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1  | INTRODUC TION

Defining species has important theoretical and practical impli-
cations, yet no unified concept and approach have emerged (De 
Queiroz, 1998, 2007; Hausdorf, 2011). With the advent of genetic 
markers, debates over species concepts resurfaced (Noor & Feder, 

2006). However, for a long time, only few markers (first strictly mi-
tochondrial, then nuclear) were used, and the tenets of phylogenetic 
species concepts, where a congruence of multiple molecular mark-
ers is central for species delimitations (Cracraft, 1983; Moritz, 1994), 
could still be easily tested and achieved (e.g., Bernardi, Sordino, & 
Powers, 1993). The use of few markers to reconstruct phylogenetic 
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Abstract
The current ease of obtaining thousands of molecular markers challenges the notion 
that full phylogenetic concordance, as proposed by phylogenetic species concepts, is 
a requirement for defining species delimitations. Indeed, the presence of genomic 
islands of divergence, which may be the cause, or in some cases the consequence, of 
speciation, precludes concordance. Here, we explore this issue using thousands of 
RAD markers on two sister species of surgeonfishes (Teleostei: Acanthuridae), 
Zebrasoma flavescens and Z. scopas, and several populations within each species. 
Species are readily distinguished based on their colors (solid yellow and solid brown, 
respectively), yet populations and species are neither distinguishable using mito-
chondrial markers (cytochrome c oxidase 1), nor using 5193 SNPs (pairwise 
Φst = 0.034). In contrast, when using outlier loci, some of them presumably under 
selection, species delimitations, and strong population structure follow recognized 
taxonomic positions (pairwise Φst = 0.326). Species and population delimitation dif-
ferences based on neutral and selected markers are likely due to local adaptation, 
thus being consistent with the idea that these genomic islands of divergence arose as 
a consequence of isolation. These findings, which are not unique, raise the question 
of a potentially important pathway of divergence based on local adaptation that is 
only evident when looking at thousands of loci.
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relationships, however, missed important information at the level of 
the entire genome. Of late, phylogenomics and population genomics 
brought again to the forefront the issues of congruence, but now 
among hundreds of markers (Leaché, Fujita, Minin, & Bouckaert, 
2014; Longo & Bernardi, 2015; Rannala, 2015; Tariel, Longo, & 
Bernardi, 2016; Wagner et al., 2013). Early studies showed that 
genomes are a complex mosaic, with large stretches of neutral and 
selected regions that display very different dynamics (Turner, Hahn, 
& Nuzhdin, 2005). Genomic regions under selection or under dif-
ferential recombination dynamics were termed “genomic islands of 
divergence” (Berner & Roesti, 2017; Huang, Huang, Huang, & Liao, 
2017; Ma et al., 2017; Wolf & Ellegren, 2016). In some cases, these 
were shown to play an important role both in the engine of spe-
ciation and in maintaining species boundaries, thus called genomic 
islands of speciation (Cruickshank & Hahn, 2014; Farré, Micheletti, 
& Ruiz- Herrera, 2013; Marques et al., 2016; Noor & Bennett, 2009; 
Nosil, 2012; Nosil & Feder, 2012; Turner et al., 2005). Genomic is-
lands of divergence exhibit higher- than- expected fixation indexes 
(Fsts) and may be identified by analyses of outlier loci (Egan, Nosil, 
& Funk, 2008; Via, Conte, Mason- Foley, & Mills, 2012). Systems to 
explore these issues include taxa in the early stages of speciation, 
where an analysis of pairwise genomic differentiation (Fst) is power-
ful (Marques et al., 2016). Instead, populations that have been phys-
ically separated in different environments and experience little gene 
flow may exhibit local adaptation, which also results in regions under 
selection (Bernardi, Azzurro, Golani, & Miller, 2016; Gaither et al., 
2015; Sandoval- Castillo, Robinson, Hart, Strain, & Beheregaray, 
2018). In this case, the genomic islands of divergence are likely to 
be a consequence of physical separation and speciation rather than 
their cause.

Here, we explore the use of neutral and outlier loci in two closely 
related surgeonfishes, Zebrasoma flavescens and Z. scopas. These 
mostly allopatric species have been shown to be poorly genetically 
differentiated, a potential hallmark of incipient speciation (Bernardi, 
2013; Coyne & Orr, 2004).

Surgeonfishes (Acanthuridae) include six genera of herbivorous 
reef fishes that broadcast spawn, usually in large groups (Kuiter & 

Debelius, 2001; Randall, 2001). One genus, Zebrasoma, includes 
seven species, with two very closely related taxa, the yellow tang, 
Z. flavescens (one of the most popular fish of the pet trade), and the 
brushtail tang, Z. scopas (Randall, 1955, 2001; Sorenson, Santini, 
Carnevale, & Alfaro, 2013). These two species have different geo-
graphic distributions, with a wide Indo- Pacific distribution for Z. sco-
pas, and a restricted range for Z. flavescens (North Pacific including 
Hawaiian islands) (Figure 1). Regions of overlap between the species 
are present in the northeastern range of Z. scopas and the west-
ern range of Z. flavescens centered at the Marianas, Marshall, and 
Micronesian islands, and including southern Japan (Figure 1). There, 
hybrids between the two species have been reported (Kuiter & 
Debelius, 2001; Randall, 2001).

Limited published genetic work has shed some light on the evolu-
tion of Z. scopas and Z. flavescens. Population genetics of Z. flavescens 
based on mitochondrial and microsatellite markers showed that pop-
ulation structure was present across the species range (Eble et al., 
2011). Phylogenetic studies based on the universal barcoding region 
(mitochondrial cytochrome c oxidase 1, CO1) have highlighted two 
main findings: First, the species Zebrasoma scopas most likely corre-
sponds to two paraphyletic species restricted to either the Indian 
Ocean or the Pacific Ocean (Figure 2) (Hubert et al., 2012); and sec-
ond, CO1 markers could not separate Z. scopas (the Pacific form) and 
its closest relative Z. flavescens (Figure 2) (Steinke, Zemlak, & Hebert, 
2009). This lack of species delimitation was interpreted as either a 
case of incomplete lineage sorting or a case of species oversplitting 
(Steinke et al., 2009).

The original Z. scopas was described from the Pacific, and this ge-
netic group is therefore most likely to retain the original name when 
a revision of the genus is published (Bauchot & Randall, 1996). In this 
manuscript, we will refer to Z. scopas as the Pacific clade as shown in 
Figure 2. It is important that this study focuses on the monophyletic 
cluster that includes Z. flavescens and the Pacific form of Z. scopas. It 
is not intended to examine the taxonomic status of the Indian Ocean 
form of Z. scopas. In fact, this latter species is not sister to the Z. fla-
vescens–Z. scopas (Pacific form) cluster (Figure 2) and has therefore 
no bearing on our study.

