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ABSTRACT 23 

Coral reefs are highly diverse ecosystems, where numerous closely related species often co-exist. 24 

How new species arise and are maintained in these high gene flow environments have been long-25 

standing conundrums. Hybridisation and patterns of introgression between sympatric species 26 

provides a unique insight into the mechanisms of speciation and the maintenance of species 27 

boundaries. In this study, we investigate the extent of hybridisation between two closely related 28 

species of coral reef fish: the common coral trout (Plectropomus leopardus) and the bar-cheek coral 29 

trout (Plectropomus maculatus). Using a complementary set of 25 microsatellite loci, we 30 

distinguish pure genotype classes from first- and later-generation hybrids. We provide the first 31 

evidence of extensive hybridisation between two co-occurring coral reef species within their 32 

common geographic range, identifying 124 interspecific hybrids from a collection of almost three 33 

thousand coral trout sampled in the southern Great Barrier Reef. Hybrid individuals were 34 

ubiquitous among reefs, fertile and spanned multiple generations. To explore the extent of genomic 35 

introgression, we constructed a ddRAD library of pure and hybrid classes, which recovered 2,271 36 

SNP loci. An analysis of genomic clines indicates that genome-wide introgression has occurred 37 

with selection favouring both pure and hybrid genotypes. Our results show that hybridisation can 38 

occur among closely related species with common geographic ranges, and not just at 39 

biogeographic boundaries. We suggest that both evolutionary and ecological processes may act to 40 

maintain species barriers despite on-going introgression. 41 

  42 
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INTRODUCTION 43 

Natural hybridisation between closely related species is considered almost ubiquitous in terrestrial 44 

environments and a major driving force in evolutionary biology (Mallet 2005; 2007; Schwenk et al. 45 

2008; Abbott 2013). Genetic introgression by hybridisation can rapidly introduce genetic novelties 46 

(Martinsen et al. 2001), transfer adaptive traits to mixed lineages (Choler et al. 2004; Kim et al. 47 

2008), and may even play a role in speciation (Hegarty and Hiscock 2008). Under the biological 48 

species concept (Mayr 1963; Arnold 1997), in which species are reproductively isolated, inter-49 

specific hybrids should be an extremely rare occurrence. In reality, the evolutionary boundaries 50 

between species are permeable and best estimates indicate that 1 to 10% of all animal species and 51 

up to 25% of plant species hybridise with at least one other species in the wild (Mallet 2005; 52 

Schwenk et al. 2008). What then, are the mechanisms that maintain species boundaries in the face 53 

of on-going gene flow and allow for hybrid speciation? A modern synthesis of the species concept 54 

considers species as groups of individuals that form discrete genotypic clusters (Gould 1994; Mallet 55 

1995), a definition that incorporates a significant role of hybridisation in the evolution of species 56 

and the mechanisms that maintain species identity (Mallet 1995, 2007; Coyne and Orr 2004). 57 

Patterns of hybridisation and introgression can indicate how gene flow and selection counteract 58 

each other to maintain boundaries between sympatric species and identify loci involved in 59 

adaptation and speciation (Harrison and Larson 2014).  60 

The marine environment offers few physical barriers to gene flow, and yet it hosts some of 61 

the most diverse ecosystems in the world. Deciphering the mechanisms that have generated this 62 

diversity is still somewhat of a mystery (Mayr 1999). This is particularly true for species-rich 63 

environments such as coral reefs, where closely related species may co-occur or live in proximity to 64 

each other (Bernardi 2013; Bowen et al. 2013). Many reef-associated organisms disperse by means 65 

of a pelagic larval stage (Leis 2002; Mora and Sale 2002), which creates the potential for 66 

individuals to disperse over very large distances (White et al. 2010; Wood et al. 2013; Simpson et 67 

al. 2014). Given their broad biogeographic range and dispersive capacity, most marine species are 68 

capable of interacting with their closest congener. However, recent studies also indicate that there 69 

can be substantial local retention of larvae (e.g., Jones et al. 1999; Swearer et al. 1999, Jones 2015), 70 

brought about by either local oceanographic processes (Paris and Cowen 2004) or the active 71 

behaviour of larvae (Leis et al. 2007; Shanks 2009). Processes leading to self-recruitment (Mora 72 

and Sale 2002), as well as adaptation and competition for settlement habitats (Tolimieri 1995; 73 

Holbrook et al. 2000; Munday 2002; Sponaugle et al. 2002; Bonin et al. 2015), may partially 74 

overcome the homogenising effect of dispersal. However, in the absence of physical barriers to 75 

gene flow, there must be evolutionary mechanisms that maintain species boundaries (Butlin et al. 76 

2014) while generating the large amounts of genetic variation often associated with coral reef 77 
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ecosystems. Evidence suggests that divergent selection could rapidly establish the reproductive 78 

barriers necessary for speciation (Bowen et al. 2013; Gaither et al. 2015), though hybridisation may 79 

have also played a creative role in this process. 80 

 Marine speciation events have been strongly influenced by the rise and fall of sea levels, 81 

which has led to well known examples of allopatric speciation. Tropical marine biogeographic 82 

barriers such as the closure of the Tethys Sea and Isthmus of Panama became obvious barriers to 83 

gene flow that led to the diversification of marine biota. However, even strong ocean currents, 84 

upwellings and river outflows can also lead to persistent physical barriers and vicariance (reviewed 85 

in Rocha 2007). It is also generally accepted that adaptation to environmental conditions can 86 

reinforce processes of natural selection, resulting in reproductive barriers and the evolution of new 87 

species in the absence of geographic barriers (Rundle and Nosil 2005; Schluter and Conte 2009; 88 

