. leucokranos.

Ancestry Tracks in Hybrids

To try to determine the origin of individuals not labeled as
F1s or A. sandaracinos-BCs in the previous analysis, we es-
timated allele dosage scores at each SNP using the two-
layer hidden Markov model implemented in ELAI (Guan
2014) for 25 individuals with mixed ancestry according to
the admixture analysis. Among the 21 A. leucokranos indi-
viduals and consistent with the admixture analysis, 14 had
more than 98% heterozygous genomes consistent with our
previous labeling of them as F1s (Fig. 2a and supplementary
fig. S3, Supplementary Material online). One individual
(LU51) had ~13% of homozygous A. chrysopterus variants,
consistent with being the descendant of a first-generation
A. sandaracinos-BC x A. chrysopterus cross (Fig. 2a and
supplementary fig. S3, Supplementary Material online).
One individual (LU14) exhibited ~25% homozygous
A. sandaracinos and 14% homozygous A. chrysopterus, a
pattern difficult to interpret but which could be consistent
with a second-generation hybrid (F2) with a reduced
A. chrysopterus homozygous component (Fig. 2a and
supplementary fig. S3, Supplementary Material online).
Six individuals (LU0O09, LU21, LU60O, LU130, LU131, and
SA232) displayed between 42.6% and 57.5% of homozy-
gous A. sandaracinos tracks consistent with them being
BCs, and including the misidentified individual (Fig. 2a
and supplementary fig. S3, Supplementary Material online).
These six individuals form a separate cluster from most
other A. leucokranos in the PCA (Fig. 1b) and are consistent
with being BCs. Among these, one individual (LU131) had
the highest (57.5%) homozygous A. sandaracinos compo-
nent and clustered among the A. sandaracinos in the
mitochondrial phylogeny, suggesting it is a BC but with
an A. sandaracinos mother. Two individuals (SA113 and
SA179) had ~87.5 homozygous A. sandaracinos tracks
which would be consistent with being second-generation
BCs (i.e. descendants of BC xA. sandaracinos crosses).
However, among these, SA113 clusters with A. chrysop-
terus in the mitochondrial phylogeny, which would be
difficult to reconcile with it being a second-generation
A. sandaracinos-BC. Finally, SA228 appears to be a pure
A. sandaracinos, inconsistent with the admixture analysis.
We additionally analyzed the genomic tracks with homozy-
gous A. sandaracinos ancestry in five A. sandaracinos-BCs
(LU009, LU21, LU6O, LU130, and LU131) to check for the
presence of regions being consistently inherited from either
the A. sandaracinos or the A. chysopterus grandparent. The
distribution of tracks with homozygous A. sandaracinos an-
cestry in BC individuals was scattered across the genome.
Most chromosomes displayed A. sandaracinos homozy-
gous tracks in at least one BC except for chromosome 8
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Fig. 2. Local ancestry inference with ELAI (Guan 2014).
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a) Percentage of heterozygous sites, homozygous sites for A. sandaracinos, and homo-

zygous sites for A. chrysopterus for each hybrid A. leucokranos (LU individuals) and A. sandaracinos (SA individuals) displaying introgression.
Percentages are also indicated at the top of each bar if not equal to zero. The distribution of heterozygous and homozygous sites across chromo-
somes for each individual is available in supplementary fig. S3, Supplementary Material online. b) Karyotype of the parental ancestry estimated
with ELAI (Guan 2014) across the 24 chromosomes of A. sandaracinos-BCs (LU60, LU21, LU0Q9, LU130, and LU131). The number of BCs with
homozygous A. sandaracinos ancestry ranges from zero to five individuals and is shown with increasing color shades. The line above each chromo-
some highlights regions with A. chrysopterus homozygous ancestry in LU51.

(Fig. 2b). A percentage of 15.5 of the genome displayed A.
sandaracinos homozygous ancestry in at least four out of
the five BC individuals.

Genomic and Phenotypic Characterization of
A. leucokranos

To explore the genotype—phenotype relationship among A.
leucokranos individuals, we performed two additional
PCAs on the 20 A. leucokranos for which we have a picture
(see “Materials and methods”). We computed the first PCA
using the whole-genome SNPs dataset (Fig. 3a) and the

second using the nine binary phenotypic traits characteriz-
ing each hybrid (Fig. 3b; see supplementary table S5,
Supplementary Material online for the matrix of pheno-
types). The phenotypic traits used were based on white
bands asymmetry (A), the extent of the white dorsal band
(A. sandaracinos characteristic), and the number of ver-
tical white stripes (A. chrysopterus characteristic). The
first axis of the genomic PCA (Fig. 3a) split the A. sandar-
acinos-BC individuals from the rest of the individuals
with the single second-generation A. chrysopterus-A.
sandaracinos-BC individual (LU51) located in the oppos-
ite end. PC1 explained 8.14% of the variance, with the
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Fig. 3. PCA based on genetic and phenotypic data considering only A. leucokranos individuals. a) PCA based on whole-genome SNPs for A. leucokranos only.
Labels correspond to the sample IDs. b) PCA based on phenotype matrix (supplementary table S5, Supplementary Material online). Arrows indicate loadings
for each trait. The color code is the same as in a). Labels correspond to the sample IDs. ¢) lllustration of the nine phenotypic characteristics used for the PCA.

only putative F2 hybrid (LU14) in-between them. The se-
cond axis explained 7.02% of the variance and split the
F1-hybrids into three clusters. The first and second axes
of the PCA based on phenotypic data (Fig. 3b), respect-
ively, explained 25.4% and 20.1% of the variance.
F1-hybrids formed a cluster, whereas A. sandaracinos-BCs
and the F2 hybrid were spread across the left and top parts
of the PCA space and exhibited A. sandaracinos-like pheno-
typic traits.

Population Genomic Statistics Between Hybrids and
Parental Species

To investigate the genome-wide patterns of differenti-
ation, divergence, and diversity among the hybrids and
the different parental species populations, we averaged
the differentiation (Fsy), the absolute divergence (dyy),
and the nucleotide diversity (z) values across 50-kb gen-
omic windows (Table 1 and supplementary table S6,
Supplementary Material online). Pairwise dy, values be-
tween hybrids and parental species were stable across
the three parental populations. Comparatively, pairwise
Fst values were more variable across parental popula-
tions potentially due to differences in sample sizes.
Finally, nucleotide diversity in A. sandaracinos was
around half of that of A. chrysopterus across
corresponding populations; and 4.5 and 3.5 higher
than A. chrysopterus in Kimbe Bay for F1s and BCs,
respectively.

