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ABSTRACT

Aim The aim of this study was to resolve the evolutionary history, biogeo-

graphical barriers and population histories for sister species of wrasses, the

African Coris (Coris cuvieri) in the Indian Ocean and Red Sea, and the Yellow-

tail Coris (Coris gaimard) in the Pacific Ocean. Glacial sea level fluctuations

during the Pleistocene have shaped the evolutionary trajectories of Indo-Pacific

marine fauna, primarily by creating barriers between the Red Sea, Indian

Ocean and Pacific Ocean. Here, we evaluate the influence of these episodic gla-

cial barriers on sister species C. cuvieri and C. gaimard.

Location Red Sea, Indian Ocean, Pacific Ocean.

Methods Sequences from mitochondrial DNA cytochrome oxidase c subunit I

(COI), and nuclear introns gonadotropin-releasing hormone (GnRH) and ribo-

somal S7 protein were analysed in 426 individuals from across the range of

both species. Median-joining networks, analysis of molecular variance and

Bayesian estimates of the time since most recent common ancestor were used

to resolve recent population history and connectivity.

Results Cytochrome oxidase c subunit I haplotypes showed a divergence of

0.97% between species, and nuclear alleles were shared between species. No

population structure was detected between the Indian Ocean and Red Sea. The

strongest signal of population structure was in C. gaimard between the Hawai-

ian biogeographical province and other Pacific locations (COI /ST = 0.040–
0.173, P < 0.006; S7 /ST = 0.046, P < 0.001; GnRH /ST = 0.022, P < 0.005).

Time to most recent common ancestor is c. 2.12 Ma for C. cuvieri and

1.76 Ma for C. gaimard.

Main conclusions We demonstrate an Indian-Pacific divergence of c. 2 Myr

and high contemporary gene flow between the Red Sea and Indian Ocean,

mediated in part by the long pelagic larval stage. The discovery of hybrids at

Christmas Island indicates that Indian and Pacific lineages have come into sec-

ondary contact after allopatric isolation. Subspecies status may be appropriate

for these two wrasses.

Keywords

Christmas Island, Hawaiian Archipelago, hybridisation, introns, Labridae,
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INTRODUCTION

Reef fishes are relatively sedentary as juveniles and adults,

and dispersal usually occurs during the larval stage (Sale,

1980). Pelagic larval duration (PLD) may influence dispersal

and population structure (Faurby & Barber, 2012; Selkoe

et al., 2014). However, even closely related species with simi-

lar life histories may have markedly different population

structure (Rocha et al., 2002; DiBattista et al., 2012). Phylo-

geographical surveys across the Indo-Pacific have shown that
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some reef fishes exhibit high genetic connectivity across

oceans (Reece et al., 2011), while others show strong genetic

structuring within relatively small areas (Timm & Kochzius,

2008).

The nature of these genetic partitions is subject to much

debate, although many align with biogeographical barriers

defined by endemism (Briggs & Bowen, 2013). One such

barrier is the shallow and narrow Strait of Bab al Mandab

between the Red Sea and Indian Ocean. Sea level fluctuations

during glacial cycles decreased the water flow through this

strait, contributing to the high levels of endemism in the

Red Sea (Siddal et al., 2003; DiBattista et al., In press). Cold

water upwelling outside the Red Sea, from Somalia to the

Arabian Peninsula, likely increases this isolation (Kemp,

1998). At the same time, the East African Coastal Current

and the Somali Current along the east coast of Africa cause

seasonal mixing of waters from the Red Sea and Western

Indian Ocean (Obura, 2012). Another barrier lies between

the Indian and Pacific Oceans, where low sea levels exposed

the Sunda and Sahul shelves that connect South East Asia

and Australia (Ludt & Rocha, 2015). This intermittent Indo-

Pacific Barrier (IPB) has restricted gene flow between the

Indian and the Pacific Oceans and has had a strong influence

on the evolutionary history of Indo-Pacific species (Randall,

1998; Barber et al., 2006; Liu et al., 2014).

In addition to these two geographical barriers, oceanic dis-

tances may impose substantial barriers for shallow reef fauna.

Hawai’i is the most isolated island group in the world, with

the highest level of endemism for fishes at 25% (Randall,

2007). To the south of Hawai’i, the open ocean barrier is

broken by smaller island groups, such as the Line Islands

and Johnston Atoll. Although remote, these islands may act

as ‘stepping stones’ for colonisation of Hawai’i (Hourigan &

Reese, 1987). The Kuroshio Current flowing north-east from

southern Japan is thought to be another dispersal corridor

for larvae to reach the remote Hawaiian Archipelago (Ran-

dall, 1998; Bird et al., 2011).

The relationship between marine biogeographical barriers

and evolutionary patterns can be illuminated with sister spe-

cies, the products of recent evolutionary bifurcations. Exami-

nations of the youngest phases of divergence can reveal how

differences in geographical or ecological context influence

population histories and evolutionary trajectories. Here, we

examine a pair of sister species in the family Labridae: the

yellowtail coris, Coris gaimard (Quoy & Gaimard, 1824), is

distributed from Hawai’i and Polynesia to the eastern Indian

Ocean (Randall, 1999; Fig. 1a). The African coris, Coris

cuvieri (Bennett, 1831), inhabits the Red Sea and the Indian

Ocean (Randall, 1999). These species are closely related, as

indicated by overlapping counts of fin rays, lateral line scales

and gill rakers, but differ in colouration (Randall, 1999;

Fig. 1b,d).