Nosil 2012). Evidence of these processes is scarce, though examples of assortative mating (Jones et 89 

al. 2003; Puebla et al. 2007) and habitat specialisation (Munday et al. 2004) have been 90 

demonstrated in the marine environment. The diversity of habitats and steep environmental 91 

gradients present in coral reef ecosystems provide fertile grounds to investigate speciation, as many 92 

closely related species have adjacent (parapatric) or even overlapping (sympatric) distributions.  93 

Naturally occurring hybrids in coral reef fishes were once thought to be rare. However, 94 

recent studies have identified at least 75 species of coral reef fish that hybridise in the wild (Yaakub 95 

et al. 2006). Molecular tools have greatly facilitated the identification of hybrids and many more 96 

cases of hybridisation have been described (e.g. Hobbs et al. 2009; Marie et al. 2007; Montanari et 97 

al. 2012; Gainsford et al. 2015; Payet et al. 2016). Most of these studies have been conducted in 98 

well-known suture zones, where biogeographic regions collide and numerical disparity between 99 

parent species can result in accidental hybridisation (Richards and Hobbs 2015). Natural 100 

hybridisation and introgression can be an important source of genetic novelty in these isolated 101 

locations, increasing genetic diversity and introducing novel phenotypic traits. While this process 102 

can facilitate rapid evolutionary change and adaptive radiation, it can also lead to evolutionary 103 

dead-ends if hybrids are rare and in isolation (Lewontin and Birch 1966; Rieseberg 1997; McMillan 104 

et al. 1999; Grant and Grant 2002; Seehausen 2004; Rieseberg et al. 2007; Strelkov et al. 2007). 105 

However, if levels of hybridisation and introgression between closely related species are high, it is 106 

important to understand the additional processes necessary to maintain species identities. Given the 107 

high diversity of coral reef fishes, it is possible that hybridisation has had a key role their evolution. 108 

Coral trout (Plectropomus spp.) are commercially and ecologically important species of 109 

coral reef fish throughout the Indo-Pacific region. On the Great Barrier Reef, the relative 110 

distribution of two closely related coral trout species, Plectropomus leopardus (Lacepède, 1802) 111 

and Plectropomus maculatus (Bloch, 1790), varies according to the cross-shelf position of 112 
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individual reefs (Mapstone et al. 1998), though fisheries of both are managed as a single unit. 113 

Densities of P. maculatus are generally highest on inner-shelf reefs, while P. leopardus are the 114 

more common species on mid- and outer-shelf reefs (Heemstra and Randall 1993; Mapstone et al. 115 

1998). The two species can be found to co-occur in large numbers on some inner-shelf reefs in 116 

areas such as the Palm and Whitsunday Islands and on reefs located at the western (inshore) margin 117 

of the Capricorn Bunker Reefs. These reefs may provide an intermediate habitat between offshore 118 

oligotrophic and more turbid inshore reefs where P. leopardus and P. maculatus can interact. 119 

Naturally occurring hybrids of the two species have been detected from field collections in these 120 

locations (van Herwerden et al. 2002; 2006) and aquarium-based breeding trials have shown that 121 

the two species can produce hybrid offspring (Frisch and van Herwerden 2006).  122 

In the present study, we examined the levels of hybridisation and directions of introgression 123 

between P. leopardus and P. maculatus (Figure 1A) and discuss their causes and evolutionary 124 

consequences. Using a suite of 25 microsatellite markers that amplified in both species, we 125 

measured the frequency of naturally occurring hybrids in a sample of almost three thousand adult 126 

and juvenile coral trout. We distinguished first- and later-generation hybrids to establish whether 127 

naturally occurring hybrids were reproductively viable. We also identified the size and distribution 128 

of hybrids to determine the extent of hybridisation in three reef clusters of the southern Great 129 

Barrier Reef (GBR), Australia (Figure 1B) and whether the occurrence of hybrids is explained by 130 

the relative abundance of each species. Finally, we performed a genome-wide scan using a 131 

genotyping by sequencing approach following a double digest restriction associated DNA (ddRAD) 132 

protocol of pure and hybrid classes to evaluate the genomic divergence and level of admixture 133 

between species. Our findings indicate extensive inter-specific gene flow occurring between these 134 

closely related species of coral reef fish, and we discuss the ecological and evolutionary 135 

mechanisms that could either maintain evolutionary boundaries despite on-going introgression.  136 

 137 

 138 

MATERIAL AND METHODS 139 

Study species and location 140 

Coral trout (Plectropomus spp., Family Serranidae) are large predatory coral reef fish that are 141 

widely distributed throughout the Indo-Pacific (Heemstra and Randall 1993). The two study 142 

species, P. maculatus and P. leopardus, share many morphological and life history characteristics 143 

(Leis 1986; Heemstra and Randall 1993). Adults are easily identified by their distinctive spot 144 

patterns, but are visually indistinguishable as juveniles, which poses a significant challenge in 145 

assessing the recruitment patterns of each species where they co-occur. Divergence of the two 146 
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species occurred some 3.5 million years ago (Ma et al. 2016) and their appearance on the Great 147 

Barrier Reef is likely to have followed postglacial range expansion from the central Indo-Pacific 148 

region. This study was conducted in the Keppel Islands (23° 10’ S, 150° 57’ E), the Percy 149 

Islands (21° 42’ S, 150° 18’ E), and the Capricorn Bunker reefs (23° 25’ S, 151° 46’ E) in the 150 

southern section of the Great Barrier Reef Marine Park (GBRMP), Australia. The Keppel and 151 

Percy Island groups are archipelagos of high continental islands surrounded by fringing coral 152 

reefs, while the Capricorn-Bunker group comprises emergent platform reefs located on the 153 

outer margin of the continental shelf (see Supplementary Material for additional information).  154 