Table 1 Mean Fer, diy,

and the parental species

and nucleotide diversity (z) between the hybrids

Parental population origins

Parameter Species  Kimbe Bay Solomon Allopatric
Islands

Fst CHP-BC 0.425+0.162 0.496+0.163  0.476 +0.150
CHP-F1  0.225+0.039  0.207 +0.033  0.190 +0.031
SAN-BC 0.091+0.083 0.109+0.086 0.189+0.118
SAN-F1  0.187+0.031 0.206+0.036  0.139+0.031
BC-F1 0.031+0.049 - -

dyy CHP-BC 0.346+0.065 0.346+0.065 0.362+0.055
CHP-F1  0.252+0.029 0.252+0.029  0.295+0.029
SAN-BC 0.135+0.060 0.137+0.060 0.173 +0.057
SAN-F1  0.238+0.032 0.240+0.032 0.260+0.033
BC-F1 0.241+0.030 - -

T CHP 0.056+0.035 0.054+0.035 0.062+0.033
SAN 0.028 £0.037  0.027+0.034  0.039 +0.037
BC 0.193 +0.067 - -
F1 0.252 +0.030 - -

Allopatric corresponds to the A.

chrysopterus  Fiji

population and

A. sandaracinos Christmas Island population. All comparisons and population
statistics are in supplementary table S6, Supplementary Material online. CHP,
A. chrysopterus; SAN, A. sandaracinos (admixed individuals removed); BC,
backcross with A. sandaracinos; F1, first-generation hybrids.

Characterization of BC's Genomic Architecture

Following the identification of homozygous tracts of
A. sandaracinos ancestry in BCs, we considered “BC win-
dows” all of those windows which had homozygous
A. sandaracinos tracts in four out of the five BCs analyzed.
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Table 2 Mean population genomics statistics and number of putative barrier loci in BC windows compared to the genomic background

Parameter Species BC windows Background Significance Effect size

Fst CHP-BC 0.603+0.118 0.468 +0.159 d Large
CHP-F1 0.220 + 0.036 0.226 + 0.038 d Negligible
CHP-SAN 0.801+0.114 0.815+0.121 d Negligible
SAN-BC 0.023 +0.031 0.109 +0.081 d Large
SAN-F1 0.186 + 0.027 0.188 + 0.030 d Negligible
BC-F1 0.071 +0.030 0.022 +0.048 d Large

dxy CHP-BC 0.390 +0.045 0.335+0.064 d Large
CHP-F1 0.255 +0.024 0.251 +0.030 d Negligible
CHP-SAN 0.444 +0.050 0.444 +0.059 N Negligible
SAN-BC 0.086 + 0.035 0.146 + 0.059 d Large
SAN-F1 0.236 +0.028 0.237 +0.032 d Negligible
BC-F1 0.239+0.026 0.241+0.030 d Negligible

T CHP 0.063 +0.035 0.054 +0.034 d Small
SAN 0.025 +0.032 0.027 +0.036 a Negligible
BC 0.140 + 0.043 0.205 + 0.065 d Large
F1 0.252 +0.025 0.251 +0.031 b Negligible

fam SAN-SAN-CHP 0.006 + 0.032 0.007 +0.036 o Negligible
CHP-CHP-SAN 0.002 +0.022 0.002 + 0.022 NS -

Barrier loci " 1 41 b -

For the comparison with the parental species, we only focused on A. sandaracinos and A. chrysopterus from the studied hybrid zone in Kimbe Bay (Papua New Guinea).
significance: nonsignificant (NS), 2P-value < 0.05. °P-value < 0.01. “P-value < 0.001. ®P-value < 0.0001. Effect size (ES) calculated with Cohen’s d statistic: d < 0.2 (negligible),
d <0.5 (small), d<0.8 (moderate), d>0.8 (large). CHP, A. chrysopterus; SAN, A. sandaracinos (admixed individuals removed); BC, first-generation backcross with
A. sandaracinos; F1, first-generation hybrids. fqv SAN-SAN-CHP corresponds to the topology. P1, A. sandaracinos (Christmas Island); P2, A. sandaracinos (Kimbe Bay); P3,
A. chrysopterus (Kimbe Bay) and fgy CHP-CHP-SAN corresponds to the topology; P1, A. chrysopterus (Fiji); P2, A. chrysopterus (Kimbe Bay); P3, A. sandaracinos (Kimbe Bay).

We then calculated Fsr, dyy, and z for these BC windows
and compared the values obtained against the background
(i.e. the rest of the genome). All values were significantly
different between the BC and background genomic win-
dows (Table 2). However, the effect size was negligible or
small for most comparisons. The only exceptions were the
comparisons involving the A. sandaracinos-BCs themselves,
for which we detected a large effect size for the differences
in nucleotide diversity and both divergence and differenti-
ation with respect to the two parental species (Table 2).
Furthermore, the observed frequency of putative barrier
loci (see “Materials and methods” for definition) was sig-
nificantly different from the expected frequency (¢*=7,
df =1, P-value =0.006; Table 2).

Genomic Landscape of F1-hybrids

The admixture and local ancestry analyses highlighted that
14 A. leucokranos were F1-hybrids between A. sandaraci-
nos and A. chrysopterus. To investigate the relationship be-
tween the F1-hybrids and the parental species in sympatry
(Kimbe Bay), we compared the level of differentiation (Fst)
between the hybrids and both parents to identify highly di-
vergent regions of the genome (see “Materials and meth-
ods” for definition). The distribution of the Fsr difference
across the genome was significantly biased toward higher
differentiation between the F1-hybrids and A. chrysopterus
(mean difference significantly different from 0O; P-value <

2E-16; Fig. 4a). The number of highly divergent windows
per chromosome was not statistically different from the ex-
pected distribution generated with 10,000 permutations
for most chromosomes, except for chromosomes 2, 10,
15, and 22, which exhibited an inflated number of outliers
(i.e. respectively 19, 29, 33, and 15 windows; Fig. 4a).

Although all population genomic statistics were statistic-
ally different between the background and highly divergent
windows (except for A. sandaracinos-F1 Fst in highly diver-
gent A. chrysopterus windows), the effect size was moder-
ate or large in only part of the statistics (Table 3).
Furthermore, the two fy\ statistics were higher in the out-
lier windows compared to the background windows
(Table 3). The fy\ statistics based on the two different top-
OlOgieS (P1 = CHPFijI'r P2 = CHPKimbe: P3 = SANKimbe and
P1 =SANchrisi, P2 = SANkimpe, and P3 = CHPimpe) Were also
statistically different in the background windows and highly
divergent A. chrysopterus windows, with negligible and mod-
erate effect size, respectively (Fig. 4b; P-value =7.7e-78;
d=-0.16 and P-value = 1.7e-35; d = —0.60).