These Coris wrasses are small (< 20 cm), generalist preda-

tors that favour reefs and associated coral rubble (Randall,

1999; Ferry-Graham et al., 2002). The maximum PLD for C.

gaimard is c. 53 days (Victor, 1986). Other Coris species

show similar PLDs (Victor, 1986) so it is here assumed that

the PLD for C. cuvieri is approximately the same as that of

C. gaimard. The juveniles of both species look strikingly dif-

ferent from their adult counterparts and appear to mimic

clownfishes (Amphripion spp.) (Randall, 2005; Reininger,

2011; Fig. 1e–g). Clownfish obtain protection from predation

by association with anemones. The Coris mimic, found in

close association with clownfish habitat, is expected to bene-

fit from reduced predation and possibly deception of com-

petitors (Reininger, 2011). Notably, this mimic colouration is

observed in Hawai’i where clownfishes do not occur. Bate-

sian mimicry theory holds that an edible or harmless species

(the mimic) resembles an inedible or harmful species (the

model) in order to avoid predation (Caley & Schluter, 2003;

Randall, 2005). In locations where the model is not present,

the predators cannot learn to avoid the model, putting the

mimic at higher risk of predation (Pfennig et al., 2001).

Therefore, Batesian mimicry should break down in areas

where the model is not present, or the mimic could go

extinct (Harper & Pfennig, 2008). Neither of these scenarios

has occurred in C. gaimard, which invokes questions about

how long the mimic has inhabited Hawai’i, and whether

gene flow continues to connect Hawai’i to other Pacific pop-

ulations with a potentially maladapted life stage.

In addition to investigating the origins of the Indian and

Pacific Coris taxa, we are interested in the role of peripheral

biogeographical provinces (Red Sea and Hawai’i), which may

serve as evolutionary incubators for the production of new

species (Bowen et al., 2013; DiBattista et al., 2013). This

range-wide survey of C. gaimard and C. cuvieri is therefore

intended to evaluate evolutionary processes and address the

following questions: (A) Do these sister species share similar

patterns of population structure across their ranges? (B) Do

genetic partitions coincide with known biogeographical bar-

riers? (C) When and how did these two species diverge? (D)

Could ongoing gene flow explain the mimicry of juvenile C.

gaimard in Hawai’i, given the absence of the model? This

range-wide study of two closely related sister species covers

the entire Indo-Pacific and Red Sea and with this coverage

we hope to provide insight on the phylogeography and evo-

lution of Indo-Pacific reef fishes.

MATERIALS AND METHODS

Sample collection and extraction

Samples (C. gaimard, n = 337; C. cuvieri, n = 76, putative

hybrids, n = 13) were collected from 20 locations (Fig. 1a)

between 2002 and 2014. A 12 year sampling regime was nec-

essary to obtain relatively complete coverage of a widely dis-

tributed species pair. Fin clips or gill filaments were collected

from each specimen and preserved in saturated salt solution

(with 20% DMSO) or 95% ethanol, and stored at room tem-

perature. Specimens were identified morphologically in the

field by ichthyologists trained to recognise these species.

DNA was extracted using the modified HotSHOT DNA
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extraction protocol (Meeker et al., 2007) or E-Z 96 Tissue

DNA Kit (Omega, Norcross, GA, USA) following the manu-

facturer’s instructions. As indicated in Tables 1 & 2, not all

specimens were used in all analyses due to variation in poly-

merase chain reaction (PCR) amplification success.

DNA sequence production

A 561 base pair (bp) segment of the mitochondrial DNA

(mtDNA) cytochrome c oxidase subunit 1 (COI) was

resolved using fish specific primers FishF2 and FishR2 (Ward

et al., 2005). When these primers did not amplify, overlap-

ping FISH BCL and FISH BCH primers (Baldwin et al.,

2009) were used instead, and all sequences were trimmed to

the same length. To evaluate congruent phylogenetic rela-

tionships across multiple loci, primers GnRH3F and

GnRH3R (Hassan et al., 2002) were used to resolve 286 bp

of the third intron in the gonadotropin-releasing hormone

(GnRH), and primers S7RPEX2R and S7RPEX2F (Chow &

Hazama, 1998) were used to resolve 542 bp of the second

intron of the ribosomal protein S7. Details of the PCR reac-

tions and DNA fragment preparation are provided in

Appendix S1 in Supporting Information and are also avail-

able in Ahti (2014).

Data analysis

DNA sequences were aligned, edited and trimmed to a com-

mon length using Geneious 6.1.6 (Biomatters, LTD, Auck-

land, New Zealand) and analysed using DnaSP 5.10 (Librado

& Rozas, 2009). The phase of diploid nuclear sequences was

reconstructed using PHASE (Stephens & Donnelly, 2003) as

implemented in DnaSP (Librado & Rozas, 2009), using

100,000 iterations and 10,000 burn-in iterations. Analyses of

molecular variance (AMOVA), observed (Ho) and expected

(HE) heterozygosities and deviations from Hardy–Weinberg

(a)

(b)

(e) (f) (g)

(c) (d)

Figure 1 Map of Indo-Pacific sampling locations for Coris gaimard and C. cuvieri. (a) Total sample sizes at each location are indicated

within the range of each species (yellow shading = C. cuvieri; blue shading = C. gaimard). (b) C. cuvieri, adult male colouration, (c)
putative C. gaimard 9 C. cuvieri hybrid, adult male colouration; (d) C. gaimard, adult male colouration (e) C. cuvieri, intermediate

colouration between juvenile and adult (f) C. cuvieri juvenile (g) C. gaimard juvenile. Arrows indicate current directions. SC, Somali
Current (dashed line indicates a changing seasonal current); NEC, North Equatorial Current; ECC, Equatorial Counter Current; EACC,

East African Coastal Current; KC, Kuroshio Current; NPC, North Pacific Current. Photo credits for b, c, e and f: Robert F. Myers. d, g:
Keoki Stender.
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equilibrium were tested with Arlequin 3.11 (Excoffier et al.,

2005) using 1,000,000 Markov chain steps and 100,000

dememorization steps.

jModeltest 2.1.4 (Guindon & Gascuel, 2003; Darriba

et al., 2012) with the Akaike information criterion was

employed to determine the best-fit model of DNA evolution

Table 1 Cytochrome c oxidase subunit I molecular diversity indices for Coris cuvieri and Coris gaimard populations. Sampling location,

number of specimens (n), haplotype number (Nh), haplotype diversity (h), nucleotide diversity (p), Fu’s Fs and associated P-value
(significant at P = 0.02; Fu, 1997), s (tau), and time since the most recent expansion (years). Infinity sign indicates value could not be

resolved. South Africa (n = 1) and Maldives (n = 1) are only included in the total values.