 155 

Specimen collection 156 

Tissue samples for 1,577 adult and 1,414 juvenile Plectropomus spp. were collected from reefs in 157 

the Keppel islands, the Percy islands, and the Capricorn Bunker group in the southern Great Barrier 158 

Reef Marine Park (see Supplementary Material Table S1-S3). Juvenile fish (<300 mm Total 159 

Length) were collected on SCUBA using spears, clove oil (anaesthetic), hand nets and small fence 160 

nets. Each juvenile was measured to the nearest millimetre using dial calipers and a small section of 161 

the pectoral fin was removed for the tissue sample. We used modified biopsy probes (Pneu-Dart, 162 

USA) on spears for non-fatal collection of tissue samples from adult fish (>300 mm TL) and the 163 

size of each sampled fish was estimated in situ to 50 mm size classes. All tissue samples were 164 

preserved in 95% ethanol for genetic analyses. All samples were collected between August 2010 165 

and August 2013 under Marine Parks permit No. G11/3354.1, Queensland General Fisheries permit 166 

No. 148534, and James Cook University Animal Ethics Permit A1625.  167 

 168 

Microsatellite genotyping 169 

DNA extractions were performed from tissue samples using the Nucleospin-96 Tissue kit 170 

(Macherey-Nagel). All individuals were genotyped at 25 microsatellite markers in three multiplex 171 

PCRs. Details of the procedures and locus characteristics are described in Harrison et al. (2014) and 172 

Williamson et al. (in press MEC-16-0669). Briefly, loci were amplified using the Type-it 173 

Microsatellite PCR kit (Qiagen), PCR products were screened on an ABI 3370xl DNA analyser 174 

(Applied Biosystems), and individual genotypes were score in Genemapper v4.0 (Applied 175 

Biosystems). Unique alleles were distinguished using marker-specific binsets in the R package 176 

MsatAllele (Alberto 2009).  177 

 178 

Relative abundance of species 179 
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Prior to the sampling of adult fishes, a towed-GPS underwater visual census (UVC) methodology 180 

with stratification between reef habitat types (reef slope, reef crest, reef flat, lagoon) was used to 181 

estimate population densities and size-structure of both adult P. leopardus and P. maculatus at each 182 

reef where collections took place. Divers on SCUBA recorded the species, numbers and estimated 183 

the total length (in 50 mm categories) of all sighted coral trout on replicated 10-minute UVC tracks 184 

within all habitat types present on each reef. The distance covered on each replicate track varied 185 

between reefs and between habitat strata but typically ranged from 80 to 160 meters. The track 186 

survey width was standardised to 10 meters (5 m either side of the observer). Between 4 and 7 187 

replicate UVC tracks were conducted by each observer during each dive. A minimum of 1 minute 188 

of steady swimming between replicate tracks was used to ensure the independence of each track 189 

count. The number of replicate UVC tracks varied between reefs and between reef strata, but efforts 190 

were made to ensure adequate habitat coverage at each reef. All observers conducted underwater 191 

length estimation training using coral trout models at the start of each survey trip. A total of 518 192 

replicate UVC track surveys were carried out on 17 reefs in the Keppel Islands (n = 198), 2 reefs in 193 

the Percy Islands (n = 19) and 5 reefs in the Capricorn Bunker region (n = 301). A Kolmogorov-194 

Smirnov test (K-S) was used to compare the size frequency distribution of pure and hybrid classes 195 

collected throughout the sampling area. 196 

 197 

Identifying putative hybrids from microsatellite data 198 

We applied a model-based Bayesian clustering method implemented in NEWHYBRIDS (Anderson 199 

and Thompson 2002) to evaluate the most parsimonious allocation of samples to distinct hybrid or 200 

pure classes. Specifically, we tested for the presence of pure individuals, F1 hybrids and 201 

backcrossed individuals with both species. Only samples with data on at least 18 loci were used in 202 

the analysis and four of 25 loci (Pma027, Pma036, Pma104 and Pma109) were removed from the 203 

dataset due to a limitation of the software to deal with large numbers of alleles. As such, our dataset 204 

was composed of 1,577 adult and 1,414 juvenile coral trout with 0.64% missing data across 21 loci. 205 

We performed a single run using Jeffrey’s prior for both theta (allele frequencies) and pi (mixing 206 

proportion) with a burn-in of 30,000 MCMC sweeps. Five of six genotype frequency classes were 207 

considered and were specified in terms of the expected proportion of loci originating from one or 208 

the other species, as described in Anderson and Thompson (2002). To avoid influencing the 209 

allocation of samples, no prior information regarding the status or class of individuals was used. 210 

The posterior probability of each individual belonging to each class was calculated from Monte 211 

Carlo averages following 50,000 sweeps. We did not test for the presence of F2 hybrids and 212 

individuals for which no single class had more than or equal to 0.80 probability were considered 213 
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hybrids of mixed ancestry. Descriptive statistics of genetic diversity were performed in Genepop on 214 

the web (Raymond and Rousset 1995; Rousset 2008) for pure P. leopardus, pure P. maculatus, and 215 

all hybrid classes combined for reference purposes only (see Supplementary Material Table S4). 216 

 217 

ddRAD library preparation and sequencing 218 

A genomic library was prepared from a selection of 80 samples representing 5 putative genotype 219 

classes identified from microsatellite data: 17 P. leopardus, 17 P. maculatus, 8 F1 hybrids, 18 220 

backcrossed maculatus, 17 backcrossed leopardus and 3 individuals with ambiguous genotypes. 221 