Population Genomics of the Parental Species in the
Hybrid Zone and Outside

Having confirmed the occurrence of early-generation
A. leucokranos hybrids (i.e. F1s, F2s, and BCs), we con-
ducted population genomic analyses of the two parental
species in Kimbe Bay to explore the impact of ongoing
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Table 3 Mean population genomics statistics for highly divergent windows between F1-hybrids and parental species

Parameter Species CHP windows SAN windows Background CHP p sign. SAN p sign. CHP ES SAN ES

Fsr CHP-BC 0.672 +0.227 0.265 +0.152 0.496 +0.157 d d Large Large
CHP-F1 0.242 +0.031 0.147 +0.062 0.225 +0.036 d d Small Large
CHP-SAN 0.829+0.132 0.601+0.214 0.814+0.116 d d Negligible  Large
SAN-BC 0.0254 +0.078 0.127+0.114 0.092 +0.081 d d Large Small
SAN-F1 0.178 +0.045 0.157 +0.068 0.188 +0.029 NS d Small Moderate
BC-F1 0.096 + 0.083 0.008 + 0.042 0.032 +0.048 d d Large Moderate

dhy CHP-BC 0.406 + 0.090 0.257 +0.073 0.346 +0.063 d d Moderate  Large
CHP-F1 0.255+0.032 0.215+0.052 0.252 +0.028 @ d Negligible Large
CHP-SAN 0.457 + 0.066 0.365 +0.091 0.445 +0.056 d d Negligible  Large
SAN-BC 0.091 +0.083 0.190 + 0.062 0.134 +0.060 d d Moderate  Large
SAN-F1 0.246 + 0.035 0.233 +0.050 0.237 +0.031 d b Small Negligible
BC-F1 0.247 +0.034 0.225 +0.043 0.240 +0.029 d d Small Small

14 CHP 0.040 +0.028 0.085 +0.048 0.056 + 0.034 d d Small Moderate
SAN 0.041+0.055 0.081+0.084 0.026 + 0.034 d d Negligible  Large
BC 0.121+0.105 0.216 +0.061 0.192 +0.066 d d Large Negligible
F1 0.258 +0.034 0.226 +0.043 0.251+0.029 d d Small Large

fam SAN-SAN-CHP 0.019 +0.052 0.073+0.122 0.007 +0.035 d d Small Moderate
CHP-CHP-SAN 0.008 + 0.032 0.028 +0.071 0.002 + 0.022 d d Small Small

Barrier loci 0 0 42 NS NS - -

For the comparison with the parental species, we only focused on A. sandaracinos and A. chrysopterus from the studied hybrid zone in Kimbe Bay (Papua New Guinea).
CHP windows correspond to the windows with values above the 99th percentile (Fst bias toward A. chrysopterus, meaning that Fsr is higher in A. chrysopterus compared to
A. sandaracinos). SAN windows correspond to the windows with values below the 1st percentile (Fsy bias toward A. sandaracinos, meaning that Fsy is higher in
A. sandaracinos compared to A. chrysopterus). Significance: nonsignificant (NS), 2P-value < 0.05. °P-value < 0.01. “P-value < 0.0001. ES calculated with Cohen’s d statistic:
d<0.2 (negligible), d <0.5 (small), d <0.8 (moderate), d> 0.8 (large). CHP, A. chrysopterus; SAN, A. sandaracinos (admixed individuals removed); BC, backcross with
A. sandaracinos; F1, first-generation hybrids. fyyy SAN-SAN-CHP corresponds to the topology. P1, A. sandaracinos (Christmas Island); P2, A. sandaracinos (Kimbe Bay);
P3, A. chrysopterus (Kimbe Bay) and fqy CHP-CHP-SAN corresponds to the topology. P1, A. chrysopterus (Fiji); P2, A. chrysopterus (Kimbe Bay); P3, A. sandaracinos
(Kimbe Bay).

genetic exchanges and recurrent backcrossing in A. sandar- Discussion
acinos (Fig. 5a). Mean differentiation and divergence across
the genome between A. sandaracinos and A. chrysopterus
were, respectively, 0.811 (+0.124) and 0.445 (+0.059). The
mean nucleotide diversity was higher in A. chrysopterus
(0.056 +0.035) compared to A. sandaracinos (0.028 +
0.037). Finally, although the mean fyy values across the
genome were close to zero (0.007 for P1=SANchrs,
P2 = SANkimbe, P3 =CHPgimpe and 0.002 for P1=CHPg;
P2 = CHPgimpe, P3 = SANkimbe), We found some positive
peaks in chromosomes 2, 6, 10, 11, and 15 (Fig. 5a).

We also compared the density distribution of the same
population genomics statistics to other A. sandaracinos—

Hybrid zones are robust systems for studying the inter-
action between diverging gene pools and thus provide
the basis for understanding the mechanisms leading to spe-
ciation (Barton and Hewitt 1985; Gompert and Buerkle
2016). Besides their importance in studying evolutionary
processes, hybrid zones are puzzling phenomena displaying
their own evolutionary history, as their fate ranges from
population collapse to generation of wide admixture zones
(Abbott et al. 2013). Here, we conducted whole-genome
analyses of the Kimbe Bay hybrid zone between two clown-
fish species, A. chrysopterus and A. sandaracinos. We

A. chrysopterus pairwise populations either in sympatry
(Solomon Islands) or in allopatry (Fiji and Christmas Island;
Fig. 5b). Fst and dy, distributions were similar among the
three pairwise population comparisons, with the distribu-
tion of values for the allopatric populations slightly shifting
toward smaller values compared to the two sympatric
populations. Finally, nucleotide diversity had highly similar
distributions for both species in Kimbe Bay and the
Solomon Islands and allopatric populations of both species
displayed higher nucleotidic diversity compared to the
two sympatric populations (Fig. 5b, see supplementary
fig. S4, Supplementary Material online for all pairwise
comparisons).

aimed to investigate the impact of hybridization on the in-
tegrity of the parental species and characterize the genomic
architecture of the resulting hybrid A. leucokranos. Our
analyses showed that besides the parental species, the hy-
brid zone comprised F1-hybrids and early BC generations
with A. sandaracinos, with later generation hybrids and
BCs with A. chrysopterus being also present but scarce.
An in-depth investigation of the genomic architecture of
the BC individuals revealed that the introgression of A. san-
daracinos into the hybrid genome was unbalanced be-
tween chromosomes. The genomic examination of the
parental species integrity highlighted high-level introgres-
sion concentrated in some genomic regions and a potential
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Fig. 4. Characterization of the F1-hybrids genomic landscape and biased introgression between parental species. a) Fsy difference between F1-hybrids and
both parental species from Kimbe Bay (CHP-F1 Fs—SAN-F1 Fsp) calculated for consecutive 50-kb windows. Color points correspond to values above the 99th
percentile (high Fst for A. chrysopterus-F1 and low Fst for A. sandaracinos-F1) or below the 1st percentile (low Fsr for A. chrysopterus-F1 and high Fsr for A.
sandaracinos-F1) and were considered highly divergent windows. The mean Fsr difference for each chromosome is indicated with a dotted line. b) Distribution
of fyv across all background windows and across the highly divergent windows biased toward A. sandaracinos or toward A. chrysopterus. The left side of the
violin plot represents the f4\ distribution for the following topology: P1, A. sandaracinos (Christmas Island); P2, A. sandaracinos (Kimbe); P3, A. chrysopterus
(Kimbe); Outgroup, A. clarkii. The right side of the violin plot represents the 7y distribution for the following topology: P1, A. chrysopterus (Fiji); P2, A. chry-
sopterus (Kimbe); P3, A. sandaracinos (Kimbe); Outgroup, A. clarkii. Dots correspond to the median £y value. Mean difference between pairwise fy values
was significant for the background windows with a negligible effect size (P-value = 7.7e—78; d = —0.16) and for the A. chrysopterus divergent windows with a

moderate effect size (P-value = 1.7e-35; d =-0.60).

flow of A. chrysopterus genome into A. sandaracinos
through the hybrids. The Kimbe Bay hybrid zone might
thus act as a conduit for transferring potentially adaptive al-
leles from one parental species to the other.