F IGURE  1 Geographic distribution 
of Zebrasoma flavescens (yellow shaded 
area), Zebrasoma scopas (brown shaded 
area), and their hybrid contact zone 
(orange shaded area). Sampling locations 
are Okinawa (Japan), Hawaii (Kona, USA), 
Ulithi (Federated States of Micronesia), 
Moorea (French Polynesia)
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Taking into account the lack of resolution at the CO1 sequence 
level, the presence of hybrid forms, and geographic range overlaps, 
we considered the Zebrasoma scopas/flavescens system ideal to study 
questions pertaining to understanding the different dynamics of ge-
nomic regions. We used hundreds of RAD- seq markers, both neutral 
and under selection (outlier loci) for the two species, Z. flavescens 
and Z. scopas, as well as for different populations of Z. scopas, as a 
means to internally compare the level of differentiation between 
species and among populations. In particular, our goals were first 
to determine whether genomic regions of divergence were present, 
and in the affirmative, if there was a signature associated with past 
or present speciation events in this group of fishes.

2  | MATERIAL S AND METHODS

2.1 | Mitochondrial phylogenetic reconstructions

In order to illustrate the taxonomic positions of Zebrasoma sco-
pas and Z. flavescens in Introduction of this manuscript, we recon-
structed a phylogeny of the genus Zebrasoma based on published 
mitochondrial barcoding sequences (cytochrome c oxidase 1). We 
obtained all available Zebrasoma sequences from GenBank and used 
sequences of Paracanthurus hepatus as an outgroup, following pub-
lished work (Sorenson et al., 2013). Phylogenetic reconstructions 
were performed based on the neighbor- joining method generated 
in R (R Core Team, 2013), with the ape package (Paradis, Claude, 
& Strimmer, 2004) using Kimura- 2 parameter substitution models, 
and a maximum likelihood method implemented in GARLI (Zwickl, 

2006). Node support was obtained using 1000 bootstrap replicates 
and retaining values that support nodes in more than 50% of the 
bootstrap replicates.

2.2 | Sampling

Samples of adult fishes were collected between July 2013 and August 
2017 while free diving using pole spears (JBL, Oceanside, California, 
USA) (Figure 1). We first sampled areas where no hybrids are re-
corded. Ten Zebrasoma flavescens were collected in Kona, Hawaii, a 
region where Z. scopas is absent. Ten Z. scopas were collected from 
Moorea, French Polynesia, where Z. flavescens is absent (and as geo-
graphically distant as possible from a potential introgression from 
the Indian Ocean clade). We then sampled areas within the hybrid 
zone (Figure 1). Nine Z. scopas were collected in Ulithi, Federated 
States of Micronesia, a region where Z. flavescens is present, but 
in very low numbers. There, five samples identified as Z. flavescens 
were collected. The additional three and two samples, collected in 
Ulithi, and Okinawa, Japan, respectively, were identified in the field 
as having intermediate coloration patterns, possibly matching what 
an expected hybrid would look like (Randall, 2001). Therefore, the 
samples used in this study corresponded to 19 individuals identified 
as Z. scopas, 15 individuals identified as Z. flavescens, and five indi-
viduals identified as hybrids for a total of 39 samples.

2.3 | DNA extractions and RAD libraries

Fin clip tissue samples were stored in 95% ethanol and DNA was 
extracted using DNeasy Blood & Tissue Kits (Qiagen) according to 

F IGURE  2 Phylogenetic relationships 
of the surgeonfish genus Zebrasoma 
based on the barcoding gene cytochrome 
c oxidase 1 (CO1). Neighbor- joining (NJ) 
and maximum likelihood (ML) method 
recovered the same topology (NJ is 
shown here) results of 1,000 bootstrap 
replicates as shown as nodal supports 
near the corresponding nodes when 
above 50% (NJ number first, ML number 
second). Zebrasoma scopas was found 
to be paraphyletic with an Indian Ocean 
form (blue) and a Pacific Ocean form (red). 
Species investigated in this study are 
shown in red. Taxa numbers correspond 
to GenBank accession numbers, and 
tree is rooted with the closely related 
Paracanthurus hepatus
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the manufacturer’s protocol. We constructed RAD libraries using a 
variation of the original protocol with restriction enzyme SbfI (Baird 
et al., 2008; Longo & Bernardi, 2015; Miller, Dunham, Amores, 
Cresko, & Johnson, 2007; Miller et al., 2012; Omar et al., 2016). 
Individually barcoded samples were sequenced on an Illumina HiSeq 
2500 at the Vincent J. Coates Genomics Sequencing Laboratory at 
UC Berkeley.

2.4 | Quality filtering and marker discovery

Raw 100- bp single reads were trimmed on the 3’ end, quality- 
filtered and then split according to the 6- bp unique barcode using 
custom Perl scripts (Miller et al., 2012). Sequences were dropped if 
the product of quality scores was below 80%. The barcode (6 bp) and 
restriction site residue (6 bp) were then removed from the 5’ end, 
resulting in a final sequence length of 80 bp. We used the software 
program Stacks version 1.29 (Catchen, Amores, Hohenlohe, Cresko, 
& Postlethwait, 2011; Catchen, Hohenlohe, Bassham, Amores, & 
Cresko, 2013) to identify orthologous sequences among Zebrasoma 
taxa. We first ran the program denovo_map.pl, which runs all three 
Stacks components in a pipeline (i.e., ustacks, cstacks, and sstacks). 
We set a minimum stack depth (−m) of three, a maximum of three 
mismatches per loci for each individual (−M), and allowed up to seven 
mismatches when building catalog loci (−n). We then ran the Stacks 
program populations to generate output files for input into down-
stream population genetics programs. Due to high coverage across 
individuals, we tested the minimum stack depth (−m) at six, seven, 
and eight, in population runs. We created a stringent dataset by set-
ting −p at seven, which means both Zebrasoma species must retain 
the marker and with −r set to 100%, meaning that every individual 
in each species must retain the marker. Henceforth, a filtered 80- bp 
sequence used in the subsequent analyses is called a locus.

