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Abstract

The lionfish is an iconic marine fish, and recently renowned for a disastrous introduction into 

the West Atlantic. Genetic surveys of the putative invaders (Pterois volitans and Pterois miles) 

in their natural Indo-Pacific range can illuminate both topics. Previous research indicated that 

P. volitans and P. miles are sister species that hybridize in the invasive range, but hybridization in 

the native range is unknown. Here, we apply mtDNA COI and 2 nuclear introns (S7 RP1 and Gpd2) 

from 229 lionfish including the 2 invaders and 2 closely-related taxa (44 P. miles, 91 P. volitans, 31 

Pterois lunulata, and 63 Pterois russelii) from 10 locations in their native ranges. Genetic data are 

supplemented with key morphological characters: dorsal, anal, and pectoral fin ray counts. We 

observed 2 lineages (d = 4.07%, 0.89%, and 2.75% at COI, S7 RP1, and Gpd2, respectively) among 

the 4 putative species: an Indian Ocean lineage represented by P. miles, and a Pacific Ocean lineage 

represented by P.  lunulata and P. russelii. All specimens of the invasive P. volitans appear to be 

hybrids between the Indian Ocean P. miles and a Pacific lineage encompassing P. lunulata/russelii, 

a conclusion supported by both genetics and morphology. The divergences between Indian and 

Pacific forms are within the range of species-level partitions in fishes, and we recommend retention 

of the names P. miles and P. russelii for Indian and Pacific forms. The hybrid origin of the Atlantic 

invasion invokes the possibility of heterosis as a contributing factor to invasion success.

Subject areas: Population structure and phylogeography; Conservation genetics and biodiversity
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The lion�shes (family Scorpaenidae, subfamily Pteroinae) are 
renowned marine predators, with venomous spines that provide 
a formidable defense against predation. The Pteroinae currently 
comprise 27 recognized species in 5 genera: Pterois (12 species), 
Dendrochirus (6 species), Ebosia (4 species), Brachypterois (3 

species), and Parapterois (2 species) (Kochzius et al. 2003; Allen and 
Erdmann 2008; Matsunuma and Motomura 2013a; Matsunuma 
et  al. 2013; Matsunuma and Motomura 2015a, 2015b, 2016a, 
2016b). Sister species in this group are dif�cult to distinguish visu-
ally and are identi�ed primarily through small variations in meristic 
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counts (Matsunuma and Motomura 2013b). In most cases, the mer-
istic differences have been corroborated with molecular phylogenetic 
studies (Kochzius et al. 2003; Freshwater et al. 2009a; Matsunuma 
and Motomura 2015a, 2015b). In contrast, evidence of hybridiza-
tion within this group has recently emerged as 2 species, Pterois 

miles and Pterois volitans (which were considered synonyms until 
Schultz 1986 formally split them) are identi�ed in the Atlantic inva-
sion (Morris and Whit�eld 2009).

The lion�sh have co-evolved in the Indo-Paci�c with both 
predators and prey, so their successful evolutionary innovations are 
accommodated in reef ecosystems by natural checks and balances. 
No such balance exists (yet) in the introduced range, and the lion-
�sh invasion in the Atlantic has reached crisis proportions (Scho�eld 
2009; Kulbicki et al. 2012; Rocha et al. 2015; Hixon et al. 2016). 
Invasive species are considered one of the greatest threats to global 
biodiversity, because of their potential to directly consume or out-
compete native species, alter habitats, and ultimately disrupt eco-
system structure and function (Lovell and Stone 2005; Sutherland 
et al. 2010). In the western Atlantic Ocean, the explosive population 
growth of the invasive lion�shes identi�ed as P. volitans and P. miles 
has become a region-wide concern (Albins and Hixon 2013). They 
are now ubiquitous in marine habitats throughout the Caribbean 
region (Morris 2012), and have recently jumped to Brazil (Ferreira 
et al. 2015). Effects on native �sh communities include a dramatic 
reduction in native �sh recruitment (Albins and Hixon 2008; Albins 
2013), steep population declines in prey species (Green et al. 2012; 
Rocha et al. 2015) and possible phase shifts to algal-dominated reefs 
(Lesser and Slattery 2011; Albins and Hixon 2013).