Location n Nh h p Fu’s Fs P s Expansion

C. cuvieri

Red Sea 11 3 0.473 � 0.162 0.0009 � 0.0009 �0.659 0.113 0.645 38,000

Djibouti 22 2 0.091 � 0.081 0.0002 � 0.0003 �0.957 0.007 3.000 178,000

Seychelles 15 5 0.562 � 0.143 0.0012 � 0.0011 �2.677 0.003 0.811 48,000

Diego Garcia 23 3 0.170 � 0.103 0.0005 � 0.0006 �1.305 0.035 3.000 178,000

Total 73 11 0.269 + 0.068 0.0006 + 0.0006 �12.349 < 0.001 3.000 178,000

C. gaimard

MHI 68 6 0.295 � 0.071 0.0006 � 0.0006 �4.626 0.001 3.000 178,000

NWHI 39 5 0.325 � 0.094 0.0006 � 0.0007 �3.289 0.005 2.980 177,000

Johnston 38 5 0.293 � 0.096 0.0006 � 0.0007 �5.378 0.000 3.000 178,000

Marshall Is. 9 2 0.389 � 0.164 0.0007 � 0.0008 0.477 0.408 0.543 32,000

Kiribati 25 4 0.530 � 0.086 0.0013 � 0.0011 �0.477 0.295 0.715 42,000

Moorea 16 4 0.517 � 0.132 0.0024 � 0.0018 0.426 0.565 0.000 ∞
Cook Is. 9 2 0.222 � 0.166 0.0004 � 0.0006 �0.263 0.178 0.000 ∞
Palau 21 5 0.486 � 0.124 0.0015 � 0.0012 �1.539 0.088 0.635 38,000

Philippines 13 2 0.282 � 0.142 0.0005 � 0.0006 0.240 0.325 2.982 177,000

Okinawa 5 4 0.900 � 0.161 0.0040 � 0.0031 �0.848 0.159 2.328 138,000

Christmas Is. 47 7 0.430 � 0.088 0.0010 � 0.0009 �4.418 0.003 0.523 31,000

Cocos Is. 8 2 0.250 � 0.180 0.0004 � 0.0006 �0.182 0.230 2.930 174,000

Fiji 2 1 0 0 ∞ ∞ ∞ ∞
Total 300 23 0.380 + 0.036 0.0009 + 0.0009 �31.227 < 0.001 0.531 31,600

Table 2 Gonadotropin-releasing hormone (GnRH) and ribosomal protein S7 molecular diversity indices for Coris cuvieri and Coris

gaimard populations. Location, number of specimens (n), number of alleles (Na), observed heterozygosity (HO), expected heterozygsity

(HE) and the P-value of the exact test of Hardy–Weinberg equilibrium are reported. Maldives (GnRH, n = 2; S7, n = 0), South Africa
(GnRH and S7, n = 2), Paracel Islands (GnRH, n = 2; S7, n = 1), Okinawa (GnRH, n = 5; S7, n = 1), Fiji (GnRH, n = 0; S7, n = 1)

and the Marshall Islands (GnRH and S7, n = 4) are only included in the total values.

Location

GnRH S7

n Na HO HE P n Na HO HE P

C. cuvieri

Red Sea 9 4 0.375 0.442 0.384 8 7 0.778 0.791 0.742

Djibouti 20 3 0.429 0.408 1.000 19 13 0.944 0.910 0.960

Seychelles 14 5 0.353 0.323 1.000 10 10 0.700 0.884 0.095

Diego Garcia 14 3 0.286 0.442 0.258 12 13 0.917 0.946 0.684

Total 61 7 0.355 0.386 0.760 51 22 0.863 0.903 0.090

C. gaimard

MHI 50 3 0.118 0.180 0.057 58 14 0.741 0.830 0.013

NWHI 34 2 0.152 0.142 1.000 31 13 0.875 0.880 0.519

Johnston 37 2 0.000 0.104 0.001 33 11 0.848 0.846 0.440

Kiribati 26 3 0.308 0.298 0.224 19 14 0.842 0.818 0.721

Moorea 17 3 0.118 0.219 0.177 13 7 0.692 0.720 0.414

Cook Is. 12 2 0.000 0.290 0.006 0 – – – –
Palau 24 2 0.292 0.254 1.000 22 13 0.818 0.851 0.124

Philippines 20 2 0.150 0.224 0.245 0 – – – –
Christmas Is. 38 2 0.262 0.265 1.000 36 21 0.730 0.835 0.001

Cocos Is. 9 2 0.222 0.209 1.000 6 6 0.500 0.818 0.048

Total 278 5 0.158 0.217 < 0.001 225 34 0.780 0.850 < 0.001
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for each data set. The Tamura & Nei (1993) model was

selected as the overall best-fit model. To evaluate genetic

diversity, Arlequin was used to calculate haplotype diversity

(h) and nucleotide diversity (p) for each location. Population

pairwise /ST (an analogue of FST that includes sequence

divergence) was calculated with 10,000 permutations using

Arlequin. False discovery rate (FDR) was implemented

using the method of Benjamini & Hochberg (2009). Isolation

by distance was assessed by plotting pairwise /ST against

geographical distance (km) and using a Mantel Test with

9999 permutations in GenAlEx 6.5 (Peakall & Smouse,

2006, 2012). Fu’s Fs test (Fu, 1997) with 1000 simulated sam-

ples was carried out with Arlequin to assess demographic

history. This parameter measures excesses of low-frequency

haplotypes, an indicator of selection or (more often) popula-

tion expansion. The nucleotide divergence (d) between spe-

cies and the overall Fu’s Fs for both species was computed

using DnaSP.