Hybrid Zone Population Structure

Based on whole-genome analysis of the Kimbe Bay hybrid
zone, we found that the two parental species were mainly
co-occurring with F1-hybrids and early-generation A.
sandaracinos-BCs (Figs. 1 and 2). Such hybrid composition
does not match the typical hybrid zone categorizations sug-
gested by Jiggins and Mallet (2000), which aims at evaluat-
ing the level of reproductive isolation among the parental
lineages. This characterization typically relies on the relative
composition of hybrids and parents. Bimodal hybrid zones
mainly constituted by the parental forms involve strong re-
productive isolation between the parents, whereas uni-
modal hybrid zones—consisting in a mix between various
hybrid generations and the parents (i.e. hybrid swarm)—
are caused by weak reproductive barriers (Jiggins and

Mallet 2000). Similar to pufferfishes (Takahashi et al.
2017) and North Atlantic eels hybrid zones (Pujolar et al.
2014), the Kimbe Bay hybrid zone coincides more with a tri-
modal hybrid zone; parents and early-generation hybrids
coexist, even though the presence of early-generation A.
sandaracinos-BCs is unexpected under this model. This
asymmetry in introgression was previously attributed to
various factors, including differences in generation time
(Barton 1986), mating behavior (Lamb and Avise 1986), fit-
ness (Ostberg et al. 2013), or relative abundances of paren-
tal species (Lepais et al. 2009). In the Kimbe Bay hybrid
zone, the abundance and generation time of parental spe-
cies are comparable (Gainsford et al. 2020) and are unlikely
to generate the observed pattern. However, as Gainsford
et al. (2020) suggested, this could be a consequence of
the size-based hierarchy of the clownfish. Indeed, similar
to numerous fish species, reproductive success is biased to-
ward dominant individuals, which are usually bigger and
more aggressive, and thus benefit from a priority for repro-
duction and other limiting resources (Ang and Manica
2010). As a result, the intermediary-sized hybrids might
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populations (Fiji and Christmas Island) where the two parental species are in allopatry. Fsy and dy, were computed between A. sandaracinos and A. chrysop-
terus occurring in Kimbe Bay, between A. sandaracinos and A. chrysopterus occurring in Solomon Islands and between A. sandaracinos from Christmas Island
and A. chrysopterus from Fiji to compare populations where the two species are in allopatry. A. chry., A. chrysopterus; A. sand., A. sandaracinos.
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choose to reproduce with the smaller-sized A. sandaraci-
nos, since the hybrids are usually ignored by the bigger A.
chrysopterus, which favors mating with conspecific indivi-
duals (Gainsford et al. 2020). Such mechanisms are further
supported by the observation that heterospecific assem-
blages of A. sandaracinos-hybrids were more common in
Kimbe Bay compared to A. chrysopterus-hybrid or only-
hybrid groups (Gainsford et al. 2020).

We also found that the hybrid zone was characterized by
a paucity of late-generation hybrids (i.e. A. leucokranos x
A. leucokranos). Indeed, the frequency of F1-hybrids and
the prevalence of backcrossing with A. sandaracinos con-
firm that the hybrids are fertile and viable. In addition, the
mosaic structure of the Kimbe Bay hybrid zone—which dis-
plays various combinations of sea anemone host species,
depth, and substrate—should be well suited for the forma-
tion of a hybrid swarm, which is defined as a mix between
early and late hybrid generations (Grant 1981; Allendorf
et al. 2001). The lack of late-generation hybrids might
therefore be a consequence of their reduced fitness, as pre-
viously observed in numerous studies (e.g. Orr 1995;
Christie and Strauss 2018). Different mechanisms could ex-
plain this pattern. One prominent explanation is the selec-
tion against hybrids due to Dobzhansky—Muller
incompatibilities (DMls; Orr 1995). Indeed, DMIs are in-
creasingly revealed after the first F1-hybrid generation
due to the combined effect of recombination and inde-
pendent assortment, which breaks down gene complexes
that coevolved over thousands of generations (Edmands
and Burton 1999). This process—known as “hybrid break-
down”—usually has a more severe impact on F2 hybrids
compared to F1-hybrids and was highlighted in various hy-
bridizing fish species (e.g. Schumer et al. 2014; Carlon et al.
2021). In addition, the intermediate phenotypes of hybrids
can be suboptimal in an environment where both parental
species display phenotypic optimum for their specific niche
(Thompson 2020). In the clownfish-specific case, this can
be translated into the availability of host sea anemone,
which is a limiting resource (Litsios et al. 2014). The hybrids
do not display transgressive phenotypes enabling them to
colonize distinct host anemone species compared to the
parental species (Gainsford et al. 2015). Thus, they rarely
form conspecific assemblages and predominantly share
the host sea anemone with one of the parental species
(Gainsford et al. 2020), which might prevent them from
mating with other hybrids.

The phenotypically identified hybrids were mainly F1s or
first-generation BCs with A. sandaracinos. However, some
individuals identified as A. sandaracinos based on their
phenotype displayed a substantial amount of A. chrysop-
terus variants (Fig. 2a) and might consist of descendants
of second-generation A. sandaracinos BCs. Thus, only a
couple of generations of backcrossing appear to erase
A. chrysopterus phenotypic characteristics, resulting in BC

individuals identical to the pure parental species, a pattern
described in a sparrow hybrid zone (Walsh et al. 2015). If
such a mechanism is at play, it might have biased our sam-
pling, which relies on the individuals’ phenotype. Indeed,
by selecting putative hybrids based on their phenotype,
we probably missed BC individuals which are phenotypical-
ly totally similar to A. sandaracinos, thus biasing our sam-
pling toward F1-hybrids. Therefore, analysis of additional
A. sandaracinos coming from the Kimbe Bay hybrid zone
would be required to evaluate the true extent of
backcrossing.

Hybrid Zone Genomic Architecture and Potential
Outcomes

We detected considerable variation in admixed regions
across the genome of BC individuals (Fig. 2b). Indeed,
some regions were consistently inherited from A. sandara-
cinos (notably in chromosomes 1 and 3), whereas other
chromosome segments displayed a total lack of A. sandar-
acinos components (such as chromosome 8). Such results
are expected under the semipermeable view of species
boundaries, which translate into differential admixture pat-
terns across the genome (Harrison and Larson 2014).
However, the admixed genomic windows did not present
dissimilar differentiation, divergence, and nucleotide diver-
sity values compared to the background windows (Table 2),
which might have hinted at the potential selection forces at
play. Such a lack of difference might result from the length
of the admixed genomic tracts in the BCs. Indeed, the BC
individuals in our dataset correspond to early BC genera-
tions and thus exhibit large tracts of DNA inherited by the
parental species. The low number of generations implies
that large admixed tracts have not yet been broken down
by recombination into smaller genomic regions, thus pre-
venting the detection of loci that may have been selected
and fixed (Navascués et al. 2021). Despite this lack of reso-
lution to detect selection signals and the limited number of
BC samples, the apparent absence of A. sandaracinos com-
ponents across all five individuals in chromosome 8 is intri-
guing. Loci under divergent selection (and potentially linked
regions) associated with population or species divergence
usually present particularly reduced admixture rates
(Barton and Hewitt 1985; Harrison and Larson 2014).
Interestingly casz7 and various hoxc genes are located on
this chromosome and were strongly associated with color
patterns in the hamlet reef fishes (Hypoplecturus spp;
Hench et al. 2022). This chromosome might thus have an
essential role in determining the hybrid color pattern.
However, such a conclusion is highly speculative, and fur-
ther investigations are required to link the absence of ad-
mixture and the presence of coloration genes.

