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Abstract

On evolutionary time scales, sea level oscillations lead to recurrent spatio-temporal variation in species
distribution and population connectivity. In this situation, applying classical concepts of biogeography is
challenging yet necessary to understand the mechanisms underlying biodiversity in highly diverse marine
ecosystems such as coral reefs. We aimed at studying the outcomes of such complex biogeographical dynamics
on reproductive isolation by sampling populations across a wide spatial range of a species-rich fish genus: the
sergeants (Pomacentridae: Abudefduf). We generated a mutli-locus data set that included ten species from 32
Indo-West Pacific localities. We observed a pattern of mito-nuclear discordance in two of the most common
and widely distributed species: Abudefduf sexfasciatus and A. vaigiensis. The results showed three regional sub-
lineages (Indian Ocean, Coral Triangle region, western Pacific) in A. sexfasciatus (0.6—1.5% divergence at locus
¢ytb). The other species, A. vaigiensis consisted of three distinct lineages (A, B, and C) whose geographic ranges
overlapped (9% divergence at locus ¢y7h). Although A. vaigiensis lineage A and A. sexfasciatus were found to be
distinct based on nuclear information, 4. vaigiensis lineage A was nested within A. sexfasciatus in the
mitochondrial gene tree. Abudefduf sexfasciatus from the Coral Triangle region and A. vaigiensis lineage A were not
differentiated from each other at the mitochondrial locus. We then used coalescent-based simulation to
characterize a spatially widespread, weak gene flow between the two species. These fishes may be considered as
candidates of choice to investigate the complexity of the discrepancies between phenotypic and genetic

evolution among sibling species.



Introduction

Evolutionary processes that lead to reproductive isolation between populations and/or species can be
temporally and spatially dynamic. For instance, closely related and previously allopatric species that come into
contact may interbreed and form hybrid zones (Barton & Hewitt, 1985; 1989; Mallet, 2005; Price e al. 2008).
Hybrid zones have been intensively studied in terrestrial systems (Harrison, 1993) but have been considered as
rare in the sea until recently. However, the number of studies documenting marine hybrid zones has increased
within the last decade (DiBattista ¢# a/. 2015; Montanati ef a/. 2012; 2014; 2016 and references therein for
examples in fishes).

Characterizing spatial and temporal patterns of inter-specific gene flow in marine systems may have been
more difficult than in terrestrial or riverine organisms because marine populations are generally more connected
and are expected to experience higher levels of gene flow. In this context, inter-specific gene flow may give rise
to complex patterns of hybridization (Fraisse ez a/. 2014; Le Moan ez a/. 2016), not only along the edges of
species’ ranges, but virtually everywhere their distributions overlap, sometimes resulting in mosaic-like patterns
of hybridization (Hobbs ez 2/ 2009; Hobbs & Allen, 2014). These particularities challenge the classical vision of
the mechanisms underlying species formation and/or their integrity in spite of potential gene flow. Yet, it is of
primary importance to investigate patterns of biodiversity in such marine ecosystems with complex and highly
dynamic histories (see Bowen ez a/. 2013). Moreover, the role of hybridization in biodiversity is still debated, as it
has been considered either as source of evolutionary novelty or as a homogenising process and a potential threat
for biological diversity (Seehausen, 2004; Abbott ef al. 2013).

The tropical Indo-West Pacific is the largest and most speciose marine biogeographic region (Crandall &
Riginos, 2014). Out of the 3919 reef fish species that occur in the Indo-West Pacific, 69.1 % are widely
distributed from the western Indian Ocean to the western Pacific (Allen, 2008; Briggs & Bowen, 2012; 2013).
Marine populations of the western Pacific and the Indian ocean have undergone a succession of stages of
geographic isolation on either side of the Indo-Pacific barrier, and subsequent secondary contact (Gaither &
Rocha, 2013) due to cyclic sea-level oscillations (Voris, 2000; Siddall 7 2/ 2003; Naish e7 2/ 2009). This has
considerably but also differently impacted the phylogeography of species in this region but also led to very
different outcomes. While some species exhibit a strong Indian #s. Pacific phylogeographic structure, others
show an apparent lack of differentiation as well as a range of intermediate situations (Gaither & Rocha, 2013;
Bowen ez al. 2016; Borsa e al. 2016). Even closely related congeneric species display strikingly different patterns
of spatial genetic differentiation. Gaither e a/. (2010) found a lack of genetic differentiation across the whole
Indo-Pacific in the snapper Lutjanus kasmira but high levels of structure at all geographical scales in the closely
related species: L. fulyus. These results are similar to the ones reported by DiBattista ez a/. (2012) between the
undifferentiated Chaetodon meyeri and the structured populations of C. ommatissimus: two sister species of
butterflyfishes. Horne and van Herwerden (2013) documented weak genetic differentiation at mitochondrial
markers between Naso bexacanthus and N. caesisus whereas these two sister species of unicornfishes were distinct
at nuclear loci. This variability indicates that evolutionary and ecological dynamics in these organisms are
species-specific. It is even possibly observable at the intra-specific level (Carpenter et a/. 2011; Borsa ez al. 2016).

Highly diverse and widely distributed animal groups such as the damselfishes (Pomacentridae) provide an
opportunity to investigate the different factors involved in generating and maintaining spatial patterns of
phenotypic and genetic diversity and differentiation in our oceans. This family comprises 399 valid species in the
Indo-Pacific (Eschmeyer ¢f a/. 2016). Previous phylogenetic studies have documented the systematics of the
Pomacentridae family (e.g. Quenouille ¢f a/. 2004; Cooper e# al. 2009). Other biogeographic studies have
investigated species boundaries at lower taxonomic levels in this family but only a few of them highlighted cases
of cross-species hybridization (but see Litsios & Salamin, 2014 for a noticeable exception in clownfishes)
suggesting that this phenomenon could be rare in Pomacentridae compared to other reef fishes from different

families including Acanthuridae, Chaetodontidae, Labridae or Pomacanthidae (Montanari ef a/. 2016).



Within the Pomacentridae, the genus Abudefduf (sergeants) comprises Indo-West Pacific species that are
generally widely distributed and locally abundant (Froese & Pauly 2015). The evolutionaty history of this genus
is complex, with the possible existence of cryptic species in Abudefduf saxatilis and A. vaigiensis that have not been
confirmed (Quenouille ez a/. 2004; 2011) as well as blurred boundaties between A. vaigiensis and A. sexfasciatus. In
a DNA barcoding survey based on the cytochrome oxidase ¢ subunit 1 gene (COI), Hubert ¢z a/. (2012) found
that out of 668 coral reef fish species sampled in both Indian and Pacific oceans (Madagascar, Réunion and
French Polynesia), only three pairs did not show clear inter-specific boundaries, possibly because of
mitochondrial introgression or because of the presence of different morphotypes in one of these species. One of
these pairs was A. sexfasciatus (Lacépede, 1801) and A. vaigiensis (Quoy & Gaimard, 1825). A case of
hybridization involving the Hawaiian endemic A. abdominalis and the recently introduced 4. vaigiensis was also
documented (Coleman e7 a/. 2014). This study reported that hybridization is likely to be favoured by human
activities, raised conservation issues for A. abdominalis, and demonstrated that the species barrier may quickly
collapse after secondary contact in these fishes. Altogether, these results led us to consider the Indo-West Pacific
species in the genus Abudefduf as candidates to investigate species formation in allopatry, secondary contact,
hybridization and the mechanisms by which species integrity is maintained in parapatry or in sympatry, despite
opportunity for inter-specific gene flow at broad geographic scales.

In this study, we first investigated the consistency between the phenotype-based taxonomy and the
molecular systematics of species in the genus Abudefduf. By incorporating several individuals from different
populations in each species, we conducted multi-locus phylogenetic analyses including 11 (out of 12) sergeant
species occurring in the Indo-West Pacific. We tested for the existence of cryptic lineages in 4. vaigiensis. Based
on an extensive geographic sampling, we then evaluated patterns of intra- and inter-specific differentiation to
look for genetic structure, identify geographic barriers to gene flow and highlight potential hybridization. Finally,
we investigated the magnitude, direction and locus-dependence of inter-specific gene flow between 4.
sexcfasciatus and A. vaigiensis, to propose an evolutionary scenatio to explain patterns of diversity and

differentiation in these two widely sympatric Indo-West Pacific species.
Materials and methods
Collection of specimens

We examined a total of 488 _Abudefduf spp. specimens collected between 2006 and 2015 from 32 localities across
the tropical Indo-West Pacific (Fig. 1A; sampling details in Supplementary Table S1). Fishes were caught using
nets during snorkelling sessions, by angling, or bought on local markets. We used colour patterns (number and
colour of lateral stripes, presence of bars or spot in the caudal region, presence of yellow coloration in the dorsal
region and flanks) to unambiguously identify the specimens to species. For each specimen, a muscle-tissue or
fin-clip sample was taken, then preserved in 95% ethanol and stored at -20°C in the Marine Biodiversity and
Phylogenomics laboratory at the Institute of Oceanography, National Taiwan University (NTU). When possible,
voucher specimens were photographed, then formaldehyde-fixed and deposited at the NTU Museum (NTUM),
Taipei.