Individuals were selected at random however; the amount of available tissue was sometimes 222 

a limiting factor. DNA concentration was first measured in a fluorometer with the Qubit HS 223 

dsDNA essay kit (Life Technologies), and each sample was standardised to 500 ng. The library was 224 

prepared using modified double-digest RadSeq protocol described by Peterson et al. (2012). 225 

Samples were digested for 3 hours at 37°C, using restriction enzymes SphI and MluCl (New 226 

England Biolabs). Digests were quantified with Qubit HS dsDNA essay kit (Life Technologies) and 227 

a Qubit 2.0 Fluorometer, and then cleaned with Dynabeads M-270 Streptavidin (Life 228 

Technologies). Ligation was performed with P2 universal adaptors. Additionally, sets of 16 229 

individuals were barcoded with 16 unique P1 adaptors. After ligation, each group of 16 individuals 230 

were pooled and bead cleaned. Pools were size-selected for a range of 400 bp using a 2% agarose 231 

gel that was ran for 45 minutes, and then purified with the Zymoclean Gel DNA Recovery Kit. 232 

Unique Illumina Indexes were added to each pool, and the libraries were amplified with 10 PCR 233 

cycles using the high fidelity Platinum Taq DNA polymerase (Thermo Fisher Scientific). The 234 

concentration of each pool was quantified using a High Sensitivity Kit on a 2100 Bioanalyzer 235 

(Agilent Technologies) Tape Reader, standardised from qPCR assays, and merged into a single pool 236 

for sequencing.  Samples were sequenced in a single lane on an Illumina Hi-Seq 2000, at KAUST 237 

Genomics Core facilities, which resulted in 115,617,665 single end reads (100bp).  238 

 239 

De novo assembly 240 

Single end reads were de-multiplexed and filtered for quality using the ‘process_radtags.pl’ pipeline 241 

in Stacks version 1.34 (Catchen et al. 2011). Individual reads with phred-scores below 30 (average 242 

on sliding window) or with ambiguous barcodes or RAD-tags were discarded (98.8% of reads 243 

passed these quality filters). RADSeq loci were assembled de-novo using the ‘denovo_map.pl’ 244 

pipeline in Stacks. We used the following parameter combination to retrieve loci: minimum read 245 

depth to create a stack (-m) = 3, number of mismatches allowed between loci within individuals (-246 

M) = 2, number of mismatches allowed between loci within catalog (-n) = 3. Following de-novo 247 
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mapping, we used the population components of Stacks to filter the data set. Only loci that were 248 

present in at least 4 of five genotype classes, 90% of individuals within each genotype class, and 249 

with a minor allele frequency equal or higher that 0.05 were retained for further analyses. We also 250 

used the write_single_snp option to include only one single SNP per stack. A total of 2,271 loci 251 

were recovered with Stacks that passed filtering criteria and resulted in an average depth of 252 

coverage per locus of 23x (see Supplementary Material Table S5). 253 

 254 

Estimating population admixture  255 

We applied a model-based Bayesian clustering algorithm implemented in STRUCTURE 2.3.2 256 

(Pritchard et al. 2000, Falush et al. 2007) to obtain an estimate of mixing proportions between P. 257 

leopardus and P. maculatus from both microsatellite and SNP data sets. The analysis of 258 

microsatellite data was performed on 826 P. leopardus samples and 826 randomly selected P. 259 

maculatus with all 25 available microsatellite loci. A random subset of P. maculatus was removed 260 

to negate any bias that could be attributed to differences in sample size. The analysis of SNP data 261 

was performed on 17 P. leopardus samples and 17 P. maculatus samples with a total of 2,271 loci. 262 

With the number of groups (K) set to 2, corresponding to the two species, we performed a single 263 

run with 300,000 MCMC iterations and a burn-in period of 200,000 steps to estimate the admixture 264 

proportion ‘alpha’ between species. No population priors were used in the analyses. Allele 265 

frequencies were considered independently and alpha was inferred for each species. In addition, we 266 

performed an analysis of molecular variance (AMOVA) on microsatellite data to estimate the 267 

degree of pairwise genetic diversity amongst all genotype classes in Genodive v2 (Meirmans and 268 

van Tienderen 2004) with 9,999 permutations.  269 

 270 

Analysis of genomic introgression 271 

We examined genome-wide admixture for naturally occurring hybrids to identify candidate loci that 272 

might indicate patterns of introgression. We used the likelihood-based genomic clines method 273 

implemented in the R package ‘introgress’ (Gompert & Buerkle 2009; 2010) assuming that 274 

admixture between populations was localised and recent, and that populations were large enough 275 

for the effects of genetic drift to be negligible (Gompert & Buerkle 2012). We first measured the 276 

proportion of parental ancestry for each hybrid using the maximum-likelihood estimator of hybrid 277 

index based on the proportion of alleles inherited from each parental species (Buerkle 2005). In this 278 

case, low hybrid index scores (<0.5) correspond to P. leopardus ancestry and higher values (>0.5) 279 

correspond to P. maculatus ancestry. A logistic regression was used to estimate the probability of 280 

observing homozygous and heterozygous genotypes for each locus as a function of the hybrid index 281 
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of admixed individuals.  We used the parametric-bases procedure with 1000 simulations to generate 282 

predictions of neutral introgression at each locus and compared the likelihood of the regression 283 

model to that of a neutral model, given the observed data. Significant deviation from neutral 284 

expectations for genomic clines was adjusted for multiple comparisons using the false discovery 285 

rate (Benjamini & Hochberg 1995). The distribution of observed hybrid genotypes were compared 286 

relative to the probability density of homozygous and heterozygous genotypes to identify loci 287 

affected by introgression (following Nolte et al. 2009). For each locus, patterns of over- and under-288 

dominance, positive and negative selection, epistasis and admixture were recorded and the 289 

proportion of loci with changes in the probability of the homozygous and heterozygous genotypes 290 

were compared using a significance test for goodness of fit for equal probabilities. 291 