The time since most recent population expansion was cal-

culated for COI only as no suitable molecular clock exists

for GnRH and S7. It was calculated as follows: s = 2vt,

where s for each population was obtained from Arlequin,

and v = mutation rate per lineage (3% per Myr between lin-

eages for COI in wrasses; Ludt et al., 2012) x (10�6 for

COI) x the sequence length. To transform t into years it was

multiplied by the estimated generation time of 2 years (R.J.

Toonen, pers. comm.). Although the generation time is only

an approximation, we are largely interested in relative versus

absolute estimates of expansion time. These dates should be

regarded as first order approximations. To estimate the time

to most recent common ancestor (TMRCA), the data were

formatted using the programme beauti 1.4.7 and a Bayesian

Markov Chain Monte Carlo (MCMC) approach was imple-

mented in beast 2.2.0 (Drummond & Rambaut, 2007). The

analysis was conducted with a strict clock of 3% per million

years between lineages (Ludt et al., 2012) using a coalescent

tree prior assuming exponential growth. Coris formosa (Gen-

Bank accession no. KF929780), the closest known relative to

our study species, was used as an outgroup. Default priors

under the HKY+G+I model of mutation were used and sim-

ulations ran for 10 million generations with sampling every

1000 generations. Ten independent runs were compared to

ensure convergence, and log files were combined and ages

averaged across runs using Tracer 1.6 (http://

tree.bio.ed.ac.uk/software/tracer/).

To infer relationships between populations and species, a

haplotype network for each locus was created using Net-

work 4.6.1.2 (www.fluxus-engineering.com/network_

terms.htm).

RESULTS

While there were diagnostic mtDNA differences between

species, six specimens originally noted for intermediate col-

ouration (Fig. 1c), indicative of hybrids, had a C. gaimard

haplotype. Additionally, seven individuals with C. gaimard

or intermediate colouration had a C. cuvieri haplotype. All

of these 13 specimens were captured at Christmas Island in

the eastern Indian Ocean, and have been excluded from

population genetic analyses. After excluding putative

hybrids, total sample size (n) was 76 for C. cuvieri, and 337

for C. gaimard. Locations where n < 5 were excluded from

population genetic comparisons, but retained in haplotype

networks.

Coris cuvieri

Mitochondrial DNA

A total of 73 COI sequences were obtained from C. cuvieri,

revealing 9 polymorphic sites and 11 haplotypes (Table 1).

The most common haplotype was observed in all locations

(Fig. 2). Overall haplotype diversity was h = 0.269 and

nucleotide diversity p = 0.0006. Population pairwise /ST

(AMOVA) comparisons detected no population structure,

with the exception of Djibouti compared to the Seychelles

and Red Sea (/ST = 0.047 and 0.110 respectively; P < 0.05 in

both cases) (see Table S1). However, this differentiation was

not significant when corrected for FDR. No isolation by dis-

tance was observed (r2 = 0.073, P = 0.290). Population

parameters for each location are provided in Table 1. The

overall Fu’s Fs for C. cuvieri was �12.349 (P < 0.001), indi-

cating recent population expansion. The time since most

recent population expansion was estimated to be c. 38,000–
178,000 years.

Nuclear DNA

When suspected hybrids were removed, 61 individuals were

amplified and sequenced for GnRH and 51 for S7 (Table 2).

The 286 bp segment of GnRH locus had seven polymorphic

sites that yielded seven alleles (Fig. 3a), and the 542 bp seg-

ment of the S7 locus had 22 polymorphic sites that yielded

22 alleles (Fig. 3b). Pairwise /ST comparisons for GnRH

showed differentiation between Djibouti and the Seychelles

(/ST = 0.059, P = 0.024), but this was not significant after

correcting for FDR (see Table S1 in Appendix S2). The S7

locus showed no population genetic structure (see Table S2

in Appendix S2). No isolation by distance was observed for

either loci (r2 = 0.297, P = 0.125 for GnRH; r2 = 0.175,

P = 0.202 for S7). Both nuclear markers were in Hardy–
Weinberg equilibrium (Table 2).

Coris gaimard

Mitochondrial DNA

After excluding suspected hybrids (n = 7), the analysis of

300 individuals showed 26 polymorphic sites and 23 haplo-

types for COI, with overall haplotype diversity h = 0.380 and

nucleotide diversity p = 0.0009 (Table 1). The most com-

mon haplotype was found in each location (Fig. 2).
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The Main Hawaiian Islands (MHI), Northwestern Hawai-

ian Isands (NWHI), and adjacent Johnston Atoll showed no

genetic differentiation but were each significantly differenti-

ated (/ST = 0.040–0.173, P < 0.01) from locations to the

south and to the west: Kiribati, Moorea, Palau and Christ-

mas Island (Table 3). Structure was also observed between

Moorea and Christmas Island (/ST = 0.130, P = 0.002), at

opposite ends of the range, and Moorea and Kiribati

(/ST = 0.100, P = 0.022), but the latter was not significant

when correcting for FDR. No significant isolation by distance

was observed (r2 = 0.037, P = 0.790).

Population parameters for each location are summarised

in Table 1. Fu’s Fs for the overall data set was �31.227

(P < 0.001), indicating selection or (more likely) a recent

population expansion. The time of most recent expansion

for C. gaimard populations was 31,000–178,000 years. The

older expansion dates were from the northern Pacific region;

younger expansion dates were from the central and southern

Pacific region and eastern Indian Ocean.