Molecular procedures

Total genomic DNA was extracted from fin or muscle tissues using the automated LabTurbo 48 Compact System
extractor (Taigene Biosciences Corp., Taipei) and LGD 480-500 DN A-extraction kits (Taigene Biosciences
Corp.) following the manufacturer’s protocol. Amplification of the complete cytochrome & (cyth) gene together
with a short fragment of the adjacent tRNA-Thr was done by polymerase chain reaction (PCR). DNA fragments
at two nuclear loci were also PCR-amplified: a partial sequence of an exon of the Recombination Activating

gene 1 (RAGT) and a fragment of an intron of the Dystrophin gene (Dys#). Primer sequences and additional
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details are provided in Supplementary Table S2. PCRs were done in 25 pL reaction volume, containing ~1-2 ulL
DNA template, 0.2 mM of each ANTP, 2 mM MgCl2, 0.4 uM of each primer and 0.5 U GoTag Flexi DNA
polymerase (Promega, Madison W1, U.S.A.) in 5 uL. 5X manufacturer’s buffer plus 12.9 pL sterile distilled water.
The thermal profile of the PCR was as follows: initial denaturation at 95°C for 4 min, followed by 36 cycles of
denaturation at 95°C for 40 s, locus-specific annealing temperature for 40 s, elongation at 72°C for a locus-
specific time, and a final elongation at 72°C for 7 min. The PCR products were then checked on 1% agarose gel,
purified using the AAMPure magnetic bead cleanup protocol (Agencourt Bioscience Corp., Beverly MA, U.S.A.),
and sequenced in both directions by Sanget’s method on an ABI 3730 analyzer (Applied Biosystems, Foster City
CA, U.S.A) at the Centre of Biotechnology (National Taiwan University, Taipei).

Phylogenetic inference

We sequenced the amplified fragments at the mitochondrial locus cyts on the full sample set and those at the
nuclear loci, RAGT and Dyst on taxonomically and spatially representative subsets. Chromatograms were
examined using the viewing and editing features of GENEIOUS R v. 6.1.8 (Kearse ¢f a/. 2012). For each gene,
sequences were first automatically aligned using the GENEIOUS homemade alignment method with default
values. The alignments were subsequently checked by eye and adjusted manually when necessary. Indels were
treated as missing data. All the sequences were deposited in GenBank under accession numbers KU553479 to
KU554420 (Supplementary Table S1). We built two matrices of sequences: a mitochondrial one (cytd) and a
nuclear one which consisted of the concatenated RAGT and Dyst sequences. The RAGT and Dysz markers were
also considered separately. For single-gene tree reconstructions, we included all .Abudefduf sequences available
from GenBank in order to verify their phylogenetic position.

For each alignment, we determined the best partition scheme and the corresponding models of nucleotide
substitution that best fit the data using PARTITTIONFINDER v. 1.1.1 (Lanfear ez 2/ 2012). Coding sequences
(cytb and RAGT) were partitioned according to codon positions (first, second and third position). In
PARTITIONFINDER, likelihood scores for all the models implemented in the phylogenetic reconstruction
program MRBAYES v. 3.2.6 (Ronquist ¢z a/. 2012) were computed and we selected the best-fit models according
to the Bayesian Information Criterion associated with the 'greedy search algorithm' option. We then conducted
phylogenetic analyses based on maximum likelihood and Bayesian methods using the programs, RAxML v. 8
(Stamatakis, 2014) and MRBAYES, respectively. For Bayesian inference, two independent runs (each with four
Markov chains) were made simultaneously for 10 millions of generations and sampled every 1000 generations.
We then evaluated the convergence within and across runs. The first 25 % iterations were discarded as burn-in
and the remainder was used to generate a 50% majority rule consensus tree. For Maximum Likelihood analyses,
the ML search was run simultaneously with an automatic bootstrapping procedure (‘autoMRE' criteria) on each
gene partition and following the GTRCAT approximation. Computations were run online through the Cypress
Science Gateway portal (www.phylo.org; Miller ez 2/ 2010).

Genetic diversity, population differentiation and demography

We first focused on mitochondrial sequences (cytd) to compute parameters characterizing the genetic diversity
of A. sexfasciatus and A. vaigiensis lineage A populations, including the number of polymorphic sites per sequence
(), the nucleotide diversity (7 Tajima, 1989), and the haplotype diversity (Hg; Nei, 1987). To investigate spatial
restriction in gene flow, genetic structure was assessed according to the AMOVA framework (Excoffier e a/.
1992). We investigated the proportion of genetic variance explained by the differences among regions
(considered as groups): Indian Ocean/Coral Triangle region/western Pacific (Fer), and among localities within
regions (Fsc) in each of these two species. The AMOVA has been primarily designed for the intra-specific level.
However, the degree of inter-specific genetic differentiation at the mitochondrial locus between Coral Triangle

region populations of A. sexfasciatus and A. vaigiensis lineage A was low compared to what it was at the intra-
glon pop /4 g p
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specific level between regional subgroups of A. sexfasciatus (see Results). Therefore, we ran a second AMOVA to
obtain a comparative quantification of the genetic differentiation between the two species (considered as groups,
Fer), at the mitochondrial locus, in the Coral Triangle region localities where they cooccured in our sampling (Z.e.
around Taiwan) and between these localities within each species (Fsc).

Departure from the mutation/drift equilibrium was estimated with Tajima's (1993) D and Fu's (1997) Fs.
These two indices were initially conceived to detect deviation from selective neutrality but have been also shown
to be sensitive to modifications in demographical dynamics. Population genetics analyses were done in Arlequin
v. 3.5 (Excoffier ef al. 2005). To visualise with more detail the genetic differentiation between A. sexfasciatus and
A. vaigiensis lineage A, we reconstructed minimum-spanning mitochondrial haplotype networks using PopART
(University of Otago, http://popart.otago.ac.nz). We checked for shared haplotypes between these two species.

The analyses related to genetic diversity were done on each nuclear marker separately (RAGT and Dys?).
The most likely haplotypes were first determined using the algorithm PHASE (Stephens & Donelly, 2001)
implemented in DNASP v. 5.10.1 (Librado & Rozas, 2009). To optimize haplotype inference without
introducing false-positives, the PHASE thresholds were lowered to 0.6 as recommended in Garrick ez a/. (2010).

For each of the two nuclear loci, we ran three replicate runs and changed the seed value each time.
Inter-specific gene flow

Information obtained from the above analyses led us to characterize the joint effect of time and gene flow on
the divergence between the weakly differentiated populations of the Coral Triangle region of A. sexfasciatus and
A. vaigiensis A. We used the Bayesian coalescent-based estimation implemented in IMa2 (Hey & Nielsen 2007;
Hey 2010) to run this analysis on two populations. The first population consisted of the pooled samples of A.
vaigiensis A, excluding the two genetically differentiated populations of the Maldives and Red Sea (see Results),
while the other population consisted of the pooled samples of A. sexfasciatus from the Coral Triangle region (i.c.
excluding the genetically differentiated Indian Ocean localities and Moruroa). The ‘isolation-with-migration’
model implemented in IMa2 assumes that the two populations (hereafter populations 1 and 2) of effective size
6 and 6, diverged from an ancestral population (of effective size ) at time t and then exchanged genes at rates
» (from population 1 to population 2) and 72 (from population 2 to population 1). The foregoing six
parameters are scaled by mutation rate and therefore need to be converted to derive biologically realistic
demographic estimates. Here, 2.N.z corresponds to the number of effective migrants with IN being the effective
population size or the number of diploid individuals and » being the mutation rate (Wright 1931).

The IMa2 analysis was basically run on the three locus data set. Additional pattitions (mitochondrial /
nuclear) were also considered. For the mitochondrial gene, the mutation rate was set to 1.3 x 10 mutations per
site per year (DiBattista ef /. 2013) under the HKY model (Hasegawa ez 2/ 1985) and an appropriate inheritance
scalar of 0.25. For the nuclear genes, we first used IMgc (Woerner et al. 2007) to do a ‘four-gamete test’ in order
to detect and exclude potentially recombining blocks within nuclear loci. The mutation rate was set to 9.7 x 10-10
for the autosomal exon RAG7 (Lessios 2008) and 7.5 x 10 for the autosomal intron Dysz, following Eytan &
Hellberg (2010), under the Infinite-sites model (Kimura 1969). We assumed an inheritance scalar of 1 for both
nuclear loci. Preliminary tests were run to characterize prior ranges that encompassed the entire distribution of
each parameter estimates for use in subsequent runs. We then ran additional replicate runs with refined priors
distributions and different random number seeds. Parameter estimates were congruent across these runs. A last
series of runs consisting of 25 to 100 million steps (sampled every 1000 steps) with 0.5 million burn-in steps was
carried out to obtain the final estimates. Convergence was checked by visually inspecting the trend lines of all
parameters. To assess whether the complete model with gene flow was better supported than the model without
gene flow, we tested whether simpler demographic models (with no gene flow) fitted the data. To do so, we
followed the nested model approach in the ‘load-tree mode’ available in IMa2 according to the procedure
described in Hey & Nielsen (2007).