2.5 | Identifying outlier loci

We used two approaches to identify Φst outliers, which are com-
monly used to find loci under selection, but not without a number 
of potential pitfalls (Bierne, Roze, & Welch, 2013; Bierne, Welch, 
Loire, Bonhomme, & David, 2011; Fourcade, Chaput- Bardy, Secondi, 
Fleurant, & Lemaire, 2013; Lotterhos & Whitlock, 2015). It is impor-
tant that while outlier loci are likely to be under selection, our con-
cern here was to identify outliers per se, without necessarily looking 
for evidence of selection. Values for Φst (AMOVA Fst) were com-
puted by Stacks by comparing two populations, corresponding to 
individuals assigned to Z. flavescens and Z. scopas (without using indi-
viduals that were potentially hybrids). Then, we considered loci that 
were three standard deviations above the average Φst (AMOVA Fst), 
as obtained directly from the stacks population output (Weir, 1996). 
Instead, we used the Lositan workbench (Antao, Lopes, Lopes, Beja- 
Pereira, & Luikart, 2008) that identifies loci based both on Fst and 
heterozygosity (generic Fdist approach). We found that the two 
methods had full overlap of loci, with Lositan being less stringent 
(more loci retained). In the long run, we decided to exclusively focus 

on the approach of keeping loci that were three standard deviations 
above the average Φst. All outlier loci were compared to GenBank 
entries with BLAST, where E- values of 0.001 and below were kept 
and recorded (probability of obtaining the same result by chance 
<0.001). When matching sequences were found, protein- coding 
genes were classified using KEGG assignments (Kanehisa et al., 
2008; Ogata et al., 1999).

2.6 | Structure analysis and species delimitations

A number of automated methods have been devised to identify spe-
cies delimitations using multiple SNPs (Leaché et al., 2014; Zhang, 
Kapli, Pavlidis, & Stamatakis, 2013); however, those methods rely 
on phylogenetic assumptions that are not applicable here, where 
only two potential species are involved. Instead, assignment tests 
based on single nucleotide polymorphism datasets were run in the 
program Structure (Falush, Stephens, & Pritchard, 2007; Pritchard, 
Stephens, & Donnelly, 2000) with K = 4 populations (accounting for 
the two putative species Z. flavescens and Z. scopas in four popula-
tions, French Polynesia, Micronesia, Hawaii, and Japan). We com-
pared a series of datasets. We used a dataset that included all loci. 
We then used datasets that corresponded to ranges of Φst values. 
The first dataset was based solely on outlier loci (those loci with Φst 
above three standard deviations from the mean). Subsequent data-
sets comprised loci whose Φst values had a range of one standard 
deviation, starting at the lower edge of the outlier loci. Therefore, 
the second dataset comprised loci whose Φst values ranged from 
three to two standard deviations from the mean, the third dataset 
from two to one standard deviation from the mean, a fourth dataset 
with loci from one standard deviation to the mean, and finally a fifth 
dataset that included all loci.

As our criteria for keeping loci were very stringent, our dataset 
did not include a large number of SNPs (just over 4,000 loci). We 
therefore also used a smaller dataset that only included those indi-
viduals with the highest number of SNPs to test whether our data 
were biased by lowering the total number of used loci (and they were 
not, as described below).

3  | RESULTS

3.1 | Phylogenetic reconstructions

Phylogenetic reconstructions based on neighbor- joining and maxi-
mum likelihood methods resulted in identical topologies (Figure 2). 
As mentioned above, barcoding sequences (cytochrome c oxidase 
1) suggest that Zebrasoma scopas is a paraphyletic assemblage of 
two species restricted to the Indian Ocean (one species) and Pacific 
Ocean (one species). Here, we only consider the Pacific Ocean spe-
cies, the taxonomic status of Z. scopas being considered a separate 
issue not germane to this study. More important, CO1 sequences 
could not separate Z. scopas and Z. flavescens (Figure 2). As men-
tioned in Introduction, both findings have been published before, 
and our data, based on the latest available GenBank sequences, are 
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F IGURE  3 Structure analysis of Zebrasoma scopas and Z. flavescens samples using K = 4 (four populations). A total of 1961 loci 
corresponding to 5193 SNPs were used. Panels represent different datasets. The bottom panel corresponds to results drawn from all 1961 
loci. The top panel corresponds to results drawn from using only outlier loci (three standard deviations above the mean of Φst). Subsequent 
panels move down from the top dataset by one standard deviation at a time. For example, the second panel from the top is based on loci that 
show a Φst value that is comprised between three and two standard deviations from the mean, the third is between one and one standard 
deviations from the mean, etc. A number of loci and SNPs used are shown on the right as numbers above and below (between parentheses), 
respectively. Values of Φst for the corresponding datasets are shown on the left. Population colors generally match colors used in Figure 1. 
Vertical lines separate samples by populations, and dashed lines separate individuals recognized as Z. scopas (left) and Z. flavescens (right). 
The first three individuals from Micronesia to the right of the dashed line were recognized as hybrids
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consistent with those results. We therefore consider in this study 
that using samples of Zebrasoma scopas from the Pacific Ocean and 
Z. flavescens from Hawaii is a fair representation of the currently rec-
ognized species and the proper use of a natural group.

3.2 | Single nucleotide polymorphisms

Restriction site- associated DNA tag (RAD) libraries were created 
by individually barcoding 39 Zebrasoma individuals from Moorea, 
Micronesia, Japan, and Hawaii (Figure 1). Quality filtering of the raw 
data set left a remaining 36.1 million reads. For each individual, we 
identified an average of 58,983 stacks, of which an average 7540 
were polymorphic, where each stack is comprised of filtered reads 
representing a potential locus. After specifying a depth of coverage 
of six and SNP presence in at least 80% of all individuals using the 
population script in Stacks (considering populations from Moorea, 
Micronesia, Hawaii, and Japan), we found a total of 1,961 loci, which 
corresponded to 5,193 SNPs.

Additional settings were used, including deeper depth cover-
age (up to 8), and using less samples with the highest read numbers 
(down to 22 samples, where sample numbers were equal for both 
putative species) to obtain balanced sampling and a larger number 
of loci and SNPs. In all cases, results were identical to the results 
presented here and conclusions remained unchanged (not shown).

3.3 | Genetic structure between species and 
populations

As mentioned above, Zebrasoma scopas and Z. flavescens are not dis-
tinguishable using mitochondrial barcoding (CO1) sequences. Results 
based on 1961 loci are consistent with these findings. Structure plots 
indicate that samples do not partition in distinct genetic clusters 
(Figure 3) and exhibit low levels of Φst between the two nominal 
species (Φst = 0.042). In the same way, we did not find evidence of 
population structure based on those 1961 loci (global Φst = 0.034, 
Figure 3).