Although we did not detect any evolutionary relevant
signal in the admixed tracts of BC individuals, features

12 Genome Biol. Evol. 17(3)  https://doi.org/10.1093/gbe/evaf031

Advance Access publication 27 February 2025

920z |1Udy 20 uo Jasn AlsisAlun 400D sawer Aq 6687708/ L E0IBAS/E// | /alo1e/aqb/woo dno-olwspese//:sdny Wwolj papeojumoq



Genomic Architecture of Amphiprion leucokranos

GBE

linked with the genomic landscape have likely contributed
to the pattern of introgression in clownfish species.
Indeed, an increasing amount of studies demonstrated
that introgression rate is variable across the genome of
many species (e.g. Janousek et al. 2015; Hagberg et al.
2022), including fish (e.g. Schaefer et al. 2016). The well-
known case of sex chromosomes subject to reduced intro-
gression (Burton and Barreto 2012) is not particularly rele-
vant for species displaying a socially controlled sex change
such as clownfish. Also, being sequential hermaphrodites,
hybrid clownfish do not represent a case to evaluate
Haldane's Rule, which posits that in the cases of hybridiza-
tion for which one sex is absent, rare, or sterile in the off-
spring, this sex is the heterogametic sex (Haldane 1922).
Although characterization of differential loss of male versus
female function has been studied in hybrid hermaphrodites
(Schilthuizen et al. 2011), this type of analysis remains be-
yond the scope of our study.

Furthermore, some genomic patterns common to mul-
tiple independent hybridization events start to emerge.
Notably, genomic regions exhibiting a reduced density of
coding genes or conserved elements experience an in-
creased level of introgression (Brandvain et al. 2014;
Martin et al. 2019). In addition, introgression is favored in
the genomic portions subject to an elevated recombination
rate (Sankararaman et al. 2014; Janousek et al. 2015). This
correlation results from recombination breaking down the
association between neutral or adaptive alleles and dele-
terious alleles, eventually decreasing the strength of selec-
tion against the introgressed tracts (Martin et al. 2019;
Veller et al. 2023). Genomic architecture can thus impact
the level of introgression and partially predict the outcome
of hybridization events (Brandvain et al. 2014; Martin et al.
2019). Although we are missing crucial information such as
the recombination rate across the genome to predict the
Kimbe Bay hybrid zone outcomes accurately, we can still
formulate some hypotheses based on the observed pat-
terns of introgression and population structure of the hy-
brid zone.

The coexistence of early-generation A. sandaracinos-BCs
with A. sandaracinos individuals exhibiting low levels of ad-
mixture (Figs. 1c and 2a) suggests that hybrid genome sta-
bilization could occur through multiple BC generations and
subsequent reduction of the minor parent genome (A.
chrysopterus). The resulting stabilized hybrid genome
would consist of a few potentially adaptive tracts of A. chry-
sopterus embedded in an A. sandaracinos background
(Runemark et al. 2019), similar to the stabilized hybrid gen-
omes of the Anopheles mosquito (Hanemaaijer et al. 2018)
or the monkeyflowers (Brandvain et al. 2014). This hypo-
thetical outcome is further supported by the few peaks of
introgression we detected between the A. sandaracinos
and A. chrysopterus in the hybrid zone, suggesting that
past genetic exchanges occurred between the parental

species (Fig. 5). However, the time to reach genome stabil-
ization is difficult to predict since high variability exists
among species. For instance, fixation of ancestry blocks
was swift in experimental Helianthus sunflower hybrids
(Rieseberg et al. 1996) and introgressed Neanderthal re-
gions became fixed in the human genome ca. 2,000 gen-
erations following hybridization (Sankararaman et al.
2014).

Another hybrid zone outcome highlighted in various
species is hybrid speciation (Mavarez et al. 2006).
Homoploid hybrid speciation requires reproductive isola-
tion of the hybrid against both parental species, which
can arise through reproductive barriers acting before or
after fertilization (Abbott et al. 2013). Assortative mating
between hybrids (Lamichhaney et al. 2018), genomic struc-
tural disparities (Rieseberg 2001), sorting of parental in-
compatibilities (Hermansen et al. 2014), or adaptation to
novel ecological niches through transgressive phenotypes
(Schwarzbach et al. 2001) are among the multiple barriers
that could lead to homoploid hybrid speciation. However,
despite one putative F2 hybrid in our data set, we have
found no evidence of ongoing mating between hybrids,
suggesting that homoploid hybrid speciation is an unlikely
scenario. The Kimbe Bay hybrid zone might thus promote
the exchange of adaptive alleles among the parental spe-
cies through the hybrid individuals.

Parental Species: Ongoing Genetic Exchanges, Impact
and Comparison with Other Populations

We detected high differentiation and divergence through-
out the genome of the parental species A. sandaracinos
and A. chrysopterus (Fig. 5). Such divergence was expected
since the two species shared a common ancestor ca. 6.2
million years ago, a considerable evolutionary time consid-
ering that the clownfish radiation started ca. 10 million
years ago (Gaboriau et al. 2024). Nevertheless, the occur-
rence of first-generation and early BC hybrids in the
Kimbe Bay hybrid zone (Figs. 1c and 2a) indicates ongoing
genetic exchanges between the two parental species and
confirms that a high level of genetic divergence is a poor
predictor of the ability to hybridize (Jiggins and Mallet
2000). The ongoing genetic exchange between the two
parental species is not surprising since clownfishes are
known for recurrent past hybridization (Schmid et al.
2022; Marcionetti and Salamin 2023) and frequently hy-
bridize when raised in aquaria (Fautin and Allen 1997).
Furthermore, the shared use of resources—here, the host
sea anemone species shared by hybridizing individuals—
might also favor hybridization, as observed for other reef
fish species (Montanari et al. 2016). Reproductive isolation
is thus not complete yet, raising the question of the barriers
enabling the two parental species to maintain their integrity
in the face of genetic exchange. Conflict in the genomes of
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the parental species (i.e. genetic incompatibilities) appears
to maintain species boundaries in a swordfish hybrid zone
despite frequent interbreeding and overlapping environ-
ments (Schumer et al. 2014). In addition, mating behavior
and reduced fitness of second-generation hybrids due to
the accumulation of DMIs were suggested to preserve in-
tact species boundaries in parrotfishes (Carlon et al.
2021). Beyond these examples in fishes, other species ex-
hibit various prezygotic (Sobel et al. 2019) and postzygotic
barriers (Pulido-Santacruz et al. 2018) which maintain par-
ental species integrity if sufficiently strong. However, the
genetic exchange might be able to dissolve those barriers
provided the latter are weak enough (Xiong and Mallet
2022).