Results
Description of sequence datasets

A total of 942 sequences were generated in the course of this study (484 at locus ¢y#b, 224 at locus RAGT and
234 at locus Dyst, see details in Supplementary Table S1, Supporting information). Once additional sequences
retrieved from GenBank had been included, the mitochondrial data set consisted of 522 ¢y#b gene sequences
aligned over 1161 bp. The nuclear data set consisted of 246 sequences at locus RAGT, aligned over 1456 bp and
234 sequences at locus Dysz aligned over 1211 bp. The two nuclear sequence data sets were concatenated into a

single matrix of 204 individuals x 2667 nucleotide sites.
Mitochondrial gene-based phylogeny

At the mitochondrial locus, six of the species surveyed (Abudefduf bengalensis, A. saxatilis, A. septemfasciatus, A.
sordidus, A. sparoides and A. taurus) were monophyletic and presented low levels of intraspecific divergence (Fig.
2A). In contrast, A. vaigiensis was polyphyletic so we coined the three lineages sampled in this study A, B and C.
Abudefuf sexfasciatus was paraphyletic with respect to A. vaigiensis A (Figs 1B, 2 and S1, Supporting information).
Abudefuf vaigiensis A was the most abundant and widely distributed in our total A. vaigiensis samples; its
representatives were spread within the clade that also contains the haplotypes from western Pacific A. sexfasciatus
(Fig. 2A). Abudefuf vaigiensis B consisted of two geographically separated sublineages with one containing the
samples collected from Taiping Island in the South China Sea, from Little Liugiu Island in the Taiwan strait,
West Papua in the Coral Triangle and from Guam Island in the West Pacific and the other one consisting of a
unique individual from the western Indian Ocean. Abudefduf vaigiensis B was far less abundant than A. vaigiensis A
with only six individuals of 217 4. vaigiensis sampled. The monophyletic 4. vaigiensis C was recorded only from
the Coral Triangle (with five individuals from the Bali Strait and six individuals from Caohagan Island in the
Cebu Sea) (Fig. 1B). A fourth lineage within A. vaigiensis was represented by a single ¢y#b gene sequence from
Christmas Island (GenBank: AY208557; Quenouille e a/. 2004).

The A. sexfasciatus samples included in the mitochondtial gene analysis can be subdivided into three
phylogeographic or regional sublineages. One of them included all the individuals from the western Indian
Ocean. A second one included all 12 individuals from Moruroa, one individual from New Caledonia, and one
individual from West Papua. A third and the largest one, comprised the 124 remaining A. sexfasciatus from the

Coral Triangle and the western Pacific Ocean, along with all 204 _A. vazgiensis A individuals.
Nuclear gene-based phylogeny

The nuclear gene-based phylogenetic tree also supported the monophyly of most Abudefduf species surveyed and
showed little evidence of intraspecific divergence in most of the species that were sampled from both the Indian
and Pacific Oceans. An exception was A. septemfasciatus for which a phylogeographic break (Indian vs. western
Pacific partition) was observed (Figs 2B and S1, Supporting information). Interestingly, twelve of the 20
phenotypically identified 4. vaigiensis individuals from the Maldives fell into the A. sexfasciatus Indian Ocean clade
at both nuclear loci. Three distinct lineages (A, B, C) were also observed in A. vaigiensis in the nuclear gene-based
trees. In contrast with the mitochondrial tree, the samples from previously assigned 4. vazgiensis A exclusive of
the twelve Maldivian 4. vaigiensis individuals mentioned above formed a monophyletic group which is
completely separated from A. sexfasciatus (Fig. 2B). In A. sexfasciatus, nuclear markers confirmed the
phylogeographic pattern as revealed from the results of mitochondrial gene analysis by dividing the samples into
three regional sublineages: one from the western Indian Ocean, one from the Coral Triangle region and one
from the western Pacific Ocean. There was only weak intraspecific variation within 4. vaigiensis A across the

whole Indo-West Pacific. The fast-evolving intronic marker (Dys#) provided better phylogenetic resolution than
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the exonic one (RAGT). RAGT failed to fully resolve the terminal part of the tree, whereas Dysz did and even
revealed an intraspecific structure with a distinct lineage including the Red Sea population in A. vaigiensis A (Fig.
S1, Supporting information). The placement of A. saxarilis indicated that A. sexfasciatus and A. vaigiensis are not
sister species which contrasts with the proximity we found between A. sexfaciatus and A. vaigiensis A in the

mitochondrial gene tree.
Genetic diversity,population genetic structure and demography

Abudefduf sexfasciatns and A. vaigiensis lineage A displayed different patterns of intra-specific genetic diversity and
differentiation at the mitochondrial locus. In A. sexfasciatus, we found a substantially reduced genetic diversity in
the remote atoll of Moruroa where all 12 individuals sampled shared a unique cyt/ haplotype (Table 1). In both
species, populations from several localities displayed significant negative Tajima's D and Fu's Fs values. This
trend was more obvious in A. vaigiensis lineage A than in A. sexfasciatus. It was observed, to a lesser extent, at
locus RAGT but not at locus Dys# (Supplementary Table S3A; 3B).

The overall estimates of genetic differentiation at the mitochondrial locus (cytd) in A. sexfasciatus was Fsr =
0.786 (P < 10-4). Most of the genetic differentiation occurred between regions: Indian Ocean, Coral Triangle
region and western Pacific (Fer = 0.669; P = 0.03). Genetic differentiation was also considerable between
localities within regions (Fsc = 0.351; P < 10-4, Table 2). Within _A. vaigiensis lineage A, there was only negligible
differentiation among populations (Fsr = 0.020, P = 0.77; Fsc = -0.001, P = 0.95) even though it was significant
between oceans with Fer = 0.033, P = 0.02 (Table 2). Based on the AMOVA, the degree of genetic
differentiation was nonsignifcant (Fer = 0.283, P = 0.10) between A. sexfasciatus and A. vaigiensis lineage A where
the two morpho-species were found in sympatry (Fsc = -0.009; P = 0.58 and Fsr = 0.276; P < 10-4) at this locus.
This confirmed that genetic differentiation was lower between the two species in the Coral Triangle region than
within A. sexfasciatus across regions.

Three mitochondrial haplotypes, of 137 in total, were shared by A. sexfasciatus and A. vaigiensis A individuals
(Fig. 3A). One of these three haplotypes was common and it characterized several individuals from the two
species and from different localities across the Indo-West Pacific. The two other haplotypes were less common
in at least one of the two species. Overall, based on mitochondrial haplotypes, the differentiation between 4.
sexcfasciatus and A. vaigiensis A was weak in the Coral Triangle region. The mitochondrial haplotype network
confirmed that Indian Ocean and western Pacific haplotypes were relatively distinct from the Coral Triangle
region ones (with 13 and 6 mutations, respectively; i.e. 1.4% and 0.6% of pairwise sequence divergence between
groups). One individual of A. sexfasciatus from West Papua and one from New Caledonia had haplotypes similar
to those found in Moruroa, whereas the other haplotypes present at these localities had affinities with those
sampled in the Coral Triangle region. At the nuclear loci, several individuals from the Maldives formally
identified as A. vaigiensis according to colour pattern possessed alleles characteristic of .A. sexfasciatus (Fig. 3B,
C). Elsewhere, the two species were clearly distinct at locus Dyst with some haplotypes from the Red Sea at an
intermediate position between A. vaigiensis A and A. sexfasciatns (Fig. 3C).

Coalescence and inter-specific gene flow

Bayesian coalescent-based analyses highlighted contrasting patterns in the timing of divergence and gene flow
between Coral Triangle region populations of A. sexfasciatus and A. vaigiensis A (Table 3; Figs 4 and S2,
Supporting information). Splitting time (#) between the two species based on both mitochondrial and nuclear
information was found to be recent: 0.5 Myrs. Further examination suggested that 7 (as well as the times of the
most recent common ancestor, tMRCA) were likely to be much younger at the mitochondrial locus than at
nuclear loci (<0.2 vs. 20.9 Myrs, respectively). The effective migration rates between the two species (5 x 107

ind./year, Table 3) were low but non-null. This result was corroborated by the model comparison procedure



according to which the complete model (allowing gene flow) better fit the data than the model without gene
flow (Supplementary Table S4, Supporting information).