3.4 | Outlier loci

We identified 49 outlier loci in the dataset (2.5% of all loci), defined 
as exhibiting Φst values above three standard deviations above the 
mean. When running Structure with such outlier loci, a clear sepa-
ration between Z. scopas and Z. flavescens was found, shown as 
brown- orange and yellow clusters, respectively (Figure 3), which 
also corresponded to a higher pairwise Φst (Φst values of 0.356 
and 0.520, see below). In addition, within Z. scopas, Moorea and 
Micronesia samples clustered in well- defined groups (brown and 
orange clusters), and within Z. flavescens, samples from Japan sep-
arated from samples from Hawaii and Micronesia (red and yellow 
clusters). Differences between nominal species (Z. scopas – Z. flaves-
cens – Φst = 0.438) were similar to differences between populations 
within species (Φst = 0.429). Overall, these findings resulted in a 
high global Φst value (Φst = 0.326).

Datasets corresponding to loci whose Φst values were gradu-
ally closer to the mean showed that delimitations between species 
and populations gradually disappeared (Figure 3). As expected, Φst 
values also gradually decrease as the datasets move away from the 
outlier loci (Figure 3). At the lower end of the Φst spectrum, we did 
not find evidence of loci under balancing selection (loci lower than 
three standard deviations from the mean).

3.5 | Introgression and hybridization

Hybrids between the two species, with yellow/brown mottled col-
oration, have been reported at the region of range overlap (Figure 1) 
(Kuiter & Debelius, 2001; Randall, 2001). It would be impossible to 
identify hybrids based on all loci, as this dataset does not separate 
the two species in the first place. However, based on outlier loci 
(where species are distinguishable), we did not find evidence of in-
trogression in Z. flavescens individuals from Hawaii. We also found 
that Z. scopas from Moorea hardly contain any genetic material as-
signed to Z. flavescens (Figure 3). In contrast, 29.3, 34.2, and 53.1% 
of genetic material identified as belonging to Z. flavescens was pre-
sent in individuals from Micronesia identified as hybrids. The colora-
tion of those individuals was brownish yellow (the expected color 
of hybrids).

The direction of introgression (greater abundance of Z. scopas 
genetic material than Z. flavescens) is also consistent with the much 
lower abundance of Z. flavescens compared to Z. scopas in Ulithi 
Atoll. Indeed, the relative abundance of Z. scopas, Z. flavescens, and 
their hybrids was estimated at 90.9%, 5.6%, and 3.5%, respectively 
(authors’ unpublished data recorded from 2013 to 2016, based 
on 102 visual transects over 32 sites, total number of Zebrasoma 
individuals = 428). A pattern of directional introgression, as was 
observed here, that may be predicted by skewed abundances of pa-
rental species, is not unusual, as was reported in several other coral 
reef fish species (Crow et al., 2007; Harrison et al., 2017; Montanari, 
Hobbs, Pratchett, Bay, & Van Herwerden, 2017; Yaakub, Bellwood, 
Herwerden, & Walsh, 2006).

3.6 | Outlier loci GenBank matches

Of 49 outlier loci, approximately half of the sequences (24 se-
quences, 49%) matched GenBank entries. All 24 matches corre-
sponded to fish sequences, 20 sequences matched protein- coding 
regions and the remaining four sequences matched unannotated fish 
genome sequences (Supporting Information Table S1).

Protein- coding regions were analyzed using the program Kegg 
Koala and we found that almost half of the sequences (49%) clus-
tered in only three functional categories: genetic information 
processing (21%) (transcription, translation, replication, repair); en-
vironmental information processing (15%) (membrane transport, 
signal transduction); and organismal systems (13%) (immune system, 
endocrine system, nervous system). The large number of protein- 
coding genes (almost half of the outlier loci) is larger than expected. 
This was tested using 20 randomly selected datasets of 49 loci (the 
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same number as the actual outliers) and determining how many 
protein- coding genes were comprised in the new datasets. The high-
est number of protein- coding genes in random datasets was 12 (as 
opposed to 24 in the actual outliers), and the number obtained with 
the actual outlier loci (24) was significantly different than what was 
found in randomly chosen datasets (t test, p < 0.01).

4  | DISCUSSION

Defining species delimitations has been a challenge for over a cen-
tury (Coyne & Orr, 2004). The original goal of Darwinian principles 
was to classify organisms according to their descent, which trans-
lates into genetic lineages traceable by their molecular markers 
(Cracraft, 1983; Wiley, 1981). Given enough time, all markers show 
the same picture, due to sorting processes (Avise, 2004). However, 
full concordance of markers is only apparent in those lineages that 
diverged a very long time ago (on average, 4Ne generations are nec-
essary for sorting to occur (Avise, 2000, 2004)), which is not the case 
for incipient sister taxa (e.g., Egger, Koblmüller, Sturmbauer, & Sefc, 
2007; Noor & Feder, 2006).

The idea of accepting species delimitations when congruence 
was found among several molecular markers emerged when scien-
tists moved from using a few mitochondrial markers to a combination 
of mitochondrial and nuclear markers (e.g., Bernardi et al., 1993). The 
practicality of the approach was reasonable at the time; however, 
with the current use of thousands of genomic markers, the picture 
became more complex. Recent work has shown that genomic islands 
of diversity may distinguish divergent populations, thus negating, 
even on a theoretical standpoint, the possibility of congruence 
among genomic regions. These islands may either be the cause of 
speciation (genomic islands of speciation) or the result of local adap-
tation in populations that diverged, usually in allopatry. The concept 
of genomic islands of speciation has the distinct advantage of pro-
viding both an explanation for the speciation event (the emergence 
of the islands by divergent selection) and a way to define species 
(the composition of the islands differs in separate populations and 
therefore defines them genetically, and can be visualized in different 
ways, such as with structure plots or with pairwise differentiation, 
Fst, plots). In particular, their role in driving speciation events is very 
compelling when present in sympatric species, where other reason-
able explanations for speciation mechanisms are unlikely (Marques 
et al., 2016).

In this study, we found that mitochondrial markers and most nu-
clear genomic markers do not delineate Zebrasoma scopas and Z. fla-
vescens, yet outlier markers do. These markers are consistent with 
the presence of genomic islands of divergence. In addition, evidence 
presented here (the prevalence of protein- coding genes) points to-
ward the idea that these outliers are likely to be undergoing diverg-
ing selection.

An interesting case was presented for two other surgeonfish sis-
ter species, Acanthurus olivaceus, which has a very broad geographic 
range, and A. reversus, a Marquesas islands endemic (Gaither et al., 

2015). Similar to our system, mitochondrial markers and thousands 
of neutral RAD markers do not separate the two species. In contrast, 
outlier loci separate the widespread A. olivaceus from the Marquesan 
A. reversus. It is important that the isolated Hawaiian population of 
A. olivaceus could not be defined by outlier loci, thus suggesting that 
local adaptation in the Marquesan environment, rather than simple 
genetic drift, was proposed to be responsible for the observed pat-
terns (Gaither et al., 2015). A simple interpretation of this situation 
is that genomic islands of divergence are present in the system, and 
these are the consequence of isolation and local adaptation rather 
than divergent selection driving speciation.