In the Kimbe Bay hybrid zone, genetic exchange seems
to impact the integrity of one of the parental species.
Indeed, the difference in pairwise Fst among F1-hybrids
and both parental lineages exhibit an unexpected biased
distribution, with most genomic windows revealing a lower
differentiation between the F1-hybrids and A. sandaracinos
compared to A. chrysopterus (Fig. 4a). Since the parental
species are highly differentiated (Fig. 5), a large proportion
of SNPs should be alternatively fixed in each lineage (i.e.
homozygous for the reference allele in one parent and
homozygous for the alternative allele in the other). The re-
maining SNPs are thus expected to be heterozygous in
some individuals. They should be randomly distributed
across the genomes of the parental species, generating
an expected distribution of Fsr differences between the
F1-hybrid and both parents centered around zero. The un-
expected pattern we observed is most likely a consequence
of the genomic features of the parental species rather than
a process impacting F1-hybrids directly since the latter
should be shielded against intrinsic incompatibilities be-
cause hybrid breakdown usually emerges in the second
generation (Burton 1990). A potential explanation could
be that genetic exchange among the parental species alters
the A. sandaracinos genomic integrity. The recurrent unidir-
ectional genetic exchange due to backcrossing might im-
pact A. sandaracinos population allelic frequencies, which
might start to be more similar to the ones from A. chrysop-
terus. Consequently, F1-hybrids—which are expected to be
totally heterozygous—would display a reduced whole-
genome differentiation against A. sandaracinos compared
to the differentiation against A. chrysopterus, leading to
the observed bias. As a consequence of the unilateral intro-
gression via hybrids due to size dimorphism in parental spe-
cies, we might thus witness the diffusion of A. chrysopterus
variants into A. sandaracinos in the Kimbe Bay hybrid zone.

Furthermore, the significant difference in fg\ values cal-
culated based on different topologies—particularly when
examining outlier windows biased toward A. chrysopterus
—suggest a scenario of asymmetric introgression from
A. chrysopterus into A. sandaracinos (Fig. 4b). This pattern

likely arises as a consequence of previous genetic exchange
between the parental species, resulting in the fixation of in-
trogressed alleles from A. chrysopterus within the A. san-
daracinos genome. The shaping of parental species
genomes through past and ongoing genetic exchange
has also been documented across numerous fish hybrid
zones (e.g. Takahashi et al. 2017; Barth et al. 2020).

We investigated other impacts on the parental species
based on the comparison with other A. sandaracinos and
A. chrysopterus populations either occurring in sympatry
(Solomon Islands) or allopatry (respectively, Christmas
Island and Fiji; Fig. 5b). Nucleotide diversity varied among
populations and was higher in both allopatric populations,
and its level was generally lower in A. sandaracinos com-
pared to A. chrysopterus, consistent with what was previ-
ously highlighted using microsatellite markers (Gainsford
et al. 2015). Patterns of Fst were highly similar among the
three pairwise comparisons, but genetic divergence and
differentiation were unexpectedly lower when comparing
more geographically distant parental populations. Due to
the clownfishes’ propensity to hybridize (Schmid et al.
2022; Marcionetti and Salamin 2023), we cannot exclude
the possibility that past hybridization events involving other
clownfish species occurred in the allopatric A. chrysopterus
and A. sandaracinos parental populations. The highest nu-
cleotide diversity in the allopatric populations, as well as the
PC2 values for the two populations, also point toward this
conclusion. Parallels can be drawn with the ancestry pat-
terns previously observed in the skunk clownfish complex
—whose evolutionary history was marked by ancestral gen-
etic exchange (Marcionetti et al. 2024). A sister species to
A. sandaracinos—Amphiprion perideraion—occurs in
both allopatric locations and has a history of past hybridiza-
tion with other clownfish species, notably with A. sandara-
cinos (Marcionetti et al. 2024). We thus carefully suggest
that the reduced divergence between the allopatric
parental populations might be a consequence of past gen-
etic exchange with the clownfish A. perideraion and is not
linked to the dynamics of the Kimbe Bay hybrid zone. The
subsequent split in the admixture plots of the Fiji population
from the other A. chrysopterus populations (at K =4) fol-
lowed by the separation of the Christmas Island A. sandar-
acinos from other conspecific populations (at K=5;
supplementary fig. S2, Supplementary Material online) fur-
ther supports that distinct evolutionary processes might
have shaped the genome of the two parental allopatric po-
pulations compared to the sympatric ones.

Future Directions

The recurrent backcrossing of the F1-hybrids with A. san-
daracinos combined with the scarcity of second-generation
hybrids and the genomic signature of past genetic ex-
change among the parental species suggest that the
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hybridization events occurring in the Kimbe Bay hybrid
zone might lead to adaptive introgression. The resulting
stabilized hybrid genome would thus consist of a few po-
tentially A. chrysopterus adaptive loci introgressing into
the A. sandaracinos genomic background. However, we ex-
pect distinct outcomes at other locations of the A. chrysop-
terus—-A. sandaracinos hybrid zone—which ranges from the
Solomon Islands to the Halmahera Island. Indeed, BCs were
detected in Kimbe Bay but not in other locations (i.e.
Solomon Islands and Kavieng), which consisted mainly of
equally admixed individuals (Gainsford et al. 2020).
Dissimilar hybridization outcomes also occurred in the rain-
bow trout hybrid zone, where some locations only con-
sisted of advanced BC hybrids, while others were
constituted of a mix between F1-hybrids and BCs
(Mandeville et al. 2019). Geographical heterogeneity in hy-
bridization outcomes was also highlighted in Catostomus
suckers (Mandeville et al. 2017) or in the hybrid zone be-
tween the rainbow and the westslope trout (Muhlfeld
et al. 2017). This spatial variation of introgression patterns
and hybrid frequency is a consequence of the variability
among locations in multiple processes such as reproduct-
ive isolation (Mandeville et al. 2017), context-specific se-
lection, or drift (Ottenburghs et al. 2017). We thus
expect a high variability in the hybridization outcomes
within the A. chrysopterus—-A. sandaracinos hybrid zone,
which we might be able to address with the genomic ana-
lysis of more locations leading to a deeper understanding
of the genomic architecture of A. leucokranos and ultim-
ately, of the mechanisms linked with clownfish speciation
and reproductive isolation.

Materials and Methods

Sampling, Library Preparation, and Sequencing

Between 2011 and 2014, we collected tissue samples
consisting of 1-cm-long dorsal fin clips and took pictures
from 23 A. chrysopterus, 24 A. leucokranos, and 20
A. sandaracinos. All A. leucokranos (hybrid species) came
from the hybrid zone in Kimbe Bay (Papua New Guinea).
For the parental species, we collected A. chrysopterus and
A. sandaracinos in the hybrid zone and in allopatric popula-
tions (Fig. 1a and supplementary table S1, Supplementary
Material online). We used an outgroup, the raw DNA reads
of ten A. clarkii collected in Indonesia sequenced in a previ-
ous study (Schmid et al. 2024). For the newly collected sam-
ples, we extracted the genomic DNA of each fin clip
following the DNeasy Blood and Tissue kit standard proced-
ure and performed the final elution twice in 100 pl of Buffer
AE (QIAGEN, Hombrechtikon, Switzerland). We quantified
the extracted DNA using a Qubit 2.0 Fluorometer (Thermo
Fisher Scientific, Waltham, MA, USA) and evaluated the in-
tegrity by electrophoresis. We followed the TruSeqg Nano

DNA library prep standard protocol to generate libraries
with a 350-bp insert-size for whole-genome paired-end
sequencing (lllumina, San Diego, CA, USA). We validated
the fragment length distribution of the libraries with a
fragment analyzer (Agilent Technologies, Santa Clara, CA,
USA). We pooled all samples together, and the Genomic
Technologies Facility of the University of Lausanne performed
the sequencing on ten lanes of Illumina 4000 HiSeq to reach a
~10x coverage for each sample.