 292 

 293 

RESULTS 294 

Sample classification 295 

Hybrid individuals were ubiquitous amongst our sample of 2,991 adult and juvenile coral trout, 296 

representing 4.1% of all sampled fishes (Figure 2A; Table1). Collectively, we identified 94 hybrid 297 

individuals with a posterior probability P > 0.8 of being either a F1 hybrid or backcrossed with 298 

either species (Figure 2B). An additional 30 individuals could not be assigned to any particular 299 

class and were considered hybrids of mixed ancestry (see Supplementary Material Figure S1). Of 300 

the identified hybrids, 20 were F1 hybrids between P. leopardus and P. maculatus, 31 were hybrids 301 

backcrossed with pure P. leopardus, and 43 were hybrids backcrossed with pure P. maculatus 302 

(Table 1). The mean posterior probability of assignment (Pmean) of all 94 hybrids to their respective 303 

class was 0.976 ± 0.048 SD. The presence of individuals of mixed ancestry in our samples, which 304 

were all mature adults, also suggests that multiple levels of backcrossing have occurred. Our sample 305 

also contained 826 pure P. leopardus (Pmean = 0.997 ± 0.014 SD) and 2,041 pure P. maculatus 306 

(Pmean = 0.998 ± 0.010 SD).  307 

 308 

Size distribution 309 

The size frequency distribution of hybrid genotype classes (Figure 3A) broadly reflected the 310 

distribution of pure P. leopardus and P. maculatus (Figure 3B), but was statistically different (K-S 311 

test: D = 0.26, p < 0.001). Hybrids were present in both adult (5.6%) and juvenile samples (2.5%), 312 

covering a broad spectrum of body sizes from 41 mm to an estimated 800 mm in total length 313 

(Figure 3A). Most hybrids were present in the adult sample (72 of 94), which, given the size range 314 



Harrison et al.  Hybridisation in coral reef fishes 

 11 

of individuals, is likely to represent multiple generations. However, all juvenile hybrids (22 of 94) 315 

were sampled between March and June 2012 and were no more than one year old at the time of 316 

collection (max total length 218 mm). Though our sample of juvenile hybrids can be considered as 317 

a single recruitment cohort, their origin could not be determined with certainty.  318 

 319 

Spatial distribution  320 

Natural inter-specific hybrids were widespread but their distribution was not reflected in the relative 321 

abundance of P. leopardus and P. maculatus amongst the different reef systems. Firstly, our sample 322 

of adult coral trout was unevenly distributed across the three regions, with 857 adult coral trout 323 

collected in the Capricorn Bunker group, 473 adults in the Keppel Islands and 247 adults in the 324 

Percy Islands (Table 1). However, the relative proportions of adult P. leopardus and P. maculatus 325 

sampled from each reef system broadly represented the relative density of each species observed in 326 

the visual surveys (Figure S2). Overall, reefs in the Capricorn Bunkers harboured the largest 327 

number of hybrids with 80 hybrids spread across six reefs, representing 5.8% of the sampled 328 

population. We also identified 24 hybrids in the Keppel Islands (2.6%) and 20 in the Percy Islands 329 

(3.0%), where P. leopardus is less common (Table 1, Figure S2). 330 

Furthermore, the relative abundance of juvenile fish of each species did not always mirror 331 

the relative abundance of adults. Assigning juveniles to a genotype class revealed that the Keppel 332 

islands were dominated by P. maculatus at both adult (95%) and juvenile stages (98%) whereas the 333 

Percy Islands and the Capricorn Bunkers presented discordance between adult and juveniles 334 

samples. Recruitment in the Percy Islands was almost exclusively P. maculatus (98%), yet only 335 

66% of sampled adults were P. maculatus. Similarly, approximately equal numbers of juveniles of 336 

both species were collected from reefs in the Capricorn Bunker group, while P. leopardus 337 

represented 64% of sampled adults. Juvenile hybrids were also more common in the Capricorn 338 

Bunkers, representing 5% of sampled juveniles compared to 1% in other regions. 339 

The relative abundance of adult populations and juvenile recruitment in the Capricorn 340 

Bunkers also varied among reefs (Figure 4). Plectropomus leopardus was identified as the most 341 

abundant coral trout species on a majority of reefs in the Capricorn Bunker group however, large 342 

densities of adult P. maculatus were present at the two most north-western reefs. At Polmaise Reef 343 

and Northwest Reefs, our adult sample was composed of 53% and 90% P. maculatus, yet juvenile 344 

samples were 87% and 27% P. maculatus, respectively (Figure 4). In contrast, our adult sample at 345 

Erskine Reef was 93% P. leopardus and our juvenile sample was 74% P. maculatus. The largest 346 

number of adult and juvenile hybrids was at Polmaise reef (33 and 15 respectively), which 347 

incidentally also had similar proportions of P. leopardus (35%) and P. maculatus (53%). 348 
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 349 

Population admixture and genomic introgression 350 

Using microsatellite data in this simple 2-species model, we detected an admixture proportion of 351 

2.5% in each species, providing further evidence of bi-directional introgression between species. 352 

These results correspond to an FST value of 0.179 between species (Table 2), in line with continuous 353 

admixture in the species’ evolutionary history or recent divergence. All FST values decreased as the 354 

phylogenetic relationship of genotype classes became closer, confirming the correct allocation of 355 

individual genotypes. However, individuals of mixed ancestry were significantly different from all 356 

genotype classes except F1 hybrids (FST = 0.000, p = 0.674). The analysis of 2,271 SNP loci 357 

suggested similar admixture proportions between lineages, with 2.2% in each species. 358 