According to the shapes of the relative likelihood distributions, the overall effective migration rate could be
marker-dependent. Interspecific gene flow was predominantly driven by mitochondrial gene flow, whereas
nuclear gene flow was negligible (Figs 3 and S2, Supporting information). Based on effective migration rate
values, we also noted that the estimates are consistent with a slight asymmetry in gene flow between the two
species. Although gene flow should be considered as weak in both directions, it seems it preferentially occur
from A. vaigiensis A to A. sexfasciatus (Table 3; Supplementary Table S4 ). Inferred effective population sizes were
high in both species (on the order of 104 or 105 individuals), but the estimates differed according to the locus

considered.
Discussion

In this study, we reported mito-nuclear discordance in two sergeant fishes widely distributed in the Indo-West
Pacific which we ascribed to interspecific gene flow. We relied upon a geographic sampling spread across the
Indo-Pacific barrier and including peripheral localities (the Mozambique Channel, the Red Sea, Moruroa) and
used three genetic markers assumed to evolve at different paces, to span different time frames of the
evolutionary history of this system. The phylogenetic results enabled us to characterize the polyphyly of A.
vaigiensis thus confirming its existence of cryptic diversity (see Quenouille ez 2/ 2011). We drew the spatial
distribution of our identified genetic lineages. Our results also showed contrasting spatial patterns of
intraspecific differentiation between the phylogeographically structured A. sexfasciatus and the more
homogeneous A. vaigiensis A. An examination of mito-nuclear patterns of variation then enabled us to
characterize complete lineage sorting between the two species at the fast-evolving nuclear intronic locus (Dys?).
This contrasted with a very likely incomplete lineage sorting at the nuclear exonic locus (RAGT) for which the
whole terminal part of the phylogenetic tree we inferred was poorly resolved. We also found evidence of weak

but nonnegligible interspecific gene flow at the mitochondrial (¢y#b) locus.
Systematics of the sergeant fishes

Most species in the genus Abudefduf were monophyletic except A. vaigiensis (polyphyletic) and A. sexfasciatus
(paraphyletic). We found that A. vaigiensis actually corresponds to at least three phenotypically similar but
genetically divergent lineages (A, B and C; Fig. 2A,B). A previous study by Quenouille ez a/. (2011) reported three
A. vaigiensis taxa (A, B and C), two of which (A and B, not C) match the ones characterized in this study.
However, Quenouille ¢ a/. (2011) did not further discuss this result that was based on the distinctiveness of
mitochondrial cytochrome b and ATP synthase 8 and 6 gene sequences obtained from two single individuals
(sequenced and deposited in GenBank by Quenouille e 2/ 2004). In this study, we confirmed the existence of 4.
vaigiensis A and B taxa as we can unambiguously assign several individuals to each of them based on both
mitochondrial and nuclear information. Cryptic diversity in reef fishes often concerns populations whose
geographic distributions do not ovetlap, or weakly so (Taylor & Helberg 2005; Drew 7 a/. 2010; Leray e al.
2010). In our study, this was the case of 4. sexfasciatus which showed three regional sublineages (Indian Ocean /
Coral Triangle region / western Pacific). The degree of genetic differentiation among these sublineages (up to
1.5% of divergence between the Indian Ocean sublineage and the two others at ¢y#5) was sufficiently high to
potentially assign them the rank of subspecies. In contrast, the three cryptic lineages uncovered in .A. vaigiensis
were substantially different from each other for both mitochondrial and nuclear genes but co-occurred widely
(i.e. 8.8 to 9% of divergence between lineages A, B and C at ¢y#h). Abudefduf vaigiensis A was the most frequently
sampled and occurred throughout the Indo-West Pacific. Abudefduf vaigiensis B was geographically widespread
too but seemed to be relatively uncommon. The ¢y#b gene sequence of a single individual from Guam sequenced
by Quenouille ez 2/ (2004) (GenBank AY208561) clustered with A. vaigiensis B haplotypes (Fig. 2A). Abudefduf
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vaigiensis C was here reported for the first time and is distinct from the cryptic taxon “C” reported in Quenouille
et al. (2011) based on a single sample from Christmas Island that was sequenced at the cytochrome 4 and the
ATP synthase 8 and 6 gene loci (GB Accessions: AY208557 and AY208418, respectively). The geographic
distribution of .A. vaigiensis C is possibly limited to the Coral Triangle. Our results thus revealed cryptic diversity
in A. vaigiensis and indicated that the number of species was underestimated in the genus Abudefuf. Altogether,
these results on A. sexfasciatus and A. vaigiensis call for further investigations on the systematics and taxonomy of

the genus, to be conducted with more samples and more nuclear gene markers.
Phylogeography of A. sexfasciatus and A. vaigiensis lineage A

Among the Abudefduf species sampled in both the Indian Ocean and the Pacific Ocean, A. vaigiensis A showed
nonsignificant population structure distribution-wide at the mitochondrial locus (Fsr = 0.020, P = 0.78). Genetic
homogeneity across the entire Indo-West Pacific has been reported in other reef fishes (Klanten ez a/. 2007,
Horne et al. 2008; Reece e al. 2010, 2011). Such broad scale homogeneity suggests high levels of contemporary
intraspecific gene flow or insufficient time to observe divergence. In contrast, substantial levels of intraspecific
genetic structure were observed among regional populations as well as within regions in 4. sexfasciatus. The
genetic discontinuities (Indian Ocean/Pacific Ocean) matched the well-known Indo-Pacific bartier (Gaither &
Rocha 2013; Borsa ef al. 2016). Geographic structute also reflected the isolation of peripheral insular populations,
a pattern that has been documented for reef fishes from Hawaii (Eble ¢f a/. 2011; Gaither ez a/. 2014), the Society
Islands (Liu e a/. 2014) and the Marquesas (Planes & Fauvelot 2002; Gaither ¢z 2/ 2010). Genetic diversity at the
mitochondrial locus was extremely low in the Moruroa population of A. sexfasciatus, a pattern previously
observed for populations from isolated peripheral habitats (Liu ¢# a/. 2014). The A. sexfasciatus population from
Moruroa was monomorphic at the ¢y#5 locus while populations elsewhere had high gene and nucleotide
diversities. Remote populations may be particularly sensitive to bottleneck events due to relatively low effective
population sizes and/or lack of migrants from external genetic pool that could efficiently maintain genetic
diversity.

We hypothesize that populations of A. vaigiensis A diverged from their most recent common ancestor more
recently than that of 4. sexfasciatus. Stronger negative Tajima’s D and Fu’s Fs values in A. vaigiensis A support
recent population demographic expansion in this species. However, in contrast with the overall lack of genetic
structure at loci ¢y#h and RAG1, the Red Sea population of A. vaigiensis A showed evidence of differentiation at
the fast-evolving intronic locus Dysz, suggesting a more complex demographic history and a role of geographic
isolation in the peripheral populations of this species too.

We documented contrasting mito-nuclear phylogenetic patterns between the two closely related (but not
sister) species, A. sexfasciatus and A. vaigiensis A. These two species are genetically distinct based on the nuclear
information but 4. vaigiensis A and the populations of A. sexfasciatus from the Coral Triangle region were
represented by the same mitochondrial lineage. We clearly identified distinct regional lineages in A. sexfasciatus
but at the same time found shared mitochondrial haplotypes between the sublineage of .A. sexfasciatus from the
Coral Triangle region and A. vaigiensis A. This strongly supports the hypothesis of gene flow over that of

incomplete lineage sorting.
Proposed evolutionary scenario

The comparative analysis of the patterns of genetic diversity and differentiation within and between 4.
sexcfasciatus and A. vaigiensis lineage A led us to propose the following evolutionary scenario (Fig. 5). The split
between A. sexfasciatus and A. vaigiensis A would be ancient enough to be unambiguously characterized at a
relatively fast-evolving nuclear intronic locus such as Dysz. A lack of resolution associated with weak
phylogenetic signal at locus RAGT suggests incomplete lineage sorting at this slower-evolving nuclear exon. At

these nuclear loci, the estimates of splitting times and tMRCA are consistent with the existence of the last

10



common ancestor between the two species in the late Miocene (between 10 and 5 My B.P.; Litsios ef a/. 2012;
Frédérich ez al. 2013) or perhaps, even more recently according to our coalescent-based estimates.