The taxonomic distinction of P. miles and P. volitans is supported 
by reciprocal monophyly of mtDNA sequences divergent between 
4% and 11% depending on the marker (Kochzius et  al. 2003; 
Freshwater et al. 2009a). Mitochondrial barcodes indicate that the 
invasive lion�shes are predominantly P. volitans (>90%), and that 
there are severe founder effects in both species (Hamner et al. 2007). 
More speci�cally, evidence of interbreeding between P. volitans and 
P. miles in their invaded range has surfaced, based on ambiguous (or 
“mixed”) meristic characters (Freshwater et  al. 2009a). However, 
con�rmation of hybridization has been hindered by a lack of species-
speci�c nuclear markers (Hamner 2005). No investigation of hybrid-
ization has occurred in the native ranges of P. volitans and P. miles, 
though their ranges overlap at a marine hybridization hotspot near 
the boundary of the Indian and Paci�c Oceans (Hobbs et al. 2009; 
Gaither and Rocha 2013).

Over 25% of plants and 10% of animal species hybridize natu-
rally (Mallet 2005), but such crosses are believed to be rare in marine 
�shes (Hubbs 1955), and less than 1% of marine �sh species have 
been reported to hybridize (Montanari et al. 2012). Hybridization is 
most frequently reported in recently diverged sister species (Mallet 
2005; Hobbs and Allen 2014). For reef �shes, in particular, a genetic 
break greater than 5% divergence in mtDNA cytochrome b seems to 
indicate a higher cost to hybridization, reducing the number of fertile 
hybrids (Montanari et al. 2014).

Previous investigations of reef �sh hybridization have focused on 
a limited number of families: the surgeon�shes (family Acanthuridae; 
Marie et  al. 2007), butter�y�shes (Chaetodontidae; McMillan 
et  al. 1999; Hobbs et  al. 2013), wrasses (Labridae; Yaakub et  al. 
2006; Yaakub et  al. 2007), damsel�shes (Pomacentridae; van 
Herwerden and Doherty 2006; Mullen et al. 2012; Coleman et al. 
2014; Gainsford et al. 2015), angel�shes (Pomacanthidae; Pyle and 
Randall 1994; DiBattista et  al. 2012, 2017), and groupers (fam-
ily Serranidae; van Herwerden et  al. 2002, 2006; Frisch and van 

Herwerden 2006). As a result, hybridization in marine �shes has 
been underappreciated as an evolutionary phenomenon (Hobbs 
et al. 2009; Gainsford et al. 2015). Potential hybrids are often identi-
�ed through color patterns that are intermediate between parental 
species (e.g., Randall 1956; Pyle & Randall 1994), and subsequently 
con�rmed with genetics (reviewed by Richards and Hobbs 2015). 
Several instances of hybridization in marine �shes have been acci-
dentally discovered during molecular studies (e.g., McMillan et al. 
1999; Kuriiwa et al. 2007; DiBattista et  al. 2012), indicating that 
hybridization often goes undetected, and is therefore underestimated 
(Mallet 2005), especially in genera with conserved phenotypes or 
drab coloration (e.g., Henriques et al. 2016). Here, we resolve the 
phylogeographic structure of the 2 invasive lion�shes, P. miles and 
P.  volitans, across their native ranges (Supplementary Figure S.1), 
and test for evidence of hybridization. We include the closely related 
Pterois lunulata and Pterois russelii, as these species proved indis-
tinguishable from P. volitans across multiple genetic markers. The 
results prompt a reevaluation of both lion�sh taxonomy and the 
nature of the Atlantic invasion.