 A further 581 SNP loci were removed from the data in order to assess genomic patterns of 359 

introgression between pure and hybrids classes. These include 522 loci with low observed 360 

heterozygosity (<0.125), 159 loci with rare alleles in either pure samples (<0.125), 67 loci with over 361 

75% missing data in both pure or hybrid samples, and 11 loci with identical allelic frequencies in 362 

pure samples. Of 1,690 SNP loci investigated for patterns of introgression, 261 (15.4%) deviated 363 

from the model of neutral introgression based on genome-wide admixture (P < 0.016; significance 364 

following FDR correction; Figure S3, Table S6). Loci that deviated from neutral expectation were 365 

allocated to six categories (Table S7) that reflect different models of introgression and their effect 366 

on hybrid genotypes. The prevailing mode of introgression was consistent with a model of 367 

overdominant fitness of heterozygous genotypes. For 159 deviant loci, the probability for 368 

heterozygous genotype was higher than would be expected under neutral expectations (Table S6).  369 

In contrast, 50 loci displayed evidence for underdominance, which suggest a strong pattern of 370 

heterozygous advantage (1-sample proportion test: sample proportion = 0.761, χ2 = 55.8, d.f. = 1, 371 

P = 8.0 * 10-14). Loci that displayed evidence of overdominance (159) also displayed evidence of 372 

epistatic selection (130), where the probability of homozygous parental genotypes is reflected in the 373 

value of the hybrid index (1-sample proportion test: sample proportion = 0.550, χ2 = 2.7, d.f. = 1, 374 

P = 0.10). Comparatively, only 18 loci displayed evidence of increased introgression, which is 375 

consistent with selection for parental genotypes (1-sample proportion test: sample proportion = 376 

0.878, χ2 = 83.3, d.f. = 1, P = 2.2 * 10-16). However, evidence of directional selection of parental 377 

genotypes was not widespread, though there was a skew towards loci displaying patterns of positive 378 

selection for the P. leopardus genotype (51) relative to the number of loci selected for the P. 379 

maculatus genotype (27; 1-sample proportion test: sample proportion = 0.654, χ2 = 6.8, d.f. = 1, P 380 

= 0.009).  381 

 382 
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 383 

DISCUSSION 384 

Our data indicate a high degree of hybridisation between two commercially and ecologically 385 

important coral reef fish on inshore and mid-shelf reefs of the southern Great Barrier Reef, 386 

Australia (GBR). We found that 4.2% of sampled coral trout displayed evidence of inter-specific 387 

hybridisation, with hybrids found in all size classes. Hybrids were common at all three geographic 388 

locations, but were most abundant in the Capricorn Bunkers, where both species co-occurred in 389 

greatest densities. Both first- and later-generation hybrids were identified, indicating that hybrids 390 

are reproductively active and produce viable offspring. Our data also showed a high degree of 391 

admixture between species with evidence of bi-directional introgression in nuclear makers. A 392 

genome-wide analysis detected strong variation in the patterns of introgression for 15.4% of loci, of 393 

which 61% indicated patterns of selection for hybrid genotypes or epistasis. Our findings clearly 394 

demonstrate that heterospecific mating between P. leopardus and P. maculatus is a common 395 

occurrence and both ecological and evolutionary factors are favouring the spread of viable hybrids 396 

while maintaining evolutionary boundaries between closely related species.  397 

 Hybrids are rare in nature, generally comprising less than 0.1% of individuals in a 398 

population (Mayr 1963, Mallet 2005). This is usually explained by strong species-specific 399 

recognition systems or because hybrids tend to exhibit intermediate phenotypes that may be ill-400 

adapted to environmental conditions (Coyne and Orr 2004; Husband 2000). However, coral reefs 401 

are highly diverse ecosystems and the evidence of widespread hybridisation among conspecifics is 402 

growing (Yaakub et al. 2006). Most studies of hybridisation in coral reef fish have focused on 403 

recording and describing inter-specific hybridisation in suture zones, where distinct biogeographic 404 

regions overlap (DiBattista et al. 2015; Payet et al. 2016). Though the extent of hybridisation in 405 

suture zones is uncertain, it is clear that a large number of species are capable of producing 406 

interspecific hybrids. To our knowledge this study represents the first attempt at estimating the 407 

extent of hybridisation in coral reef fishes at multiple locations within common geographic ranges 408 

and provides a rare glimpse into the processes that generate diversity and maintain species barriers. 409 

It also provides a unique natural system to investigate adaptation and the evolution of reproductive 410 

barriers in the face of on-going gene flow.  411 

 412 

Ecological basis for evolutionary boundaries  413 

The common (P. leopardus) and bar-cheek (P. maculatus) coral trout have sympatric distributions 414 

with very similar life history characteristics but occupy different coral reef habitats (Heemstra and 415 

Randall 1993; Mapstone et al. 1998). It is clear from our results that where they interact, these 416 
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species can produce viable offspring. Most identified hybrids were mature adults, and given the 417 

growth rate for Plectropomus spp. (Ferreira and Russ 1992), some individuals could be as much as 418 

15-20 years old. Around 20% of hybrids were also young of the year suggesting inter-specific 419 

hybridisation is a common occurrence. Since coral reef fish larvae are capable of dispersing over 420 

hundreds of kilometres (Simpson et al. 2014), it was not possible to determine where juvenile 421 

hybrids had originated. However, recent studies of coral trout have demonstrated that the Capricorn 422 

Bunkers, Keppel Islands and Percy Islands are partially self-seeding and connected (Harrison et al. 423 