Nuclear DNA

After removing putative hybrids, a total of 286 bp of the

GnRH intron was resolved from 278 specimens and 542 bp

of the S7 intron from 225 specimens (Table 2). No S7

sequences were successfully amplified from the Philippines or

Cook Islands. The GnRH locus had seven polymorphic sites

defining five alleles (Fig 3a). The most common GnRH allele

was observed in each sampled location for both species,

excluding the Paracel Islands where the sample size was low

(n = 2). The S7 locus had 24 polymorphic sites defining 34

alleles (Fig. 3b).

Pairwise /ST values for GnRH showed no significant pop-

ulation structure among C. gaimard samples when corrected

for FDR. Using the standard P < 0.05 as a significance level,

Christmas Island was differentiated compared to MHI,

NWHI and Johnston Atoll (/ST = 0.045–0.088) (Table 4).

No significant isolation by distance (r2 = 0.086, P = 0.052)

was detected. Johnston Atoll and the Cook Islands were out

Indian Ocean

Diego Garcia

Christmas Island

South Africa
Seychelles

Red Sea
Djibouti

Main Hawaiian Islands

Okinawa
NWHI

Kiribati
Moorea

Cocos-Keeling
Palau
Marshall Islands

Fiji

Johnston Atoll

Cook Islands

Philippines

Maldives

Pacific Ocean

(1)

(2)

Figure 2 Median joining haplotype network for cytochrome c oxidase subunit I locus. Each circle represents one haplotype, the size of

the circle corresponds to the abundance of individuals and the colour indicates the collection location (see legend). Each line and
crossbar indicate single mutations. Haplotypes marked as 1 are Coris cuvieri haplotypes and include four specimens that had hybrid

colouration. Haplotypes marked as 2 are Coris gaimard haplotypes and include six individuals that had hybrid colouration. NWHI,
Northwestern Hawaiian Islands.

(a) (b)

Coris gaimard
Coris cuvieri
Hybrid

Figure 3 Median joining allele network for Coris gaimard and Coris cuvieri along with suspected hybrids based on the (a)

Gonadotropin-releasing hormone (GnRH) locus and (b) Ribosomal protein S7 locus. Each circle represents one allele. The size of the

circle is proportional to the abundance of the allele and colour indicates the species (see legend). Each line and crossbar indicate single
mutations. Open circles are unsampled haplotypes.
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of Hardy–Weinberg equilibrium with an excess of homozy-

gotes (P = 0.001 and 0.006 respectively) (Table 2). Removing

these two locations from the analysis had no effect on popu-

lation delineation and corresponding conclusions, so they

were retained.

Pairwise /ST comparisons for S7 revealed patterns similar

to those observed with COI. MHI, NWHI and Johnston

Atoll were differentiated (/ST = 0.026–0.075, P < 0.05) from

other locations: Moorea, Palau and Christmas Island

(Table 3). Additionally, MHI, and Johnston Atoll were both

differentiated from Kiribati (/ST = 0.033 and 0.057 respec-

tively; P < 0.05), and Johnston Atoll was differentiated from

Cocos-Keeling (/ST = 0.072, P = 0.041). However, when the

pairwise /ST comparisons were controlled for FDR, genetic

structure was only detected between Johnston Atoll and Kiri-

bati, Moorea, Palau and Christmas Island (/ST = 0.056–
0.075, P < 0.005), as well as between the Main Hawaiian

Islands and Christmas Island (/ST = 0.052, P < 0.001). Isola-

tion by distance was not significant (r2 = 0.059, P = 0.118).

After correction for FDR, only Christmas Island was out of

Hardy–Weinberg equilibrium for S7 (Table 2).

C. gaimard versus C. cuvieri

The nucleotide divergence between species was d = 0.0097

for COI (Fig. 2), with no diagnostic differences at the two

nuclear loci (Fig 3a,b). Bayesian MCMC analysis determined

the TMRCA as 2.12 (1.05–3.36 Ma) for C. cuvieri and 1.76

(0.90–2.74 Ma) for C. gaimard.

Pairwise comparisons for COI between C. gaimard and C.

cuvieri indicated strong population genetic differentiation

between the oceans (/ST = 0.911, P < 0.001). No significant

structure between oceans was observed with GnRH

(/ST = 0.010, P = 0.064). However, significant structure in

GnRH was detected when C. gaimard from the Hawaiian

biogeographical province (MHI, NWHI and Johnston) were

compared to C. gaimard in the rest of the Pacific Ocean

(/ST = 0.022, P < 0.005) and against C. cuvieri in the Indian

Ocean (/ST = 0.035, P < 0.003). The structure between the

Hawaiian Province and the rest of the Pacific (incl. Christ-

mas Island) is probably an artefact of the structure between

Christmas Island and the Hawaiian Islands as discussed

above. For the S7 locus, significant population genetic

Table 3 Pairwise /ST statistics for Coris gaimard cytochrome c oxidase subunit I (COI) and ribosomal protein S7 loci. /ST values for

COI below diagonal, /ST values for S7 above diagonal.

MHI NWHI Johns Kirib Moor Cook Palau Phil Chris Cocos

MHI – �0.005 0.002 0.033 0.056 – 0.039 – 0.052* 0.044

NWHI �0.011 – 0.013 0.021 0.039 – 0.026 – 0.037 0.031

Johns �0.001 �0.004 – 0.057* 0.074* – 0.056* – 0.075* 0.072

Kirib 0.143* 0.135* 0.133* – �0.019 – �0.017 – �0.012 �0.027

Moor 0.173* 0.137* 0.136* 0.100 – – �0.010 – 0.002 0.268

Cook 0.000 0.000 �0.009 0.077 0.047 – – – – –
Palau 0.050* 0.046* 0.040* �0.014 0.037 �0.010 – – �0.015 �0.034

Phil 0.037 0.048 0.042 �0.021 0.084 0.040 �0.042 – – –
Chris 0.060* 0.064* 0.057* �0.002 0.130* 0.022 �0.014 �0.045 – �0.028

Cocos 0.003 0.002 �0.006 0.057 0.038 0.001 �0.032 0.043 0.012 –

MHI, Main Hawaiian Islands; NWHI, Northwestern Hawaiian Islands; Johns, Johnston Atoll; Kirib, Kiribati; Moor, Moorea; Cook, Cook Islands;

Phil, Philippines; Chris, Christmas Island; Cocos, Cocos-Keeling Islands.