While the final genomic signature is very similar, teasing out 
the alternative scenarios that genomic islands of divergence are 
the cause of speciation or the consequence of isolation and adap-
tation is important to understand the fundamental mechanisms of 
speciation and ultimately the generation and maintenance of biodi-
versity. The ecological and biogeographic context of the Zebrasoma 
flavescens–Z. scopas complex shows strong similarities with the 
Acanthurus olivaceus–A. reversus system, and in that respect, the 
emergence of genomic islands of diversity after the isolation events 
seems more likely that their emergence as a mechanism of speciation.

Besides very slight modal morphological differences, there are 
very obvious coloration differences between species (Zebrasoma 
scopas is solid brown and Z. flavescens is solid yellow) (Randall, 2001) 
that allow for easy and rapid identification, and sorting of individuals 
in two distinct groups. While the absence of reciprocally monophy-
letic mitochondrial clades would traditionally be seen as a lack of 
support for current taxonomy (i.e., the separation of Z. flavescens 
and Z. scopas as bona fide species) one must account for the fact 
that sequencing specific molecular markers (outliers) result in the 
very same groupings obtained by sorting the actual fish for color-
ation. These modest levels of morphological difference and genetic 
divergence are, in fact, commonplace in cichlids where hundreds of 
species are described (Wagner et al., 2013).

The genetic differentiation levels, again based on outlier loci, of 
the Moorea/Micronesia populations of Z. scopas, and of the Hawaii/
Japan populations of Z. flavescens, which are similar to the diver-
gence between the nominal species bring up additional questions of 
population delimitations and the role of the environment in the early 
stages of speciation. Taxonomic debates as to the validity of species 
and population nomenclature are interesting but not the focus of 
this study. Our goal is neither to invalidate nor validate the status 
of Zebrasoma species, but rather to investigate the dynamics of ge-
nomic divergence between groups of Zebrasoma individuals.

The advent of massive genomic sequencing uniquely affords 
to explore speciation mechanisms in great detail, yet we must also 
face the reality of the complexity of species delimitations (Bernardi, 
2013). Here, we show that the use of outlier loci provides unambigu-
ous partition of individuals that have independently been recognized 
as species. These loci are likely to have evolved under different en-
vironments, as shown by the type of outliers that were found. In this 
study, 15% of outliers are related to environmental conditions; in the 
Marquesan Acanthurus study, opsin Rh2, a gene involved with color 
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vision, was found among the outliers. By being locally adapted, indi-
viduals are indeed different in each region, as predicted by several 
models of ecological speciation in coral reef fishes (Rocha & Bowen, 
2008). While speciation via local adaptation has been recognized for 
a long time, here we show that the number of loci involved is rela-
tively small, but nevertheless sufficient to clearly distinguish genetic 
entities, and this type of speciation that can easily be overseen un-
less thousands of loci are analyzed must be reckoned with.

ACKNOWLEDG MENTS

We would like to thank Alessio Bernardi for collecting fish for 
this project, and Eva Salas and Iria Fernandez for their help in the 
field and providing fish from Micronesia (Eva Salas) and Japan (Iria 
Fernandez). This work was funded by a University of California Santa 
Cruz Pacific Rim award, the David and Lucile Packard Foundation, 
The Nature Conservancy, Department of the Interior/Office of 
Insular Affairs (CRI- Ulithi1- 2), NOAA (Award # NA15NMF4270336), 
and the National Science Foundation (OCE 1546374).

CONFLIC T OF INTERE S T

None declared.

AUTHOR CONTRIBUTIONS

All authors designed the experiment and revised the manuscript. GB 
did the molecular work and wrote the first draft of the manuscript.

DATA ACCE SSIBILIT Y

All Fastq sequence files are available from GenBank at the National 
Center for Biotechnology Information short- read archive database 
(accession number: SRP139089). Associated metadata are also avail-
able at GeOMe (GUID http://n2t.net/ark:/21547/BAf2) (Deck et al., 
2017).

ORCID

Giacomo Bernardi  http://orcid.org/0000-0002-8249-4678 

R E FE R E N C E S

Antao, T., Lopes, A., Lopes, R. J., Beja-Pereira, A., & Luikart, G. (2008). 
LOSITAN: A workbench to detect molecular adaptation based 
on a Fst- outlier method. BMC Bioinformatics, 9, 323. https://doi.
org/10.1186/1471-2105-9-323

Avise, J. C. (2000). Phylogeography: The history and formation of species. 
Cambridge, MA: Harvard University Press.

Avise, J. C. (2004). Molecular markers, natural history, and evolution, 2nd 
ed.. Sunderland, MA: Sinauer.

Baird, N. A., Etter, P. D., Atwood, T. S., Currey, M. C., Shiver, A. L., Lewis, 
Z. A., … Johnson, E. A. (2008). Rapid SNP discovery and genetic map-
ping using sequenced RAD markers. PLoS ONE, 3, e3376. https://doi.
org/10.1371/journal.pone.0003376

Bauchot, M. L., & Randall, J. E. (1996). Catalogue critique des types de 
poissons du Museum National d’Histoire Naturelle (suite). Familles 
des Acanthuridae et des Zanclidae. Cybium, 20, 55–74.

Bernardi, G. (2013). Speciation in fishes. Molecular Ecology, 22, 5487–
5502. https://doi.org/10.1111/mec.12494

Bernardi, G., Azzurro, E., Golani, D., & Miller, M. R. (2016). Genomic sig-
natures of rapid adaptive evolution in the bluespotted cornetfish, a 
Mediterranean Lessepsian invader. Molecular Ecology, 25, 3384–3396.

Bernardi, G., Sordino, P., & Powers, D. A. (1993). Concordant mitochon-
drial and nuclear DNA phylogenies for populations of the teleost 
fish Fundulus heteroclitus. Proceedings of the National Academy of 
Sciences of the United States of America, 90, 9271–9274. https://doi.
org/10.1073/pnas.90.20.9271

Berner, D., & Roesti, M. (2017). Genomics of adaptive divergence with 
chromosome- scale heterogeneity in crossover rate. Molecular 
Ecology, 26, 6351–6369. https://doi.org/10.1111/mec.14373

Bierne, N., Roze, D., & Welch, J. (2013). Pervasive selection or is it … ? 
why are Fst outliers sometimes so frequent ? Molecular Ecology, 22, 
2061–2064. https://doi.org/10.1111/mec.12241

Bierne, N., Welch, J., Loire, E., Bonhomme, F., & David, P. (2011). The 
coupling hypothesis: Why genome scans may fail to map local ad-
aptation genes. Molecular Ecology, 20, 2044–2072. https://doi.
org/10.1111/j.1365-294X.2011.05080.x

Catchen, J. M., Amores, A., Hohenlohe, P., Cresko, W., & Postlethwait, 
J. H. (2011). Stacks: Building and genotyping loci de novo from 
short- read sequences. G3 (Bethesda), 1, 171–182. https://doi.
org/10.1534/g3.111.000240

Catchen, J., Hohenlohe, P. A., Bassham, S., Amores, A., & Cresko, W. A. 
(2013). Stacks: An analysis tool set for population genomics. Molecular 
Ecology, 22, 3124–3140. https://doi.org/10.1111/mec.12354

Coyne, J. A., & Orr, H. A. (2004). Speciation. Sunderland, MA: Sinauer 
Associates Inc..