Sequenced Data Processing, Mapping and Genotyping

We trimmed the generated reads for adapter sequences,
filtered reads shorter than 36 bp, and cut nucleotides off
the start and end of a read if the quality was below three
using Trimmomatic V0.392.3 (Bolger et al. 2014). We as-
sessed read quality before and after processing with
FastQC V0.12.1 (Andrews 2010). We mapped the pro-
cessed reads to A. clarkii reference genome (GenBank ac-
cession number JALBFV0O00000000.1; Moore et al. 2023)
using BWA-MEM V0.7.17 (Li et al. 2009). Divergence times
of A. sandaracinos and A. chrysopterus from A. clarkii are
~5.1 and ~6.2 million years, respectively (Gaboriau et al.
2024). We subsequently sorted, indexed, and filtered
them according to mapping quality (>30) using
SAMtools V1.17 (Li et al. 2009). Then, we assigned all
the reads to read-groups using Picard Tools V2.9.0
(http:/broadinstitute.github.io/picard), fixed paired reads,
removed secondary alignments and sorted the SAM file
with SAMtools V1.17, marked duplicates with Picard
Tools V2.9.0, and validated the mapping output using
various statistics generated with BamTools V2.5.2
(Barnett et al. 2011).

After mapping, we called haplotypes for each sample
and each chromosome using GATK V4.4.0.0 (Van der
Auwera and O’Connor 2020), merged the generated
gVCF files with Picard Tools V2.9.0 and proceeded to joint
genotyping with GATK V4.4.0.0. At this step, we removed
three individuals with low-quality data (LU11, LU61, and
LU24). Then, we generated two different VCF files before
subsequent filtering: (i) one with the two parental species
(A. chrysopterus and A. sandaracinos) and the hybrid spe-
cies A. leucokranos, and (ii) one including also the outgroup
species A. clarkii in addition of the hybrid and parental spe-
cies. Then, we proceeded to hard-filtering the two VCF files
following the GATK recommendations, since no well-
curated training resources are available for base recalibra-
tion (QD<2.0, MQ<40.0, FS>60.0, SOR>3.0,
MQRankSum < —12.5, ReadPosRankSum < —8.0). We per-
formed additional filtering using VCFtools V0.1.16
(Danecek et al. 2011) and kept only biallelic SNPs with a
quality above 30 (—minQ 30), which were informative for
at least 85% of the individuals (—max-missing 0.85), with
a minimum depth of 7 (—=minDP 7), a maximum depth of
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40 (—maxDP 40) and a minor allele count greater than or
equal to 3 (—mac 3).

PCA and Admixture

To select only independent SNPs for the PCA, we per-
formed linkage disequilibrium (LD) pruning using PLINK
V1.9 (Purcell et al. 2007). We removed variants exhibiting
high LD using a sliding window approach with the follow-
ing parameters: A window size of 50 kb, a step size of
10 bp, and an LD threshold of ?=0.2. For each window,
pairs of variants with r> = 0.2 values exceeding the thresh-
old were identified, and one variant from each pair was
excluded. Then, using the pruned dataset, we performed
a PCA with PLINK V1.9 (Purcell et al. 2007). Then, we esti-
mated individual admixture proportions using ADMIXTURE
V1.3.0 (Alexander et al. 2009) with K-values ranging be-
tween 2 and 7. The K-value that balances minimizing
cross-validation error and parsimony was chosen for the
final analysis. To further investigate the relationship be-
tween the hybrids, we performed a second PCA analysis,
including only the A. leucokranos individuals.

Mitochondrial Genome Reconstruction and Phylogeny

To explore the genetic relationship between individuals and
determine the parental inheritance of mitochondrial DNA in
hybrids, we first reconstructed the mitochondrial genome
of the 64 individuals (hybrids and parental species) using
the baiting and iterative mapping approach implemented
in MITObim V1.9.1 (Hahn et al. 2013). We first merged
the paired reads using FLASh V1.2.11 (Mago¢ and
Salzberg 2011). Then, we used the complete mitochondrial
genome of Amphiprion percula (GenBank accession:
KJ174497.1; Tao et al. 2016) as reference to reconstruct
the mitochondrial genomes of the 64 samples. We circular-
ized the 64 resulting genomes with MARS (Ayad and Pissis
2017) and aligned them using MAFFT V7.505 (Katoh and
Standley 2013). We then used the multiple sequences
alignment as input to build a maximum-likelihood tree
with 1Q-tree V2.2.2 (Minh et al. 2020) and selected the sub-
stitution model (TN+F+1414+R3) that minimizes the
Bayesian information  criterion  with  ModelFinder
(Kalyaanamoorthy et al. 2017). We assessed branch sup-
port by implementing the single-branch test (Shimodaira-
Hasegawa-like approximate likelihood ratio test [SH-like
aLRT]; Guindon et al. 2010) and the ultrafast bootstrap ap-
proximation (UFBoot; Hoang et al. 2018) with 1,000 repli-
cates and eventually visualize the resulting phylogeny
with iTOL V7 (Letunic and Bork 2021).

Local Ancestry Inference

We used the two-layer hidden Markov model implemented
in ELAI (Guan 2014) to infer the local ancestry of the hybrid
individuals. This approach estimates linkage disequilibrium

between predefined parental groups to calculate the allele
dosage scores at each SNP. The values range from0to 2 ina
two-way admixture and indicate the site’s most likely an-
cestry proportion (0 or 2 indicates homozygous states,
whereas a value of 1 corresponds to a heterozygous state).
We ran ELAI on the complete SNPs dataset and considered
the Kimbe Bay populations of A. chrysopterus and A. san-
daracinos as the two parental groups. We set the number
of upper-layer clusters (-C) to 2 (representing A. sandaraci-
nos and A. chrysopterus) and the lower-layer clusters (-c) to
10 (five times the upper-layer cluster, following ELAl recom-
mendations). We applied six different admixture gener-
ation (-mg) parameters (1, 2, 3, 5, 10, and 20) and
performed ELAI analysis five times with 30 expectation
maximization runs (-s) for each generation. We averaged
the 30 independent runs and considered the sites with al-
lele dosage between 0.8 and 1.2 as heterozygous, sites
with allele dosage above 1.8 as homozygous for A. sandar-
acinos ancestry and sites below 0.2 as homozygous for
A. chrysopterus ancestry, similar to what Seixas et al.
(2018) suggested. We regarded values in-between those
ranges as noninformative due to the high level of uncer-
tainty. To summarize the information, we calculated the
percentage of homozygous and heterozygous sites for
each hybrid individual.