*P < 0.01 as per Benjamini & Hochberg (2009) false discovery rate correction for COI and P < 0.005 for S7. Bold indicates P < 0.05. No S7

sequences were successfully amplified from the Cook Islands or the Philippines.

Table 4 Pairwise /ST statistics for Coris gaimard gonadotropin-releasing hormone (GnRH) locus. /ST values for GnRH below diagonal,

P-values above diagonal. Bold indicates P < 0.05. P-values are not significant after correcting for false discovery.

MHI NWHI Johns Kirib Moor Cook Palau Phil Chris Cocos

MHI – 0.780 0.395 0.239 0.478 0.467 0.393 0.763 0.030 1.000

NWHI �0.010 – 0.732 0.201 0.629 0.236 0.230 0.501 0.032 0.636

Johns �0.003 �0.011 – 0.059 0.356 0.096 0.109 0.273 0.008 0.600

Kirib 0.006 0.015 0.038 – 0.408 1.000 1.000 0.775 0.399 0.811

Moor �0.005 �0.006 0.002 0.000 – 0.540 0.396 0.584 0.089 1.000

Cook 0.003 0.020 0.055 �0.030 �0.008 – 1.000 0.719 0.772 0.685

Palau 0.000 0.010 0.033 �0.019 �0.003 �0.031 – 1.000 0.484 1.000

Phil �0.011 �0.004 0.015 �0.018 �0.011 �0.027 �0.022 – 0.319 1.000

Chris 0.045 0.059 0.088 �0.005 0.030 �0.022 �0.003 0.005 – 0.511

Cocos �0.031 �0.027 �0.008 �0.030 �0.032 �0.038 �0.034 �0.041 �0.003 –

MHI, Main Hawaiian Islands; NWHI, Northwestern Hawaiian Islands; Johns, Johnston Atoll; Kirib, Kiribati; Moor, Moorea; Cook, Cook Islands;

Phil, Philippines; Chris, Christmas Island; Cocos, Cocos-Keeling Islands.
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structure was observed between species (/ST = 0.129,

P < 0.001). When MHI, NWHI and Johnston Atoll were

compared against the rest of the Pacific Ocean and C. cuvieri

in the Indian Ocean, genetic structure was observed between

these groups (Hawai’i and Johnston Atoll versus Pacific,

/ST = 0.046; Hawai’i and Johnston Atoll versus Indian

Ocean, /ST = 0.162; Pacific versus Indian Ocean,

/ST = 0.113, P < 0.001).

DISCUSSION

The Indo-Pacific includes a biota that uniquely spans more

than two-third of the planet. The centre of this range hosts

both the highest marine biodiversity, and the largest biogeo-

graphical region on Earth, the Indo-Polynesian Province that

extends from the central Pacific to the western Indian Ocean

(Briggs & Bowen, 2012). On the periphery of this vast area

are biogeographical provinces including the Red Sea, Wes-

tern Indian Ocean and Hawaiian Archipelago, distinguished

by high levels of endemism and (more recently) genetic par-

titions within species (DiBattista et al., 2011, 2013 for exam-

ple). Our study group, encompassing the sister species C.

cuvieri and C. gaimard, inhabits this entire region and can

provide insight into population connectivity and the earliest

stages of evolutionary divergence in the marine environment.

In the Indian Ocean, pairwise /ST comparisons revealed

no population structure for C. cuvieri following FDR correc-

tion. The lack of significant structure between the Indian

Ocean and Red Sea indicates high connectivity, a surprising

result given that the sampling locations are spread across

more than 8000 km with vast discontinuities between reef

habitats. It may be possible that long PLD (53 days in the

sister C. gaimard) enables larvae to traverse stretches of

ocean and biogeographical barriers in this region. Another

likely factor is that these species are capable of living in

degraded habitat, and therefore more likely to successfully

colonise, recruit and survive to reproduction in a wide array

of reefs. Other life history traits (not only PLD) may there-

fore play a role in connectivity (Keith et al., 2015). This

finding contrasts with a survey of the congeneric Coris julis

in the Mediterranean and NW Atlantic, which reported sig-

nificant structure between ocean basins (Fruciano et al.,

2011). In the Pacific Ocean, the only consistent structure

detected in C. gaimard pairwise /ST comparisons was the

isolation of Hawaii and Johnston Atoll from other central

Pacific locations.

Red Sea connectivity

The Strait of Bab al Mandab is the only connection between

the Red Sea and the Indian Ocean. During glacial sea level

fluctuations, the closure of this strait caused extreme changes

in salinity and temperature inside the Red Sea (Siddal et al.,

2003). The southern Red Sea is also characterised by

eutrophic conditions and sparse reef habitat, possibly acting

as a contemporary barrier to dispersal (Roberts et al., 1992).

Some reef fishes can traverse these barriers, while others

show deep intraspecific partitions between the Red Sea and

the Indian Ocean (DiBattista et al., 2013; Fernandez-Silva

et al., 2015). The lack of population genetic structure

between these two ocean basins may indicate that C. cuvieri

in the Red Sea is a recent arrival, or is capable of maintain-

ing contemporary gene flow with the Indian Ocean.