Cracraft, J. (1983). Species concepts and speciation analysis. Current 
Ornithology, 1, 159–187. https://doi.org/10.1007/978-1-4615-6781-3

Crow, K. D., Munehara, H., Kanamoto, Z., Balanov, A., Antonenko, 
D., & Bernardi, G. (2007). Maintenance of species boundar-
ies despite rampant hybridization between three species of reef 
fishes (Hexagrammidae): Implications for the role of selection. 
Biological Journal of the Linnean Society, 91, 135–147. https://doi.
org/10.1111/j.1095-8312.2007.00786.x

Cruickshank, T. E., & Hahn, M. W. (2014). Reanalysis suggests that ge-
nomic islands of speciation are due to reduced diversity, not re-
duced gene flow. Molecular Ecology, 23, 3133–3157. https://doi.
org/10.1111/mec.12796

De Queiroz, K. (1998). The general lineage concept of species, species 
criteria, and the process of speciation: A conceptual unification and 
terminological recommendations. In D. J. Howard, & S. H. Berlocher 
(Eds.), Endless Forms species and speciation (pp. 57–75). NY: Oxford 
University Press.

De Queiroz, K. (2007). Species concepts and species delimitation. Systematic 
Biology, 56, 879–886. https://doi.org/10.1080/10635150701701083

Deck, J., Gaither, M. R., Ewing, R., Bird, C. E., Davies, N., Meyer, C., … 
Crandall, E. D. (2017). The Genomic Observatories Metadatabase 
(GeOMe): A new repository for field and sampling event metadata 
associated with genetic samples. PLoS Biology, 15, 1–7.

Eble, J. A., Toonen, R. J., Sorenson, L., Basch, L. V., Papastamatiou, Y. 
P., & Bowen, B. W. (2011). Escaping paradise: Larval export from 
Hawaii in an Indo- Pacific reef fish, the yellow tang Zebrasoma fla-
vescens. Marine Ecology Progress Series, 428, 245–258. https://doi.
org/10.3354/meps09083

Egan, S. P., Nosil, P., & Funk, D. J. (2008). Selection and genomic dif-
ferentiation during ecological speciation: Isolating the contributions 
of host association via a comparative genome scan of Neochlamisus 
bebbianae leaf beetles. Evolution, 62, 1162–1181. https://doi.
org/10.1111/j.1558-5646.2008.00352.x

http://n2t.net/ark:/21547/BAf2
http://orcid.org/0000-0002-8249-4678
http://orcid.org/0000-0002-8249-4678
https://doi.org/10.1186/1471-2105-9-323
https://doi.org/10.1186/1471-2105-9-323
https://doi.org/10.1371/journal.pone.0003376
https://doi.org/10.1371/journal.pone.0003376
https://doi.org/10.1111/mec.12494
https://doi.org/10.1073/pnas.90.20.9271
https://doi.org/10.1073/pnas.90.20.9271
https://doi.org/10.1111/mec.14373
https://doi.org/10.1111/mec.12241
https://doi.org/10.1111/j.1365-294X.2011.05080.x
https://doi.org/10.1111/j.1365-294X.2011.05080.x
https://doi.org/10.1534/g3.111.000240
https://doi.org/10.1534/g3.111.000240
https://doi.org/10.1111/mec.12354
https://doi.org/10.1007/978-1-4615-6781-3
https://doi.org/10.1111/j.1095-8312.2007.00786.x
https://doi.org/10.1111/j.1095-8312.2007.00786.x
https://doi.org/10.1111/mec.12796
https://doi.org/10.1111/mec.12796
https://doi.org/10.1080/10635150701701083
https://doi.org/10.3354/meps09083
https://doi.org/10.3354/meps09083
https://doi.org/10.1111/j.1558-5646.2008.00352.x
https://doi.org/10.1111/j.1558-5646.2008.00352.x


8684  |     BERNARDI Et Al.

Egger, B., Koblmüller, S., Sturmbauer, C., & Sefc, K. M. (2007). Nuclear 
and mitochondrial data reveal different evolutionary processes in the 
Lake Tanganyika cichlid genus Tropheus. BMC Evolutionary Biology, 7, 
137. https://doi.org/10.1186/1471-2148-7-137

Falush, D., Stephens, M., & Pritchard, J. K. (2007). Inference of popu-
lation structure using multilocus genotype data: Dominant markers 
and null alleles. Molecular Ecology Notes, 7, 574–578. https://doi.
org/10.1111/j.1471-8286.2007.01758.x

Farré, M., Micheletti, D., & Ruiz-Herrera, A. (2013). Recombination rates 
and genomic shuffling in human and chimpanzee–a new twist in the 
chromosomal speciation theory. Molecular Biology and Evolution, 30, 
853–864. https://doi.org/10.1093/molbev/mss272

Fourcade, Y., Chaput-Bardy, A., Secondi, J., Fleurant, C., & Lemaire, C. 
(2013). Is local selection so widespread in river organisms? Fractal 
geometry of river networks leads to high bias in outlier detec-
tion. Molecular Ecology, 22, 2065–2073. https://doi.org/10.1111/
mec.12158

Gaither, M. R., Bernal, M. A., Coleman, R. R., Bowen, B. W., Jones, S. A., 
Simison, W. B., & Rocha, L. A. (2015). Genomic signatures of geo-
graphic isolation and natural selection in coral reef fishes. Molecular 
Ecology, 24, 1543–1557. https://doi.org/10.1111/mec.13129

Harrison, H. B., Berumen, M. L., Saenz-Agudelo, P., Salas, E., Williamson, 
D. H., & Jones, G. P. (2017). Widespread hybridization and bidirec-
tional introgression in sympatric species of coral reef fish. Molecular 
Ecology, 26, 5692–5704. https://doi.org/10.1111/mec.14279

Hausdorf, B. (2011). Progress toward a general species concept. Evolution, 
65, 923–931. https://doi.org/10.1111/j.1558-5646.2011.01231.x

Huang, B., Huang, C., Huang, C., & Liao, P. (2017). Continuation of the 
genetic divergence of ecological speciation by spatial environmental 
heterogeneity in island endemic plants. Scientific Reports, 7, 5465. 
Springer US. https://doi.org/10.1038/s41598-017-05900-1

Hubert, N., Meyer, C. P., Bruggemann, H. J., Guérin, F., Komeno, R. J. 
L., Espiau, B., … Planes, S. (2012). Cryptic diversity in Indo- Pacific 
coral- reef fishes revealed by DNA- barcoding provides new support 
to the centre- of- overlap hypothesis. PLoS ONE, 7, e28987. https://
doi.org/10.1371/journal.pone.0028987

Kanehisa, M., Araki, M., Goto, S., Hattori, M., Hirakawa, M., Itoh, M., … 
Yamanishi, Y. (2008). KEGG for linking genomes to life and the envi-
ronment. Nucleic Acids Research, 36, 480–484.