2012; Williamson et al. in press). Similarly, Plectropomus areolatus in Papua New Guinea were 424 

found to largely recruit close to their natal sources (Almany et al. 2013). Assuming that hybrids 425 

in our study are the progeny of local populations, the distribution and abundance of P. leopardus 426 

and P. maculatus is likely to be an important factor in the proliferation of inter-specific hybrids. 427 

However, it will be necessary to understand both the reproductive behaviours and patterns of larval 428 

dispersal to determine the demographic processes that generate hybrids.  429 

 While both species appear to maintain preferences for different habitats, coral trout are not 430 

distinctly habitat specialists. The southern GBR, particularly the Capricorn Bunker group, 431 

represents the margin of the species’ range and may provide an intermediate habitat between 432 

offshore oligotrophic and more turbid inshore reefs where P. leopardus and P. maculatus can 433 

interact. Since both species have peak spawning around the new moon lunar phase and are known 434 

to form large spawning aggregations (Samoilys 1997), it is possible that hybrids are the results of 435 

sneak mating or accidental fertilisation (Hubbs 1955; Avise and Saunders 1984; Wirtz 1999). For 436 

example, P. leopardus are rare on inshore reefs of the GBR such as the Keppel Islands, and the 437 

large disparity in abundance of one species relative to the other may encourage both males and 438 

females to engage in sneak mating or result in accidental fertilisation. In contrast, reefs of the 439 

Capricorn Bunkers have high densities of both species and some degree of assortative mating is 440 

likely to occur simply due to these habitat preferences. 441 

 Habitat specialisation and assortative mating in adults appears to be reinforced by some 442 

degree of post settlement selection or inter-specific competition at juvenile stages. Larval coral trout 443 

are capable of dispersing widely so the discordance of one species over another in juvenile samples 444 

collected from reefs in the Capricorn Bunkers was unexpected. Given the propensity for self-445 

recruitment in these species (Harrison et al. 2012; Williamson et al. in press), we may anticipate the 446 

relative abundances of juvenile fish to reflect the relative abundance of adults of each species. 447 

Instead, we observed reefs (e.g. Northwest reef), where juvenile samples were largely P. leopardus 448 

and adults samples almost entirely P. maculatus. In contrast, neighbouring reefs were entirely 449 

composed of P. leopardus at both juvenile and adult stages. Our results stipulate some mechanism, 450 

whether habitat preferences or interspecific competition, which favours the recruitment of one 451 
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species over another. Assortative mating, reinforced by post-settlement selection, may limit the 452 

interactions between species but it does not explain how or why parental lineages have not 453 

coalesced, or why so many hybrids are present in the population.  454 

 455 

Evolutionary barriers to adaptive introgression 456 

It is evident from the analysis of microsatellite loci and genome-wide SNP loci that interspecific 457 

hybridisation has led to genetic introgression of parental lineages on reefs of the southern GBR. The 458 

presence of first- and later-generation hybrids indicates that recent introgression has occurred, 459 

though it remains difficult to isolate contemporary patterns of interspecific gene flow from ancestral 460 

introgression and incomplete lineage sorting in estimates of admixture proportions (Harrison and 461 

Larson 2014). Microsatellite and SNP loci indicate some degree of genomic introgression, though a 462 

complete genome analysis and a linkage map would be necessary to determine the impact of any 463 

genomic rearrangements.  464 

We also found differential patterns of introgression amongst loci. Overall, 15.4% of loci 465 

analysed did not conform to a model of neutral introgression based on genome-wide admixture, 466 

with the prevalent patterns of introgression indicating a selective advantage for both hybrid and 467 

parental genotypes. Loci that exhibited increased probability for heterozygous allelic classes are 468 

consistent with a pattern of overdominance (Gompert et al. 2009; Nolte et al. 2009), which could be 469 

the result of increased fitness of hybrid genotypes. Since hybridisation can generate both 470 

phenotypic and genetic novelty (Arnold 1997; Rieseberg et al. 2003), the proliferation of hybrids 471 

has often been linked to the presence of emerging and rapidly changing environments that favour 472 

the survival of hybrid phenotypes (Seehausen 2004; Mallet 2007; Chunco 2014). Hybrids can be 473 

poorly adapted to either parental habitat, yet outcompete parental species in others (Schluter 2000; 474 

Gavrilets 2004). While contemporary hybridisation between coral trout may indicate the emergence 475 

of novel habitats, other factors must be selected for in parental lineages to restrict introgression and 476 

the convergence of species. We also observed an increased probability for homozygous allelic 477 

classes consistent with a pattern of epistasis, which could be the result of increased fitness of 478 

parental lineages. These results indicate that both hybrids and parental lineages are conferred a 479 

selective advantage and habitat preferences are likely a key factor in this process. Nevertheless, 480 

several caveats must be considered in the analysis of patterns of genetic introgression. First, the 481 

restricted number of individuals in the analysis of genomic clines may not provide accurate 482 

estimates of allelic frequencies at each locus. Second, loci under selection could be linked, therefore 483 

overestimating the proportion of loci that deviated from a neutral model of genome-wide 484 
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introgression. Lastly, the number of loci that deviate from the null model of neutral introgression 485 

may be inflated if genetic drift is acting upon admixed populations.  486 

 487 

Semi-permeable barriers to gene flow 488 

The maintenance of species lineages in the face of recurrent and widespread introgression may also 489 

point to an evolutionary paradox based on the accumulation of genomic incompatibility between 490 

species (Roux et al. 2013; Christe et al. 2016). In theory, large genomic islands of divergence can 491 

accumulate during the process of speciation, forming strong barriers to gene flow and leaving other 492 

genomic regions more permeable to introgression (Michel et al. 2010). Once present, these islands 493 

of divergence may restrict further introgression by generating meiotic recombinations that are 494 