Methods

Study Sites and Sampling

A total of 229 lion�sh specimens were obtained from 10 locations 
in their native ranges (Figure 1): 44 P. miles, 91 P. volitans, 31 P. 

lunulata, and 63 P. russelii. Samples were obtained either through 
collaborations with museums and universities or collected directly 
using pole spears while SCUBA diving or snorkeling. Species were 
identi�ed in the �eld by researchers trained in lion�sh morphology, 
focusing on dorsal, anal, and pectoral �n ray counts and using a 
photokey designed by the �rst author, and identi�ed in the labo-
ratories by keys to the lion�sh species given in published literature 
(Poss 1999; Nakabo and Kai 2013) and unpublished data taken 
by the author M.M. Taxonomic assignments were con�rmed with 
voucher specimens; most specimens have been deposited at the 
Kagoshima University Museum, Japan. Sample data including col-
lection location/loan information, voucher specimen ID numbers, 
and morphological information per individual can be found at 
Dryad doi: 10.5061/dryad.p81m1/2. Tissue samples (�n, muscle, or 
gill) were stored in ethanol or a saturated salt-DMSO buffer (Amos 
and Hoelzel 1991). Total genomic DNA was extracted using a hot-
shot protocol (Meeker et al. 2007) and frozen in TE buffer stored at 
−20 °C. In addition, tissue or DNA samples were obtained from 57 
lion�shes collected in North Carolina (USA) believed to be near the 
source of the Atlantic invasion (Freshwater et al. 2009b).

Because no prior studies have ampli�ed nuclear DNA (nDNA) 
from lion�shes, preliminary PCR ampli�cation and sequencing 
was performed with 20 primer pairs designed for �sh or coelomate 
introns, using 4 individuals from each species (Hillis and Dixon 
1991; Streelman and Karl 1997; Chow and Hazama 1998; Colgan 
et al. 1998; Hassan et al. 2002; Jarman et al. 2002). Only 2 of the 
nuclear loci tested—S7 ribosomal protein intron 1 (S7 RP1) and glyc-
eraldehyde-3-phosphate dehydrogenase intron 2 (Gpd2)—ampli�ed 
and contained polymorphisms, and thus were chosen for subsequent 
analyses (Supplementary Table S.1). These 2 nuclear loci and a sub-
section of the mitochondrial cytochrome oxidase gene (COI), using 
the primers FishF2 and FishR1 from Ward et al. (2005) were ampli-
�ed in all individuals. Polymerase chain reaction (PCR) mixes were 
prepared following manufacturer’s instructions using MangoMix 
(Bioline Ltd., London, UK), 0.26 µM concentration of each primer, 
and 5–50 ng template DNA in 15 µl total volume. Thermal cycling 
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conditions consisted of an initial denaturing step at 95 °C for 5 min, 
then 35 cycles of ampli�cation with 30 s of denaturation at 95 °C, 
1 min 30 s of annealing (at the optimum temperature determined for 
each marker) and 45 s of extension at 72 °C, with a �nal extension 
of 30 min at 72 °C. Annealing temperatures were 50° C for COI, 58° 
C for S7 RP1, and 51° C for Gpd2.

Excess oligonucleotide primers were removed through simul-
taneous incubation of PCR product with exonuclease I and shrimp 
alkaline phosphatase (ExoSAP; USB, Cleveland, OH) at 37 °C for 
60 min, followed by deactivation at 85 °C for 15 min. All samples 
were sequenced in the forward direction with �uorescently labeled 
dye terminators following manufacturer’s protocols (BigDye; 
Applied Biosystems Inc., Foster City, CA, USA) using an ABI 
3130XL Genetic Analyzer (Applied Biosystems) at the University 
of Hawai’i at Mānoa ASGPB Genomics Laboratory. Rare or 
questionable haplotypes as well as heterozygous individuals were 
sequenced in both directions. The phase for heterozygotes was 
resolved by comparison to homozygotes and was unambiguous 
in all cases. The sequences were aligned, edited, and trimmed to 
a common length using Geneious Pro version 6.1.8 (Biomatters; 
available from http://www.geneious.com/). Two observed indels 
were scored as missing data. Variable sites were visually checked 
to ensure accuracy, and unique mtDNA COI haplotypes and 
intron sequences are deposited in GenBank, accession numbers 
are provided in Data Availability section below.