Hybrid Color Patterns Matrix and PCA

The parental species differ in their phenotype in terms of
white bands and background color patterns: A. chrysop-
terus displays two white lateral bands and dark-orange
background coloration, whereas A. sandaracinos has a sin-
gle dorsal white stripe on a light-orange background
(Fig. 1c). The A. leucokranos individuals exhibit various
intermediate traits between the two parental species. We
built a color pattern matrix consisting in nine binary traits
(either absent or present in the hybrid): Four traits describ-
ing the extent of the dorsal white band (S1-54), four traits
depicting the extent of the lateral white band (C1-C4), and
one trait describing the asymmetry of pattern between the
right and left side (A; Fig. 3¢). We thus characterized the 20
hybrid individuals with available pictures (no pictures were
available for individuals LU131, LU132, and LUO7) accord-
ing to the presence or absence of those nine traits.
Finally, we performed a PCA on the resulting matrix to sum-
marize the color information in a 2D space and explore the
relationship between the hybrids.

Population Genomic Analyses in Sliding Windows

Based on the admixture analysis and the local ancestry esti-
mation, we identified four groups of A. leucokranos: 14
first-generation hybrids (F1s), one second-generation
hybrid (F2), five A. sandaracinos-BCs, and one first-
generation A. sandaracinos-BC x A. chrysopterus cross
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(see supplementary table S1, Supplementary Material on-
line). We only considered pure F1s (14 individuals) and
A. sandaracinos-BCs (five individuals) for subsequent ana-
lyses. To investigate the genome-wide patterns of differen-
tiation, divergence, and diversity among the hybrids and
the two parental populations, we estimated between-
population differentiation (Fs7), between-population
absolute divergence (d,), as well as population nucleotide
diversity (z) in nonoverlapping 50-kb windows (containing
at least 100 SNPs) using popgenWindows.py (https:/
github.com/simonhmartin/genomics_general). We consid-
ered as populations the eight following groups: (i) F1s, (ii)
A. sandaracinos-BCs, (ii to v) A. sandaracinos from
Solomon Islands, Kimbe Bay and Christmas Island, and
(vi to viii) A. chrysopterus from Solomon Islands, Kimbe
Bay, and Fiji (supplementary table S1, Supplementary
Material online). Finally, we quantified the extent of genetic
exchanges between the two parental lineages in the hybrid
zone (Kimbe Bay) and calculated the fyy statistic (Malinsky
et al. 2015) in nonoverlapping 50-kb windows (containing
at least 100 SNPs) using ABBABABAwindows.py. Like other
f-statistics (also known as ABBA-BABA statistics), the fym
statistic relies on patterns of ancestral and derived alleles
in a group of species/populations of interest (P1, P2, and
P3) and an outgroup to discern hybridization from incom-
plete lineage sorting. Compared to other similar statistics,
fam has the additional advantage of accommodating genet-
ic exchanges between both P2 and P3 (positive value) and
P1 and P3 (negative values). Since we were interested in
genetic exchanges between parental species in Kimbe
Bay, we considered the two following topologies to calcu-
late two fgm values: (i) P1=A. sandaracinos (Christmas
Island), P2 = A. sandaracinos (Kimbe Bay), P3 = A. chrysop-
terus (Kimbe Bay), and outgroup = A. clarkii; and (i) P1 =
A. chrysopterus (Fiji), P2 =A. chrysopterus (Kimbe Bay),
P3 = A. sandaracinos (Christmas Island), and outgroup =
A. clarkii. We subsequently used those statistics to charac-
terize the genomic landscapes of the F1-hybrids, the
sandaracinos-BC hybrids, and the parental lineages based
on the following analyses.

Identification of Potential Barrier Loci in Parental
Populations

To identify potential barrier loci among the parental species
A. chrysopterus and A. sandaracinos, we used the pairwise
Fst between the two species in sympatry (the Solomon
Islands and Kimbe Bay) and in allopatry (A. chrysopterus
from Fiji and A. sandaracinos from Christmas Island).
Regions of the genome with elevated Fst can point to fixed
or nearly fixed allele frequency differences between popu-
lations (i.e. barrier loci/genomic islands of differentiation).
We thus extracted the 50-kb genomic windows with Fsy va-
lues above the 99th percentile of the whole-genome

distribution and in common between three pairwise com-
parisons. We subsequently considered those windows as
potential barrier loci.

Identification of Regions of Elevated Divergence
Between F1-hybrids and One of the Parental Species

We used Fst disparities between lineages to identify gen-
omic regions of inflated divergence between the
F1-hybrids and either or both parental species (also referred
in results and discussion as “outlier windows"). Thus, for
each 50-kb window across the genome, we computed
the difference in Fst between the F1-hybrids and both par-
ental species from Kimbe Bay (F1-parent divergence =
CHP-F1 Fs—SAN-F1 Fs1), and subsequently selected the
Fsr-difference values above the 99th percentile (biased to-
ward A. chrysopterus) and below the first percentile (biased
toward A. sandaracinos). To detect if the number of highly
divergent windows was biased toward some chromo-
somes, we generated a random distribution of highly diver-
gent windows across the genome using 10,000
permutations. We then compared the observed mean value
of divergent windows per chromosome to the expected
mean value. We corrected the P-value for multiple testing
using the Benjamini-Hochberg false-discovery rate method
(Benjamini and Hochberg 1995). We performed a two-
sample Wilcoxon test to evaluate differences in Fsr, dy,
and gy values between the background genomic windows
and the highly divergent windows. We performed the same
test to determine if the two computed 4 values averaged
across the highly divergent windows were statistically dif-
ferent, which would indicate biased introgression from
one parental species to the other. Since the statistical sig-
nificance indicated by the P-value is highly influenced by
the sample size and can be misleading when many observa-
tions are compared, we computed the effect size using
Cohen'’s d statistic to assess the practical significance of
the difference between the two groups. We also performed
a y’ test to compare the number of barrier loci between
background and divergent genomic windows. Finally, we
performed a one-sample Wilcoxon rank-sum test to test
whether the mean divergence value across chromosomes
was statistically different from 0.

Characterization of Homozygous A. sandaracinos Tracts
in BCs

Similar to the analyses we made for the divergent windows
between F1-hybrids and the parental species, we used the
population genomic statistics to characterize the homozy-
gous A. sandaracinos genomic tracts identified with ELAI
in the A. sandaracinos-BCs. We considered the windows
with at least four out of the five A. sandaracinos-BCs dis-
playing homozygous A. sandaracinos ancestry to be BC
windows. To test for a bias in some chromosomes
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compared to the rest of the genome, we generated a ran-
dom distribution of BC windows across the genome using
10,000 permutations. We then compared the observed
mean value of BC windows per chromosome to the ex-
pected mean value. We corrected the P-value for multiple
testing using the Benjamini—-Hochberg false-discovery rate
method (Benjamini and Hochberg 1995). Then, we tested
for differences in the Fsr, dyy, and fgv values between the
background and BC genomic windows using a two-sample
Wilcoxon test and computed the effect size using Cohen’s
d statistic. Finally, we performed a y* test to compare the
number of barrier loci between background and BC gen-
omic windows.

Supplementary Material

Supplementary material is available at Genome Biology and
Evolution online.
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