In the Coral Triangle region, the non-significant level of divergence (Fer = 0.283, P = 0.10) between A.
sexfasciatus and A. vaigiensis lineage A at the mitochondrial locus (cytd) contrasted with the consensus pattern
observed at nuclear loci. The estimated splitting time at locus cyts was at least about ten times younger than the
one at nuclear genes. The signal that we detected as well as evidence of shared haplotypes is thus consistent with
gene flow after secondary contact following at least one initial stage of divergence between the two species. This
scenario has been previously invoked to explain the sympatry of sibling species in other reef fishes from various
families [e.g. snappers (Lutjanidae): Gaither e a/ 2010; wrasses (Labridae): Choat ez a/. 2012 or damselfishes
(Pomacentridae): Quenouille ¢7 2/ 2011] in which cross-species hybridization sometimes occurs (e.g. Hobbs ¢z a/.
2009; DiBattista ef /. 2015). This does not rule out more local ecological and biological factors to explain the

genetic introgression between 4. sexfasciatus and A. vaigiensis lineage A in part of their range.
Causes of inter-specific gene flow

In sympatric and closely related reef fish species, traits associated with sexual selection, for example coloration in
hamlets, Hypoplectrus spp. (Puebla et al. 2007) or pygmy angelfishes, Centropyge spp. (DiBattista ez a/. 2012; Bowen
et al. 2013; and references therein) or natural selection (Rocha ¢f a/. 2005; Bowen ¢z a/. 2013 and references
therein), generally act as species recognition signals and impede hybridization. In some situations however,
divergence may be too recent to have led to complete pre- or postzygotic isolation. In the genus Abudefduf,
Coleman ez al. (2014) proposed that similarity in colour patterns might be one of the factors responsible for the
failure of species recognition and for the subsequent hybridization between A. abdominalis and A. vaigiensis
after a recent introduction of the former species to Hawaii. In our case, however, colour pattern differences are
obvious between A. sexfasciatus and A. vaigiensis A, whereas they are not between lineages A, B and C of A.
vaigiensis. Yet, there was no evidence of gene flow between the three cryptic lineages of A. vaigiensis (A, B and C),
whereas we found evidence of it between A. sexfasciatus and A. vaigiensis A. Evidence of interspecific gene flow
between A. sexfasciatus and A. vaigiensis A in part of their range thus suggests that factors other than coloration
may have allowed hybridization.

Abudefduf sextasciatns and A. vaigiensis A often co-occur in strict sympatry and seem to display similar
ecological preferences (Aguilar-Medrano & Barber 2016; personal field observations). Although the niches of
the two species broadly ovetlap, .A. vaigiensis which is benthopelagic could be more generalist than A. sexfasciatus
which is pelagic. Several ecological factors have been invoked as catalysers of hybridization and their putative
effects have been discussed by Coleman ez a/. (2014) for the two Abudefdnf species that occur in Hawaii (see also
Yaakub e a/. 2006; Montanari e a/. 2012, 2014, 20106). Two species that form heterospecific social groups and
have synchronized spawning seasons may experience external fertilization accidentally involving gametes of both
species. However, this hypothesis is unlikely in damselfishes which lay demersal eggs (Gainsford ez o/ 2015) as
do A. sexfasciatus and A. vaigiensis. Relative differences in population density may also favour hybridization. In the
field, we often observed local differences in the ratio of 4. sexfasciatus /| A. vaigiensis, but the dominant species
was not always the same depending on the locality. Our genetic results further suggest that interspecific gene
flow predominantly concerns mitochondrial genes and could be asymmetric: it was slightly higher from 4.
vaigiensis A to A. sexfasciatus. As mitochondrial gene inheritance in fishes is assumed to occur through females,
this result would be consistent with interspecific mating predominantly involving females of _4. vaigiensis A and
males of A. sexfasciatus. An accurate characterization of hybrids is still required to elucidate the biological
mechanisms underpinning hybridization in this system, given that putative hybrids seem to be rare. We noted
that most of the A. vaigiensis A individuals that shared mitochondrial haplotypes with A. sexfasciatus (but
displayed nuclear characteristics of 4. vaigiensis) were juveniles from particular insular localities. This could be

consistent with hybrids having lower survival rate.
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Only one Indian Ocean locality (Maldives) showed adult individuals with unambiguous 4. vaigiensis
phenotypes associated with A. sexfasciatus genotypes at both nuclear and mitochondrial loci. Deep introgression

could explain such a situation.

Conclusive remarks

Sergeants provide an opportunity to further investigate how hybridization and its evolutionary causes work at a
trans-oceanic scale; in widely sympatric species and with apparent similar ecological niches. Between 4.
sexcfasciatus and A. vaigiensis A, inter-specific gene flow occurs not only at spatially restricted hotspots but virtually
across the whole western Pacific. Unlike discontinuous island-dwelling systems in which each sampling localities
can be considered as a distinct replicate, this configuration could be particularly suitable to better understand
what mechanisms prevent species from collapsing in the face of gene flow across unrivalled large scale

continuums.
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Table 1 Genetic diversity and results of neutrality test at the mitochondrial locus for A. sexfasciatus and A.

vaigiensis across sample localities and regions. Localities arranged from west to east. N sample size; § number of

polymorphic sites; Hqhaplotype diversity; 7 nucleotide diversity; SD standard deviation, estimated by bootstrap

resampling. Values of Tajima's (1989) D and Fu's (1997) s were considered statistically significant (*) when P <

0.05 and P < 0.02, respectively.

Species or lineage, N S Hyq £ SD 7+t SD D Fs
Region,
Locality
A. sexfasciatus
Indian Ocean
Glotieuses 6 8 093 £0.12 0.0025 £ 0.0018 -1.07 -1.37
Mautitius 15 17 0.94 £ 0.04 0.0024 £ 0.0015 -1.86* -4.43*
Coral Triangle Region
Dongsha 49 23 0.86 +0.03 0.0016 £ 0.0010 -2.06%  -12.37*
Notthern Taiwan 19 12 0.80 £ 0.08 0.0015 £ 0.0010 -1.85* -4.25%
Southern Taiwan 14 6 0.60 £ 0.15 0.0008 £ 0.0007 -1.73* -3.03*
Eastern Taiwan 13 5 0.88 £ 0.06 0.0016 £ 0.0011 -0.22 -2.59
Virac, Philippines 4 6 1.00 £ 0.18 0.0027 £ 0.0021 -0.31 -1.16
West Papua 3 11 1.00 + 0.27 0.0063 £ 0.0051 0.00 0.81
Pacific Ocean
New Caledonia 24 21 0.84 £ 0.06 0.0022 £ 0.0014 -2.14* -5.01*
Moturoa 12 0 0.00 £ 0.00 0.0000 £ 0.0000 0.00 NA
A. vaigiensis lineage A
Indian Ocean
Eilat, Red Sea 8 13 0.96 £ 0.08 0.0033 £ 0.0021 -1.24 -2.60
Mozambique Channel? 6 9 0.93 £0.12 0.0030 £ 0.0021 -0.72 -1.01
Maldives 21 24 0.95 £ 0.04 0.0026 £ 0.0016 -2.08%  -14.28*
Coral Triangle Region
Hainan 21 21 0.97 £ 0.03 0.0028 £ 0.0017 -1.68%  -11.29*
Taiping 8 13 0.96 £ 0.08 0.0038 £ 0.0024 -0.66 -2.24
Bali 17 22 0.97 £ 0.03 0.0035 £ 0.0021 -146  -8.14*
Dongsha 2 4 1.00 + 0.50 0.0034 £ 0.0039 0.00 1.39
Little LiugiuP 10 16 0.93 £ 0.08 0.0037 £ 0.0023 -1.08 -2.39
Southern Taiwan 34 33 0.96 £ 0.02 0.0038 £ 0.0021 -1.63%  -11.10*
Notthern Taiwan 15 21 0.98 £ 0.03 0.0037 £ 0.0022 -1.37  -7.53*
Eastern Taiwan 25 25 0.96 £ 0.02 0.0035 £ 0.0020 -1.41 -8.87*
PNGe 33 31 0.97 £ 0.02 0.0037 £ 0.0021 -1.56%  -11.71*
A. vaigiensis lineage B
(all localities) 6 44 0.93 +0.12 0.0128 £ 0.0077 -1.46* 1.48
A. vaigiensis lineage C
(all localities) 11 10 0.89 £ 0.09 0.0017 £ 0.0012 -1.81* -4.55%

1'Mozambique Channel' groups samples from Europa, Juan de Nova and Glorieuses Is.;

bLittle Liugiu is a small island off the southwestern coast of Taiwan;
<'PNG' groups samples from Madang, Kavieng and the Louisiade archipelago at the eastern extremity of New Guinea.
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Table 2 Summary of the AMOVA of A. sexfasciatus and A. vaigiensis lineage A. Sampling localities were nested

into regions, at the mitochondrial locus. Percentage of total genetic variation as well as the corresponding

tixation indices are given.

Species or lineage,
Source of variation

Percentage of variation

Fixation index

A. sexifasciatus
Among regions
Among populations within regions
Among populations across regions
A. vaigiensis lineage A
Among regions
Among populations within regions

Among populations across regions

66.9

11.6

21.4

33

98.0

Fer= 0.669*
Fsc=0.351%*

Fsr = 0.786*
Fer = 0.033

Fsc =-0.001
Fsr =0.020

* P<0.05
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Table 3 Demographic parameter estimates derived from the IMa2 analysis for A. sexfasciatus and A. vaigiensis
lineage A from the Coral Triangle region. For each partition, the following parameters were estimated: mutation
rate (#); length of alignment ()); effective population size [calculated as (6/4.4.)), with 6 being the effective
population size in the model] in A. sexfasciatus (IN1), in A. vaigiensis lineage A (IN2) and in the ancestral population
(N.); splitting time (#); time to most recent common ancestor [/MRCA, calculated as (#/x.))]; and relative
migration rates from A. sexfasciatus to A. vaigiensis lineage A (my) and reciprocally (my)(with m = »z.x./ being the

mutation rate in the coalescent).