Kuiter, R. H., & Debelius, H. (2001). Surgeonfishes. Rabbitfishes and their 
Relatives: TMC Publishing, Chorleywood, UK.

Leaché, A. D., Fujita, M. K., Minin, V. N., & Bouckaert, R. R. (2014). Species 
delimitation using genome- wide SNP Data. Systematic Biology, 63, 
534–542. https://doi.org/10.1093/sysbio/syu018

Longo, G., & Bernardi, G. (2015). The evolutionary history of the em-
biotocid surfperch radiation based on genome- wide RAD sequence 
data. Molecular Phylogenetics and Evolution, 88, 55–63. https://doi.
org/10.1016/j.ympev.2015.03.027

Lotterhos, K. E., & Whitlock, M. C. (2015). The relative power of genome 
scans to detect local adaptation depends on sampling design and 
statistical method. Molecular Ecology, 24, 1031–1046. https://doi.
org/10.1111/mec.13100

Ma, T., Wang, K., Hu, Q., Xi, Z., Wan, D., Wang, Q., … Liu, J. (2017). Ancient 
polymorphisms and divergence hitchhiking contribute to genomic is-
lands of divergence within a poplar species complex. Proceedings of 
the National Academy of Sciences, 2017, 13288.

Marques, D. A., Lucek, K., Meier, J. I., Mwaiko, S., Wagner, C. E., Excoffier, 
L., & Seehausen, O. (2016). Genomics of rapid incipient speciation 
in sympatric Threespine Stickleback. PLoS Genetics, 12, e1005887. 
https://doi.org/10.1371/journal.pgen.1005887

Miller, M. R., Brunelli, J. P., Wheeler, P. A., Liu, S., Rexroad, C. E., 
Palti, Y., … Thorgaard, G. H. (2012). A conserved haplotype 
controls parallel adaptation in geographically distant salmo-
nid populations. Molecular Ecology, 21, 237–249. https://doi.
org/10.1111/j.1365-294X.2011.05305.x

Miller, M. R., Dunham, J. P., Amores, A., Cresko, W. A., & Johnson, E. 
A. (2007). Rapid and cost- effective polymorphism identification and 
genotyping using restriction site associated DNA (RAD) markers. 
Genome Research, 17, 240–248. https://doi.org/10.1101/gr.5681207

Montanari, S. R., Hobbs, J. P. A., Pratchett, M. S., Bay, L. K., & Van 
Herwerden, L. (2017). Naturally occurring hybrids of coral reef but-
terflyfishes have similar fitness compared to parental species. PLoS 
ONE, 12, 1–12.

Moritz, C. (1994). Defining “Evolutionarily Significant Units” for con-
servation. Trends in Ecology & Evolution, 9, 373–375. https://doi.
org/10.1016/0169-5347(94)90057-4

Noor, M. A. F., & Bennett, S. M. (2009). Islands of speciation or mirages 
in the desert Examining the role of restricted recombination in main-
taining species. Heredity (Edinb), 103, 439–444. Nature Publishing 
Group. https://doi.org/10.1038/hdy.2009.151

Noor, M. A., & Feder, J. L. (2006). Speciation genetics: Evolving ap-
proaches. Nature Reviews Genetics, 7, 851–861. https://doi.
org/10.1038/nrg1968

Nosil, P. (2012). Ecological speciation. Oxford, UK: Oxford University Press. 
https://doi.org/10.1093/acprof:osobl/9780199587100.001.0001

Nosil, P., & Feder, J. L. (2012). Genomic divergence during speciation: 
Causes and consequences. Philosophical Transactions of the Royal 
Society of London. Series B, Biological Sciences, 367, 332–342. https://
doi.org/10.1098/rstb.2011.0263

Ogata, H., Goto, S., Sato, K., Fujibuchi, W., Bono, H., & Kanehisa, M. 
(1999). KEGG: Kyoto encyclopedia of genes and genomes. Nucleic 
Acids Research, 27, 29–34. https://doi.org/10.1093/nar/27.1.29

Omar, A. A., O’Rourke, S. M., Amish, S. J., Meek, M. H., Luikart, G., 
Jeffres, C., & Miller, M. R. (2016). RAD Capture (Rapture): Flexible 
and efficient sequence- based genotyping. Genetics, 202, 389–400.

Paradis, E., Claude, J., & Strimmer, K. (2004). APE: Analyses of 
Phylogenetics and Evolution in R language. Bioinformatics, 20, 289–
290. https://doi.org/10.1093/bioinformatics/btg412

Pritchard, J. K., Stephens, M., & Donnelly, P. (2000). Inference of pop-
ulation structure using multilocus genotype data. Genetics, 155, 
945–959.

Randall, J. E. (1955). A revision of the surgeon fish genera Zebrasoma and 
Paracanthurus. Pacific Science, 9, 396–412.

Randall, J. E. (2001). Surgeonfishes of Hawai’i and the world. Honolulu, 
Hawai’i: Mutual Publishing and Bishop Museum Press.

Rannala, B. (2015). The art and science of species delimitation. Current 
Zoology, 61, 846–853. https://doi.org/10.1093/czoolo/61.5.846

R Core Team 2013). R: A language and environment for statistical  com-
puting. R Foundation for Statistical Computing, Vienna, Austria. http://
www.R-project.org/.