deleterious or break down advantageous genotypes. A small proportion of combinations may, 495 

however, lead to novel and adaptive traits that would result in a small number of hybrids with 496 

increased fitness. As a result, true F1 hybrids should be rare in the population, but backcrosses to 497 

parental lineages would be more common, because of fewer genetic incompatibilities. In theory, the 498 

number of hybrids in a population would also depend on the frequency of cross-fertilisation and the 499 

genomic architecture of islands of divergence in parental lineages. Though plausible in the case of 500 

coral trout in the southern GBR, further investigation of genomic patterns of introgression will be 501 

necessary to identify intraspecific incompatibilities and their role in creating semi-permeable 502 

barriers to gene flow.  503 

 504 

 Our present work demonstrates widespread hybridisation between two important fishery 505 

species in the Great Barrier Reef, with bi-directional introgression of parental lineages. The 506 

presence of wild hybrids in our sample of coral trout appears to be driven by both ecological and 507 

evolutionary factors. Although we could not determine the underlying mechanisms that led to the 508 

divergence of these species or that maintain species barriers in spite of introgression, our results 509 

provide a rare insight into the extent of hybridisation in coral reef fishes and offers a useful model 510 

for understanding the molecular basis of speciation. Our results indicate that hybrids were 511 

ubiquitous, viable and have led to extensive introgression in parental lineages. Further investigation 512 

of selective pressures and patterns of genomic introgression will be necessary to determine the 513 

phenotypic traits involved in speciation and the nature of hybridisation between these species. Since 514 

most fish and invertebrates reproduce externally in the pelagic environment and in close proximity 515 

to their closest congener, natural hybridisation could be more common than previously thought 516 

throughout marine ecosystems and a major driving force in evolution and diversification of marine 517 

taxa. 518 
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Figure 1. A) Adult Plectropomus leopardus (background) and P. maculatus (foreground) are easily 751 

distinguished by their characteristic blue spot patterns, which become apparent 2-3 months post-752 

settlement. Adults of each species are seen here in their mating colourations. On the Great Barrier 753 

Reef, the two species frequently co-occur on inner- and mid-shelf reefs, though P. leopardus is 754 

more commonly associated with outer-shelf, oligotrophic reefs while P. maculatus dominates 755 

inshore reefs. (Photo credit: Phil Woodhead – Wet Image Underwater Photography) B) Adult and 756 

juvenile coral trout (P. leopardus and P. maculatus) were collected from reefs in the Percy Islands, 757 

Keppel Islands, and Capricorn Bunkers. The Capricorn Channel separates these inshore and mid-758 

shelf reefs from the outer-shelf of the Great Barrier Reef. 759 

 760 

Figure 2. The posterior probability of assignment of sampled coral trout (Plectropomus spp.) to one 761 

of 5 genotype classes following a Bayesian clustering analysis. A total of 2,991 adult and juvenile 762 

coral trout were collected from reefs in the southern Great Barrier Reef and identified here as either 763 

pure P. leopardus, P. maculatus, F1 hybrids, or backcrossed to either pure species. 94 samples were 764 

classified as either F1 hybrid or a backcrossed individual with a posterior probability above 0.8. An 765 

additional 30 individuals could not be assigned to any particular class and were classified as hybrids 766 

of mixed ancestry (see Supplementary Material Fig S1).  767 

 768 

Figure 3. Size frequency distribution of adult and juvenile coral trout collected from reefs in the 769 

southern Great Barrier Reef. A. Hybrids were present in both adult and juvenile samples, covering 770 

the full spectrum of sizes, ranging from 41 mm to an estimated 800 mm in total length. B. The size 771 

frequency distribution of the 94 hybrids closely match that of the 822 P. leopardus and 2,040 P. 772 

maculatus for which sizes were recorded.  773 

 774 

Figure 4. The relative proportions of P. leopardus and P. maculatus sampled from each reef system 775 

broadly represented the relative density of each species observed in the visual surveys (see 776 

Supplementary Material Fig S2), though the relative distribution of adults in the Capricorn Bunker 777 

group (darker pie charts) did not always reflect the distribution of juvenile recruitment (light pie 778 

charts). 779 

 780 

 781 

  782 
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Table 1. Classification of adult and juvenile coral trout collected in three reef systems of the 783 

southern Great Barrier Reef, Australia.  784 

 785 

Class Capricorn Bunkers Keppel Islands Percy Islands 
Total 

 

Adult Juvenile Adult Juvenile Adult Juvenile 

P. leopardus 549 197 8 1 69 2 826 

Backcross - P. leo 19 5 2 - 5 - 31 

F1 Hybrid 8 3 4 - 5 - 20 

Backcross - P. mac 17 8 9 3 3 3 43 

P. maculatus 252 309 447 449 163 421 2041 

Mixed ancestry 12 8 3 3 2 2 30 

        

Total 857 530 473 456 247 428 2991 

 786 

 787 

 788 

 789 

Table 2. Pairwise genetic difference amongst genotype classes (lower diagonal) and level of 790 

significance (upper diagonal). 791 

 
P. leopardus 

Backcross      

P. leopardus 
F1 hybrid 

Backcross      

P. maculatus 
P. maculatus 

Mixed 

ancestry 

P. leopardus - * * * * * 

Backcross - P. leo 0.014 - * * * * 

Hybrid F1 0.047 0.011 - * * 0.674 

Backcross - P. mac 0.116 0.054 0.016 - * * 

P. maculatus 0.179 0.113 0.057 0.012 - * 

Mixed ancestry 0.061 0.018 0.000 0.009 0.044 - 

              

* Significant at p ≤ 0.001 

       792 
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Figure 1 793 
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Figure 2 803 
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Figure 3 808 
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