Marker Ya / Ny N, Na t tMRCA my mp

Dyst 7.50x10 1040 54487 28846 176282 6198718 961538 2.34x10%  2.34x108
RAGT 9.70x10-10 985 562562 1295201 91580 889633 2616568  4.78x10°  4.78x10°
2 nuclear loci  2.70x10 2025 89255 116718 514933 10518372 NA 2.73x10¢  2.73x10-8
cyth 1.30x108 1161 1347976 2733055 66670 122772 163983 2.94x107  3.55x107
All loci 4.00x109 3186 120753 197327 874719 514425 NA 4.90x107  4.90x107

* When several loci were involved, the average mutation rate was calculated as the geometric mean of the individual mutation rates
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Captions to figures

Figure 1 Map of the Indo-West Pacific, with sampling localities and sample sizes. (A) Sampling localities for
Abudefduf spp. (B) Sampling localities forA. vaigiensis and A. sexfasciatus. Circle surface (red: A. sexfasciatus; blue:
A. vaigiensis) proportional to sample size. Pie charts give the proportion of each lineage under A. vaigiensis (see

inset) in a sample. Additional information provided in Table 1 and in Supplementary Table S1.

Fig. 2 Phylogenetic trees of Abudefduf spp. Tree topology corresponds to the best ML tree. Node supports are
indicated by bootstrap values (when >50%); white circles indicate nodes whose Bayesian probability was >90%.
Sequences generated in the course of this study are in red for Abudefduf sextasciatus, in blue for Abudefduf vaigiensis,
with different tones for the cryptic groups (A, B or C), or in black (other Abudefduf species); sequences retrieved
from GenBank are in grey. When nodes were collapsed for readability purpose, the number of sequences
included in a cluster and their geographical origin are mentioned. (A) From mitochondrial sequences (gy#b locus).
Homologous sequences from Oreochromis niloticns (GenBank NC_013663) and Amphiprion ocellaris (GenBank
AP006017) were used as outgroup. Similiaparma lurida (previously Abudefduf luridus) is considered as a separate
genus (Cooper ¢t al. 2014). (B) From concatenated (RAGT7+ Dys?) nuclear sequences.

Fig. 3 Minimum-spanning parsimony networks for Abudefduf sexfasciatns (in red) and Abudefduf vaigiensis A (in
blue). Hatches depicts the number of mutations; circle surface is proportional to sample size; tones of red (A.
sexfasciatus) differ according to geographic origin. (A) Haplotypes at the ¢y#b locus. (B), haplotypes of the
nuclear exon RAGT. (C) haplotypes of the nuclear intron Dysz.

Fig. 4 Abudefduf sexcfasciatus and A. vaigiensis lineage A. relative likelihood distributions for three demographic
parameters estimated using IMa2. Row A concerns the nuclear data set (RAG7+Dyst); row B, the mitochondrial
data set (cyth); and row C, the three-locus data set (cytb+RAGT+Dysi). Full line: splitting time (9); dashed line: time
to most recent common ancestor (/MRCA) in million years before present (BP); black: effective migration rate
(m) trom A. sexfasciatus to A. vaigiensis lineage A; grey: effective migration rate from .A. vaigiensis lineage A to A.
sexcfasciatus Migration rates expressed in individuals per million year. Effective population size (Ne, in millions of
individuals) for A. sexfasciatus (in black), A. vaigiensis lineage A (in grey) and for the ancestral population (black
dashed line).

Fig. 5 Schematic overview of the proposed evolutionary scenario. In the species tree depicting the split
between Coral Triangle region populations of A. sexfasciatus and A. vaigiensis A, the mitochondrial locus (cytb)
exhibit inter-specific gene flow. Among the nuclear loci, lineage sorting is complete at the intron Dys# but

incomplete at the exon RAGT.
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Supplementary material for '""Phylogeography of the sergeants Abudefduf sexfasciatus and A. vaigiensis teveals
complex introgression patterns between two widespread and sympatric Indo-West Pacific reef fishes"

Jotis A. M. Bertrand, Philippe Borsa and Wei-Jen Chen

Supplementary Tables S1-84 and Supplementary Figures S1 and S2 here appended.



Supplementary Table S1 _Abudefduf spp. individuals sampled for the present study. Each row represents an individual

identified to species,for whichsampling location (region, locality and geographic coordinates), individual number, main

collector and when available, GenBank accession number at three loci (¢2h, RAGT and Dys?). N, total number of

individuals sequenced at a locus

Individual = Species Sampling details GenBank
no. no.