Rocha, L. A., & Bowen, B. W. (2008). Speciation in coral- reef 
fishes. Journal of Fish Biology, 72, 1101–1121. https://doi.
org/10.1111/j.1095-8649.2007.01770.x

Sandoval-Castillo, J., Robinson, N. A., Hart, A. M., Strain, L. W. S., & 
Beheregaray, L. B. (2018). Seascape genomics reveals adaptive di-
vergence in a connected and commercially important mollusc, the 
greenlip abalone (Haliotis laevigata), along a longitudinal environ-
mental gradient. Molecular Ecology, 27, 1603–1620. https://doi.
org/10.1111/mec.14526

Sorenson, L., Santini, F., Carnevale, G., & Alfaro, M. E. (2013). A multi- 
locus timetree of surgeonfishes (Acanthuridae, Percomorpha), with 
revised family taxonomy. Molecular Phylogenetics and Evolution, 68, 
150–160. Elsevier Inc. https://doi.org/10.1016/j.ympev.2013.03.014

Steinke, D., Zemlak, T. S., & Hebert, P. D. N. (2009). Barcoding nemo: 
DNA- based identifications for the ornamental fish trade. PLoS ONE, 
4, e6300. https://doi.org/10.1371/journal.pone.0006300

Tariel, J., Longo, G. C., & Bernardi, G. (2016). Tempo and mode of specia-
tion in Holacanthus angelfishes based on RADseq markers. Molecular 
Phylogenetics and Evolution, 98, 84–88. Elsevier Inc. https://doi.
org/10.1016/j.ympev.2016.01.010

https://doi.org/10.1186/1471-2148-7-137
https://doi.org/10.1111/j.1471-8286.2007.01758.x
https://doi.org/10.1111/j.1471-8286.2007.01758.x
https://doi.org/10.1093/molbev/mss272
https://doi.org/10.1111/mec.12158
https://doi.org/10.1111/mec.12158
https://doi.org/10.1111/mec.13129
https://doi.org/10.1111/mec.14279
https://doi.org/10.1111/j.1558-5646.2011.01231.x
https://doi.org/10.1038/s41598-017-05900-1
https://doi.org/10.1371/journal.pone.0028987
https://doi.org/10.1371/journal.pone.0028987
https://doi.org/10.1093/sysbio/syu018
https://doi.org/10.1016/j.ympev.2015.03.027
https://doi.org/10.1016/j.ympev.2015.03.027
https://doi.org/10.1111/mec.13100
https://doi.org/10.1111/mec.13100
https://doi.org/10.1371/journal.pgen.1005887
https://doi.org/10.1111/j.1365-294X.2011.05305.x
https://doi.org/10.1111/j.1365-294X.2011.05305.x
https://doi.org/10.1101/gr.5681207
https://doi.org/10.1016/0169-5347(94)90057-4
https://doi.org/10.1016/0169-5347(94)90057-4
https://doi.org/10.1038/hdy.2009.151
https://doi.org/10.1038/nrg1968
https://doi.org/10.1038/nrg1968
https://doi.org/10.1093/acprof:osobl/9780199587100.001.0001
https://doi.org/10.1098/rstb.2011.0263
https://doi.org/10.1098/rstb.2011.0263
https://doi.org/10.1093/nar/27.1.29
https://doi.org/10.1093/bioinformatics/btg412
https://doi.org/10.1093/czoolo/61.5.846
https://doi.org/10.1111/j.1095-8649.2007.01770.x
https://doi.org/10.1111/j.1095-8649.2007.01770.x
https://doi.org/10.1111/j.1095-8649.2007.01770.x
https://doi.org/10.1111/j.1095-8649.2007.01770.x
https://doi.org/10.1111/mec.14526
https://doi.org/10.1111/mec.14526
https://doi.org/10.1016/j.ympev.2013.03.014
https://doi.org/10.1371/journal.pone.0006300
https://doi.org/10.1016/j.ympev.2016.01.010
https://doi.org/10.1016/j.ympev.2016.01.010


     |  8685BERNARDI Et Al.

Turner, T. L., Hahn, M. W., & Nuzhdin, S. V. (2005). Genomic islands of 
speciation in Anopheles gambiae. PLoS Biology, 3, e285. https://doi.
org/10.1371/journal.pbio.0030285

Via, S., Conte, G., Mason-Foley, C., & Mills, K. (2012). Localizing FST 
outliers on a QTL map reveals evidence for large genomic regions of 
reduced gene exchange during speciation- with- gene- flow. Molecular 
Ecology, 21, 5546–5560. https://doi.org/10.1111/mec.12021

Wagner, C. E., Keller, I., Wittwer, S., Selz, O. M., Mwaiko, S., Greuter, L., 
… Seehausen, O. (2013). Genome- wide RAD sequence data provide 
unprecedented resolution of species boundaries and relationships 
in the Lake Victoria cichlid adaptive radiation. Molecular Ecology, 22, 
787–798. https://doi.org/10.1111/mec.12023

Weir, B. S. (1996). Genetic data analysis II. Sunderland, MA: Sinauer 
Associates Inc..

Wiley, E. O. (1981). Phylogenetics. The theory and practice of phylogenetic 
systematics. New York, NY: Wiley-Interscience.

Wolf, J. B., & Ellegren, H. (2016). Making sense of genomic islands of 
differentiation in light of speciation. Nature Reviews Genetics, 18, 
87–100. Nature Publishing Group.

Yaakub, S. M., Bellwood, D. R., Herwerden, L. V., & Walsh, F. M. 
(2006). Hybridization in coral reef fishes: Introgression and bi- 
directional gene exchange in Thalassoma (family Labridae). Molecular 

Phylogenetics and Evolution, 40, 84–100. https://doi.org/10.1016/j.
ympev.2006.02.012

Zhang, J., Kapli, P., Pavlidis, P., & Stamatakis, A. (2013). A general spe-
cies delimitation method with applications to phylogenetic place-
ments. Bioinformatics, 29, 2869–2876. https://doi.org/10.1093/
bioinformatics/btt499

Zwickl, D. J. (2006). Genetic algorithm approaches for the phylogenetic 
analysis of large biological sequence datasets under the maximum like-
lihood criterion. The University of Texas at Austin.

SUPPORTING INFORMATION

Additional supporting information may be found online in the 
Supporting Information section at the end of the article. 

How to cite this article: Bernardi G, Nelson P, Paddack M, 
Rulmal Jr J, Crane N. Genomic islands of divergence in the 
Yellow Tang and the Brushtail Tang Surgeonfishes. Ecol Evol. 
2018;8:8676–8685. https://doi.org/10.1002/ece3.4417

https://doi.org/10.1371/journal.pbio.0030285
https://doi.org/10.1371/journal.pbio.0030285
https://doi.org/10.1111/mec.12021
https://doi.org/10.1111/mec.12023
https://doi.org/10.1016/j.ympev.2006.02.012
https://doi.org/10.1016/j.ympev.2006.02.012
https://doi.org/10.1093/bioinformatics/btt499
https://doi.org/10.1093/bioinformatics/btt499
https://doi.org/10.1002/ece3.4417