Under the conventional P < 0.05 significance level (in

contrast to the FDR), population structure was detected

between Djibouti and the Seychelles in COI and GnRH, and

between Djibouti and the Red Sea in COI. The Seychelles are

regarded as part of the Western Indian Ocean biogeographi-

cal province (Briggs & Bowen, 2012), and further sampling

could illuminate this connection between the eastern coast of

Africa and the Red Sea, to the exclusion of the intermediate

Djibouti. The signal of structure between Djibouti and the

Red Sea in addition to the Seychelles is particularly surpris-

ing given that Djibouti is located on the only natural gateway

between the Indian Ocean and the Red Sea. Contemporary

barriers are unlikely to have caused this rift given the wide

dispersal and high connectivity of this Coris species. Interest-

ingly, the times of expansion for the Red Sea and Seychelles

are much more recent (38–48 kyr) than for Djibouti and

Diego Garcia (178 Ka). This may be a relic effect of habitat

alterations caused by glacial sea level changes. The Red Sea

and the Seychelles may also be more vulnerable to habitat

alterations than Djibouti due to the topography and geogra-

phy of these regions (see below) (Obura, 2012).

Indo-Pacific population history

Significant negative Fu’s Fs values in C. gaimard in Hawai’i,

Johnston Atoll and Christmas Island indicate either selection

or (more likely) population expansion after a bottleneck or

founding event. Under a conventional molecular clock, these

demographic events are dated to c. 178 Ka in the northern

Pacific. In contrast, the southern and western Pacific as well

as Christmas Island show more recent population expansion

c. 30–40 Ka. While these absolute estimates are not precise,

they indicate a strong difference in the timing of events.

The two geographically isolated provinces at the ends of

the range (Hawai’i and the Red Sea) show contrasting popu-

lation histories. In the Pacific the oldest mtDNA expansion

time is observed in the Hawaiian Archipelago and Johnston

Atoll, while in the Indian Ocean the isolated Red Sea has the

most recent expansion. Estimates of expansion time and neg-

ative Fu’s Fs values for C. cuvieri indicate population expan-

sion c. 38–48 Ka in the Red Sea and the Seychelles. As the

most recent expansion event was detected in the Red Sea,

this could indicate that the population did not persist

through the hypersaline conditions associated with Pleis-

tocene glaciations, as has been suggested for multiple marine

species (DiBattista et al., 2013). However, due to the low

sample size (n = 11) from the Red Sea, these results should

be interpreted with caution. The younger population in the

Seychelles may be due to the relatively shallow (< 200 m)
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Mascarene Plateau that underlies this archipelago (New

et al., 2007). Lower sea level during glaciation may have

reduced reef habitat in this area, causing extirpation or pop-

ulation reduction as in the Red Sea. Older populations in

Diego Garcia (178 Ka) could be explained by the deep

topography of the Chagos Trench that may have provided

refugia for reef fishes during sea level fluctuations (Ludt &

Rocha, 2015). Similar expansion dates in Djibouti could be

due to a possible refuge in the Gulf of Aden or Arabian Sea

(Klausewitz, 1989). Notably, the locations with older coales-

cence times (Hawai’i, Diego Garcia, and Djibouti), are all

near deep ocean trenches. These locations may have provided

refugia for reef fishes during the glacial sea level fluctuations,

although these patterns are not universal (DiBattista et al., In

press).

Shallow divergence between C. gaimard and C.

cuvieri and the discovery of hybrids

Pleistocene sea levels, 120–140 m below present, created a

nearly complete separation of Indian and Pacific marine

fauna, leading to intraspecific genetic divergence in many

taxa, and ultimately the formation of sister species pairs

(McMillan et al., 1999; Barber et al., 2006; Gaither & Rocha,

2013; Ludt & Rocha, 2015). The close relationship between

these two Coris species is illustrated by shared alleles for both

GnRH and S7 (Fig. 3a,b), but not with COI haplotypes

(Fig. 2). This finding is similar to the parrotfish Chlorurus

sordidus (family Labridae), which shows two mtDNA lineages

(d = 0.071 in mtDNA control region) but no sharing of hap-

lotypes between Indian and Pacific Ocean cohorts (Bay et al.,

2004). The grouper Cephalopholus argus also has Indian and

Pacific Ocean lineages separated by d = 0.008 in mtDNA

cytochrome b, with a low level of overlap between lineages

(Gaither et al., 2011). The COI divergence of d = 0.0097

between C. cuvieri and C. gaimard in the Indian and Pacific

Oceans corresponds to c. 2 Ma, according to the Bayesian

approach. However, divergences of d < 0.01 between sister

species are uncommon. Grant & Bowen (1998) summarised

mtDNA divergences in marine sister species pairs, showing

partitions of d = 0.034–0.124 based on three different mark-

ers (cytochrome b, ND4/5 and COI), concordant with other

surveys of vertebrate sister species (Johns & Avise, 1998;

Guillemaud et al., 2000). Within-species comparisons of

Brazilian and Caribbean wrasses revealed mtDNA cyto-

chrome b divergences of d = 0.023 (Halichoeres cyanocepha-

lus) to d = 0.065 (Halichoeres maculipinna) (Rocha, 2004).

Atlantic sister species Coris julis and C. atlantica are distin-

guished by d = 0.045 in mitochondrial 12S rDNA (Guille-

maud et al., 2000). Hence, the observed divergence between

C. gaimard and C. cuvieri falls well within the range of

intraspecific partitions in other reef fishes, including wrasses.

Additional studies may reveal that C. gaimard and C. cuvieri

are more appropriately regarded as subspecies.