Region Locality Lat. Long. Coll. oyth RAGT Dyst
W]JC1514  A. bengalensis Coral Triangle East Taiwan 2494  121.89 W]JC KU553479 KU554197 KU553963
WJC1515  _A. bengalensis Coral Triangle East Taiwan 2494  121.89 WJC KU553480 KU554198 KU553964
WJC1728  A. bengalensis Coral Triangle Van Dom 21.13 10745 WJC KU553481 KU554199 KU553965
W]C4314  A. bengalensis Coral Triangle South Taiwan 120.71  22.01 W]JC KU553482 - -
WJC4315  A. bengalensis Coral Triangle South Taiwan 120.71  22.01 WJC KU553483 - -
WJC4316 . A. bengalensis Coral Triangle South Taiwan 12071 22.01 WJC KU553484 - -
WJC5381  _A. bengalensis Coral Triangle Kota Kinabalu 115.99 596 WJC KU553485 KU554200 KU553966
WJC5382  A. bengalensis Coral Triangle Kota Kinabalu 115.99 596  WJC KU553486 - KU553967
WJC5383  A. bengalensis Coral Triangle Kota Kinabalu 115.99 596  WJC KU553487 KU554201 KU553968
WJC5384  A. bengalensis Coral Triangle Kota Kinabalu 115.99 596 W]JC KU553488 - KU553969
WJC5385  A. bengalensis Coral Triangle Kota Kinabalu 115.99 596  WJC KU553489 - -
WJC5386  .A. bengalensis Coral Triangle Kota Kinabalu 115.99 596  WJC KU553490 - -
WJC5387  A. bengalensis Coral Triangle Kota Kinabalu 115.99 596 W]JC - - -
WJC5388  A. bengalensis Coral Triangle Kota Kinabalu 115.99 596  WJC - - -
WJC5389  A. bengalensis Coral Triangle Kota Kinabalu 115.99 596  WJC KU553491 - -
WJC5390  A. bengalensis Coral Triangle Kota Kinabalu 115.99 596 W]JC KU553492 - -
WJC5391  A. bengalensis Coral Triangle Kota Kinabalu 115.99 596  WJC KU553493 - -
WJC5375 A lorenzi Coral Triangle Kota Kinabalu 115.99 596  WJC KU553494 KU554202 KU553970
WJC5376  A. lorenzi Coral Triangle Kota Kinabalu 115.99 596 WJC KU553495 KU554203 KU553971
WJC5377 A lorengi Coral Triangle Kota Kinabalu 115.99 596 WJC KU553496 KU554204 KU553972
WJC5378  A. lorenzi Coral Triangle Kota Kinabalu 115.99 596  WJC - KU554205 KU553973
WJC5379 A lorenzi Coral Triangle Kota Kinabalu 115.99 596 W]JC KU553497 - -
WJC5380  A. lorenzi Coral Triangle Kota Kinabalu 115.99 596  WJC KU553498 - -
WJC67 A. saxatilis Atlantic Ocean Puerto Rico 18.48  -66.13 KC KU553499 KU554206 KU553974
WJC84 A. saxatilis Atlantic Ocean Puerto Rico 1848  -66.13 KC KU553500 KU554207 KU553975
EPS159 A. septemfasciatus Indian Ocean Juan de Nova -17.03 4272  PB,WJC KU553501 KU554208 KU553976
EPS160 A. septemfasciatus Indian Ocean Juan de Nova -17.03 4272 PB,WJC KU553502 - -
EPS214 A. septemfasciatnus Indian Ocean Juan de Nova -17.03 4272 PB,WJC KU553503 - -
EPS215 A. septemfasciatus Indian Ocean Juan de Nova -17.03 42772 PB,WJC KU553504 - -
EPS216 A. septemfasciatus Indian Ocean Juan de Nova -17.03 4272 PB,WJC KU553505 - -
EPS217 A. septemfasciatnus Indian Ocean Juan de Nova -17.03 4272 PB, WJC KU553506 - -
EPS218 A. septemfasciatus Indian Ocean Juan de Nova -17.03 42772  PB, WJC KU553507 - -
EPS221 A. septemfasciatus Indian Ocean Juan de Nova -17.03 4272  PB,WJC KU553508 KU554209 KU553977
EPS222 A. septemfasciatus Indian Ocean Juan de Nova -17.03 4272 PB,WJC KU553509 KU554210 KU553978
EPS223 A. septemfasciatus Indian Ocean Juan de Nova -17.03 4272  PB,WJC KU553510 KU554211 KU553979
EPS224 A. septemfasciatus Indian Ocean Juan de Nova -17.03 4272 PB,WJC KU553511 - -
EPS225 A. septemfasciatnus Indian Ocean Juan de Nova -17.03 4272 PB,WJC KU553512 - -
EPS226 A. septemfasciatus Indian Ocean Juan de Nova -17.03 4272 PB,WJC KU553513 - -
EPS227 A. septemfasciatus Indian Ocean Juan de Nova -17.03 4272 PB,WJC KU553514 - -
EPS228 A. septemfasciatns Indian Ocean Juan de Nova -17.03 4272 PB,WJC KU553515 - -
EPS229 A. septemfasciatus Indian Ocean Juan de Nova -17.03 4272 PB,WJC KU553516 - -
EPS232 A. septemfasciatus Indian Ocean Juan de Nova -17.03 4272 PB,WJC KU553517 - -
EPS234 A. septemfasciatns Indian Ocean Juan de Nova -17.03 4272 PB,WJC KU553518 - -
EPS235 A. septemfasciatus Indian Ocean Juan de Nova -17.03 4272 PB,WJC KU553519 - -
EPS236 A. septemfasciatus Indian Ocean Juan de Nova -17.03 4272 PB,WJC KU553520 - -
EPS238 A. septemfasciatns Indian Ocean Juan de Nova -17.03 4272 PB,WJC KU553521 - -
EPS239 A. septemfasciatus Indian Ocean Juan de Nova -17.03 4272 PB,WJC KU553522 - -
EPS240 A. septemfasciatus Indian Ocean Juan de Nova -17.03 4272 PB,WJC KU553523 - -
EPS241 A. septemfasciatns Indian Ocean Juan de Nova -17.03 4272 PB,WJC KU553524 - -
EPS285 A. septemfasciatus Indian Ocean Juan de Nova -17.03 4272 PB,WJC KU553525 - -
EPS286 A. septemfasciatus Indian Ocean Juan de Nova -17.03 4272 PB,WJC KU553526 - -
EPS287 A. septemfasciatns Indian Ocean Juan de Nova -17.03 4272 PB,WJC KU553527 - -
EPS445 A. septemfasciatus Indian Ocean Glorieuses -11.53 4733 PB,WJC KU553528 - -
EPS446 A. septemfasciatus Indian Ocean Glorieuses -11.53 4733 PB,WJC KU553529 - -
EPS447 A. septemfasciatus Indian Ocean Glorieuses -11.53  47.33 PB, WJC KU553530 - -
EPS448 A. septemfasciatus Indian Ocean Glorieuses -11.53 4733 PB,WJC KU553531 - -
EPS449 A. septemfasciatus Indian Ocean Glorieuses -11.53 4733 PB,WJC KU553532 - -
WJC806 A. septemfasciatus Coral Triangle South Taiwan 22.35  120.37 W]JC KU553533 KU554212 KU553980
WJC807 A. septemfasciatus Coral Triangle South Taiwan 2235 12037 WJC KU553534 KU554213 -
WJC1265  A. septemfasciatus Pacific Ocean New Caledonia -20.93 16540 WJC KU553535 KU554214 KU553981
WJC1415  A. septemfasciatus Coral Triangle Fast Taiwan 2324 12141 W]JC KU553536 KU554215 KU553982
WJC1426  A. septemfasciatus Coral Triangle East Taiwan 2348 12151 WJC KU553537 KU554216 -
WJC3447  A. septemfasciatus Indian Ocean Aceh 5.55 9532 WJC KU553538 KU554217 -
WJC3448  A. septemfasciatus Indian Ocean Aceh 5.55 95.32  WJC KU553539 KU554218 KU553983
WJC3449  A. septemfasciatus Indian Ocean Aceh 5.55 95.32  WJC KU553540 KU554219 KU553984
WJC3450  A. septemfasciatus Indian Ocean Aceh 5.55 9532 WJC KU553541 KU554220 -
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New Caledonia
New Caledonia

-8.08
-8.08
-8.08
-8.08
-8.08
-8.08
-8.08
-8.08
10.38
29.52
29.52
29.52
29.52
29.52
29.52
29.52
29.52
-11.53
10.38
0.43
0.43
0.43
22.35
10.20
10.20
10.20
10.20
10.20
10.20
-8.08
-8.08
-8.08
-8.08
-8.08
-22.32
-22.32
-22.32

114.42
114.42
114.42
114.42
114.42
114.42
114.42
114.42
114.37
34.93

34.93

34.93

34.93

34.93

34.93

34.93

34.93

47.33

114.37
130.82
130.82
130.82
120.37
124.02
124.02
124.02
124.02
124.02
124.02
114.42
114.42
114.42
114.42
114.42
166.47
166.47
166.47

SB
SB
SB
SB
SB
SB
SB
SB
WjC
TGR
TGR
TGR
TGR
TGR
TGR
TGR
TGR
PB, WJC
WjC
PB
PB
PB
WJjC
FG
FG
FG
FG
FG
FG
SB
SB
SB
SB
SB
PB
PB
PB

KU553946
KU553947
KU553948
KU553949
KU553950
KU553951
KU553952
KU553953
KU553954
KU553955
KU553956
KU553957
KU553958
KU553959
KU553960
KU553961
KU553962
KU553587
KU553588
KU553589
KU553590
KU553591
KU553592
KU553593
KU553594
KU553595
KU553596
KU553597
KU553598
KU553599
KU553600
KU553601
KU553602
KU553603
KU553584
KU553585
KU553586
484

KU554398
KU554399

KU554400
KU554401
KU554402
KU554403
KU554404

KU554405
KU554406
KU554407
KU554408
KU554409
KU554410
KU554411
KU554412
KU554413
KU554414
KU554415
KU554416
KU554417
KU554418
KU554419

KU554420
KU554238
KU554239
KU554240
224

KU554165
KU554166
KU554167
KU554168
KU554169
KU554170
KU554171
KU554172
KU554173
KU554174
KU554175
KU554176
KU554177
KU554178
KU554179
KU554180
KU554181
KU554182
KU554183

KU554184
KU554185

KU554186
KU554187
KU554188
KU554189
KU554190
KU554191
KU554192
KU554193
KU554194
KU554195
KU554196
KU553992
KU553993
KU553994
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Collectors’ names abbreviations: SB, S. Bahri; PB, P. Borsa; WJC, W-J Chen; JDB, J. DiBattista; KC, K. Conway; FG, F. Giancatlo; HH, H.-C. Ho;
MK, M. Kulbicki; TGR, T. Gurevich Raguso.



Supplementary Table S2 Locus names, PCR primers used, amplification conditions, resulting sequence length and evolution models at the three loci scored in this

study
Locus PCR name (F/R) Primer sequence Source Annealing Sequence Evolution model by codon position
temperature length (bp)
1 2 3
Cytochrome & 14695-F / 5-AAGCCACCGTTGTTATTCAACTA-3 / WJC, unpubl. 55°C 1161 K80+I+G  HKY+I GTR+G
15969-R 5-ATCCTAGCTTTGGGAGTTAGGG-3’
RAGT 2533-F / 5-CTGAGCTGCAGTCAGTACCATAAGATGT-3" Lopez ¢t al., 2004 / 54°C 1456 K80+I K80+I HKY+G
4061-R / Chen ¢t al., 2007
5-AATACTTGGAGGTGTAGAGCCAGT-3
Dystrophin Dyst-MCE1-F / 5-TTACAGCAGACCAACAGTGAGAA-3" / WJC, unpubl. 55°C 1211 HKY - -
Dyst-MCE1-R  5-GAAGTTAACCACGTTGACCTGAG-3
References

Chen W-J, Ruiz-Carus R, Orti G (2007) Relationships among four genera of mojarras (Teleostei: Perciformes: Gerreidae) from the western Atlantic and their tentative placement among percomorph
fishes. Journal of Fish Biology,70 (sb), 202-218.
Loépez JA, Chen W-J, Orti G (2004) Esociform phylogeny. Copeia, 2004, 449-464.