Closely related reef fishes that have arisen by allopatric

speciation are likely to hybridise upon secondary contact

(Montanari et al., 2014). Christmas Island, adjacent to the

Indian-Pacific Ocean border, is a hybridisation hotspot for

shallow marine fauna (Hobbs et al., 2009). The presence of

C. gaimard 9 C. cuvieri hybrids at Christmas Island shows

that the genetic and ecological factors that facilitated specia-

tion are not sufficient to impose complete reproductive isola-

tion. Although C. cuvieri has not been recorded at Christmas

Island (Hobbs et al., 2014), the finding of C. cuvieri haplo-

types in individuals with C. gaimard colouration (or that

appeared intermediate between the two species; Fig. 1c) indi-

cates that hybrid larvae may be produced elsewhere and

reach Christmas Island by pelagic dispersal. A similar situa-

tion was observed with butterfly fish hybrids (Hemitaurichtys

zoster 9 H. polylepsis) at Christmas Island, where parental

species H. zoster has not been recorded (Hobbs & Allen,

2014). Given that C. cuvieri 9 C. gaimard hybrids have also

been observed in Indonesia (Bali, Tulamben; R.F. Myers,

pers. comm.) it is likely that range overlap and hybridisation

occur elsewhere along the Indian-Pacific boundary.

The Hawaiian Archipelago

No structure was observed between the three regions within

the Hawaiian Province (MHI, NWHI and Johnston Atoll), a

common finding in reef fishes (Toonen et al., 2011; Selkoe

et al., 2014). Johnston Atoll is located c. 1400 km south-west

of Hawai’i, and is regarded as part of the Hawaiian biogeo-

graphical province based on faunal similarity (Briggs &

Bowen, 2012). Simulated larval transport models indicate a

potential dispersal corridor between Johnston Atoll and

Hawai’i (Kobayashi, 2006) and genetic connectivity studies

support this connection (Leray et al., 2010; Andrews et al.,

2014). Species with relatively long PLD (similar to Coris)

show genetic connectivity between Hawai’i and Johnston

(Eble et al., 2011), while others do not (DiBattista et al.,

2011).

The strongest signal of population structure in either spe-

cies is between the Hawaiian Province and other Pacific loca-

tions, as indicated by COI and S7 markers (Table 3). In this

study, Hawai’i is significantly isolated from Kiribati, Moorea,

Palau and Christmas Island but not from Cocos-Keeling,

Cook Islands and the Philippines, possibly an artefact of low

sample sizes (n ≤ 13) in the latter locations. However, the

lack of structure between Hawai’i and the Philippines, along

with similar estimates of time since expansion (177–
178 kyr), may indicate contemporary connectivity in the

Northern Hemisphere, promoted by the Kuroshio and North

Pacific Currents.

The Hawaiian Mimic

The clownfish mimicry by C. gaimard in Hawai’i is an evolu-

tionary enigma. If the model is absent, then bright coloura-

tion should invoke a heavy cost in predation pressure. The

mimicry has not broken down nor has the mimic gone

extinct, thus contradicting Batesian mimicry theory.
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Harper & Pfennig (2008) suggested that male-mediated

dispersal could explain the presence of mimicry in allopa-

try. However, they showed that mimicry is less accurate

in allopatry than it is in sympatry. The wrasse C. gai-

mard, like most reef fishes, is a broadcast spawner and

therefore dispersal occurs before gender-specific traits

emerge. Furthermore, the isolation of Hawai’i shows up

in both maternal (mtDNA) markers and biparentally

inherited nuclear markers. Thus, male-mediated gene flow

cannot explain the presence of mimicry in Hawaiian C.

gaimard.

The presence of C. gaimard clownfish mimics in Hawai’i

and Johnston Atoll should indicate that it is either a recent

arrival to the region or that sufficient gene flow between

Hawai’i and other locations maintains the mimic coloura-

tion. Given that C. gaimard has a long history in Hawai’i

(estimated at least 178 kyr) and the mimicry has not yet bro-

ken down, perhaps there is sufficient gene flow across the

Northern Pacific (Philippines to Hawai’i) to maintain the

mimetic pattern in this species, despite the isolation of

Hawai’i from most of the Pacific.

CONCLUSION

Here, we conducted a range-wide genetic survey of sister taxa

C. gaimard and C. cuvieri to address four questions:

(A) Do these sister species share similar patterns of

population structure across their ranges?

Both species show high dispersal ability, with no significant

population structure across thousands of kilometres. The

Indian Ocean lineage shows no population distinction of the

Red Sea, whereas the Pacific lineage shows a strong isolation

of the Hawaiian Archipelago from other central Pacific loca-

tions, but also evidence of connectivity across the North

Pacific between Philippines and Hawaii.

(B) Do the observed genetic patterns coincide with

known biogeographical barriers?

The taxonomic and genetic split between C. cuvieri and C.

gaimard is coincident with the intermittent IPB. The popula-

tion in the Hawaiian Biogeographical Province is isolated,

but the cohort in the Red Sea Province is not.

(C) When and how did these two species diverge?

Species divergence estimates range from 0.5 Ma, based on a

conventional molecular clock, to c. 2 Ma, based on Bayesian

analysis. In either case, time estimates lie within the Pleis-

tocene glacial cycles and indicate that the primary evolution-

ary partition is at the IPB. Shallow morphological and

genetic divergences also indicate that these sister species may

be more appropriately recognised as subspecies.

(D) Could ongoing gene flow explain the clownfish

mimicry of juvenile C. gaimard in Hawai’i?

We found a relatively old estimate of population expansion

in Hawai’i (178 kyr), in addition to isolation from other

sample locations in the central Pacific. However, the Hawai-

ian population was not significantly different from the

Philippines in population genetic comparisons, invoking the

possibility of connections through the North Pacific gyre.

The mimicry in Hawaii may be explained by ongoing gene

flow. Overall, the history we resolved in Coris wrasses

appears to be a balance between high dispersal ability and

recruitment success, which homogenises populations even

with costly mimicry traits, versus the geographical and

oceanographic isolation that may promote evolutionary

divergence.
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