Supplementary Table S3A Genetic diversity and results of neutrality test derived from A. sexfasciatus and A. vaigiensis lineage A at nuclear
locus RAGT across sample localities and regions. N sample size (number of sequences); S number of polymorphic sites; Hq haplotype
diversity; nnucleotide diversity; S'D standard deviation, estimated by bootstrap resampling. Values of Tajima's (1989) D and Fu's (1997) Fs
wereconsidered statistically significant (¥) when P < 0.05 and P < 0.02, respectively

Species, region, N A Hq = SD n+ SD Tajima's D Fu's Fs
Locality

A. sextasciatus, Indian Ocean
Glorieuses 6 11 0.73 £ 0.16 0.0045 £ 0.0029 2.15 3.64
Mauritius NA NA NA NA NA NA

A. sextfasciatus, Coral Triangle Region
Coral Triangle 6 10 1.00 = 0.96 0.0029 £ 0.0022 0.67 -2.21
North Taiwan 16 15 0.96 = 0.04 0.0028 £ 0.0016 -0.39 -5.23*
South Taiwan 10 9 0.93 = 0.08 0.0024 £ 0.0015 0.42 -3.05
East Taiwan 6 8 1.00 = 0.10 0.0024 £ 0.0017 0.05 -2.90*
Dongsha 2 0 0.00 = 0.00 0.0000 £ 0.0000 0 NA

A. sexfasciatus, Pacitic Ocean
New Caledonia 10 7 0.53 £0.18 0.0012 £ 0.0009 -1.31 0.25
Moruroa 14 7 0.81 £ 0.07 0.0017 £ 0.0011 0.34 -0.48

A. vaigiensisA, Indian Ocean
MozambiqueChannel 12 10 1.00 = 0.03 0.0022 £ 0.0014 -0.10 -10.80%*
Maldives 18 18 0.95 = 0.04 0.0035 £ 0.0020 -0.11 -4.51

A. vaigiensisA, Coral Triangle Region
PNG 26 16 0.90 £ 0.04 0.0020 £ 0.0012 -1.07 -3.96
North Taiwan 6 6 0.93 £ 0.12 0.0017 £ 0.0013 -0.35 -1.67
South Taiwan 20 8 0.85 = 0.05 0.0011 £ 0.0008 -0.75 -3.36*
East Taiwan 22 17 0.95 £ 0.03 0.0021 £ 0.0012 -1.30 -0.02*
Hainan 6 9 0.93 £ 0.12 0.0025 £+ 0.0017 -0.52 -0.94
Dongsha 2 1 1.00 £ 0.50 0.0007 £ 0.0010 0 0
Taiping 8 9 0.93 £ 0.08 0.0018 £ 0.0012 -1.22 -1.95

Bali 22 16 0.98 £ 0.02 0.0023 £ 0,0014 -0.86 -17.52%




Supplementary Table S3B Genetic diversity and results of neutrality test derived from A. sexfasciatus and A. vaigiensis lineage A at nuclear
locus Dyst across sample localities and regions. IN sample size (number of sequences); S number of polymorphic sites; Hq haplotype diversity;
nnucleotide diversity; SD standard deviation, estimated by bootstrap resampling. Values of Tajima's (1989) D and Fu's (1997) Fswere
considered statistically significant (*) when P < 0.05 and P < 0.02, respectively

Species, N S Hyg = SD n + SD Tajima's D Fu's Fs
Region,
Locality
A. sexfasciatus,
Indian Ocean 24 5 0.44 + 0.12 0.0008 £ 0.0006 -1.19 -1.50
Coral Triangle region
Virac 8 1 0.43 +0.17 0.0004 £ 0.0005 0.33 0.54
North Taiwan 28 1 0.49 + 0.05 0.0005 £ 0.0005 1.48 1.58
South Taiwan 16 2 0.51 £ 0.13 0.0005 £ 0.0005 -0.19 -0.18
East Taiwan 22 3 0.54 + 0.09 0.0006 £ 0.0005 -0.71 -1.08
West Papua 6 1 0.33 + 022 0.0003 £ 0.0004 -0.93 0
Dongsha 18 2 0.45 + 0.12 0.0005 £ 0.0005 -0.44 -0.38
Pacific Ocean
New Caledonia 8 92 0.82 + 0.10 0.0383 £ 0.0213 0.71 9.54*
Moruroa 20 4 0.53 + 0.04 0.0022 £ 0.0014 2.51% 5.56%

A. vaigiensis lineage A
Indian Ocean

Eilat (Red Sea) 16 1 0.13 £ 0.11 0.0001 % 0.0002 -1.16 -0.70
MozambiqueChannel 12 1 0.41 £0.13 0.0004 £ 0.0004 0.54 0.73
Maldives 38 36 0.61 = 0.05 0.0155 £ 0.0079 2.35% 19.75*%
Coral Triangle Region

PNG 36 4 0.67 £ 0.07 0.0008 % 0.0007 -0.33 -1.97
North Taiwan 8 1 0.25 +0.18 0.0002 £ 0.0003 -1.05 -0.18
South Taiwan 24 4 0.65 = 0.08 0.0008 £ 0.0006 -0.73 -1.51
East Taiwan 24 2 0.47 £ 0.11 0.0005 £ 0.0005 -0.07 -0.02
Hainan 6 5 0.53 £ 0.17 0.0026 £ 0.0019 0 NA
Dongsha 4 1 0.50 £ 0.27 0.0005 £ 0.0006 -0.61 0.17
Taiping 16 6 0.76 = 0.06 0.0025 £ 0.0016 -0.19 2.13
Bali 32 2 0.55 = 0.08 0.0006 £ 0.0005 0.47 0.52




Supplementary Table S4 Output from the nested-model comparison procedure of IMa2. Numbersin first column correspond to the

following models: 1 full (allowing all the parameters to vary); 2: equal migration rates; 3: coalescent migration rate is zero from population 1

to 2 (A. sexfasciatus to A. vaigiensis lineage A); 4: coalescent migration rate is zero from population 2 to 1 (A. vaigiensis lineage A to A.

sextfasciatus); and 5: coalescent migration rate is zero. Values in between brackets are fixed under the model considered. From left to right,

the different columns report the log-likelihood of the model: log(P), the number of varying parameters in the model: #terms, the number

of degrees of freedom: df, the log-likelihood ratio statistics: 2LLR, the effective sample size (ESS), the estimates for effective population

sizes of the ancestral population (6,), population 1 (A. sexfasciatus, 0r) and population 2 (A. vaigiensis lineage A, 6h), the effective migration

rates from population 1 to population 2 (from A. sexfasciatus to A. vaigiensis lineage A, n1>2) and from population 2 to population 1 (from 4.

vaigiensis lineage A to A. sexfasciatus, nm>1) and the statistical significance of the model

Model log(P) Hterms df 2LLR ESS 0, th 0, 2 1 P-value
1 -2,473 5 - - 1.309 6.3572 9.2907 0.0117 0.00960 0.07270 NA

2 -3,626 4 1 2.305 1678 6.3426 10.238 36.435 0.04660 [0.04660] 0.129

3 -4,084 4 1* 3.223 169.4 6.8252 9.7426 38.493 [0.00000] 0.075900 0.036

4 -15,54 4 1* 26.14 133.4 5.9223 10.356 46.515 0.08590 [0.00000] 0.000

5 -41,61 3 2% 78.27 1.000 4.6473 11.025 18.515 [0.00000] [0.00000] 0.000

* test distribution of 2LLR is a mixture



Supplementary Figure S1 Phylogenetic trees inferred for Abudefduf spp. based on nuclear loci
(RAGT and Dysi). Tree topology corresponds to the best maximum likelihood (ML) tree. When
>50, node supports is indicated by bootstrap values;white circles show nodes whose Bayesian
posterior probability was > 90%. _Abudefduf sexfasciatus sequences generated in this study are in
red, A. vaigiensis sequences are in different tones of blue depending on the lineage (A, B or C),
and sequences from other Abudefduf species are in black; sequences retrieved from GenBank are
in grey. When nodes were collapsed for readability purpose, the number of sequences included in
each cluster as well as their geographical origin were reported. (A) ML tree of RAGT gene
sequences. The homologous sequence in Amphiprion ocellaris (GenBank AY208631) was used as
an outgroup. Similiparma lurida (previously Abudefduf luridus) is considered as a separate genus
(Cooper ¢t al., 2014). The A. whitleyi sequence from Lizard Is. (GenBank FJ6166206) highlighted in

orange may have been misidentified. (B) ML tree of Dysf gene sequences.

Supplementary Figure S2 _Abudefduf sexfasciatus and A. vaigiensis lineage A, relative likelihood
distributions at each of demographic parameters inferred from IMa2 analysis. Left column:
splitting time (#, full line) and AMRCA (dashed line, when available) in million years before present
(Myrs BP). Central column: effective migration rates () from A. sexfasciatus to A. vaigiensis (in
black) and from A. vaigiensis lineage A to A. sexfasciatus (in grey) in individuals per million year
(ind./Myrt). Right column: effective population size (INe) in millions of individuals (ind.) for A.
sexfasciatus (N1, in black), A. vaigiensis lineage A (N2, in grey) and the ancestral population (INa,
dashed black line). (A) From RAGT gene sequences and (B) from Dyst gene sequences.
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