Genetic Diversity and Partitioning

jModelTest version 1.0.1 (Posada 2008) was used with a corrected 
Akaike information criterion (AICc) test to determine the best 
nucleotide substitution model; the models selected were general time 
reversible (GTR) +I for COI, Hasegawa-Kishino-Yano (HKY) for S7 
RP1, and transition model 2 (TIM2) +G for Gpd2. Genetic varia-
tion was described as nucleotide diversity (π; equation 10.19 in Nei 
1987) and haplotype diversity (h; equation 8.5 in Nei 1987) for each 
locus at each location using ARLEQUIN version 3.5.1 (Excof�er 
and Lischer 2010).

Genetic partitioning between species and among populations 
was assessed with an analysis of molecular variance (AMOVA) as 
implemented in ARLEQUIN (Excof�er et  al. 1992), which gen-
erated Φ

ST
 values (a molecular analog of F

ST
 that incorporates 

sequence divergence among haplotypes). Nonparametric permuta-
tion procedures (N = 99 999 iterations) were used to construct null 
distributions and test the signi�cance of variance components for 
each hierarchical comparison; signi�cance was tested by permuta-
tion and P values adjusted according to the modi�ed false discovery 
rate method (Narum 2006). For population genetic analyses, the 
African Coast and the Red Sea were grouped into one population 
(western Indian Ocean) and eastern Australia and the Cook Islands 
were grouped into another (southern Paci�c Ocean) (Figure  1). 
Samples with less than 7 individuals were removed from the popu-
lation-level analyses.

Figure 1. A sampling of Pterois throughout the Indo-Pacific. Sample locations, sizes, and proportion of each species sampled at each site. Each circle represents 

a location, and its size is proportional to the total sample size at that location, while its coloration indicates the proportion of individuals identified based on 

meristics for each putative species. Because of low numbers, the African Coast (including Kenya and Socotra) was grouped with the Red Sea and East Australia 

was grouped with the Cook Islands for all population genetic analyses. Sampling was targeted at the putative species, thus the proportion of each species at 

each site may not represent their true abundance at that site.
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Relationships among haplotypes and species were estimated 
by constructing unrooted parsimony-based haplotype networks 
with NETWORK version 4.5.1.0 (available at http://www.�uxus-
engineering.com/). Each network was generated using a median 
joining algorithm with default settings, with indels coded as gaps. 
These data revealed 2 lineages in the 4 putative species that cor-
respond to Indian and Paci�c Oceans, and thus for hybridization 
analyses, nuclear and mitochondrial haplotypes were identi�ed as 
either Indian or Paci�c.

Hybridization Indices and Hybrid Zone Structure

To visualize the distribution of genotypes (as recommended by 
Jiggins and Mallet 2000) hybridization indices (h-index) were calcu-
lated for each individual, putative species, and location. Each allele 
was scored as a 0 if from the Indian Ocean lineage or as a 1 if from 
the Paci�c Ocean lineage, following the initial approach of Szymura 
and Barton (1991). Each individual’s degree of hybridization was 
de�ned as the score across all 3 markers divided by the total allele 
count (1 allele for the mitochondrial locus and 2 alleles at each 
nuclear locus); thus an individual with purely Indian Ocean alleles 
would have a score of 0, while a purely Paci�c Ocean individual 
would have a score of 1. All individuals with scores between 0 and 
1 were categorized as hybrids. Mean h-indices were calculated for 
each putative species as well as the total population at each collec-
tion location. In addition, alleles for each individual were examined 
to resolve F1 hybrids versus later hybrids and backcrosses.

Morphological Correlations

Species-distinguishing meristic characters were recorded for 15 
specimens of P. miles, 84 specimens of P. volitans, 32 specimens of 
P.  lunulata, and 58 specimens of P. russelii from the native range; 
speci�cally, dorsal, anal, and pelvic �n ray counts were taken as well 
as counts of scale rows in longitudinal series and scale rows between 
the base of the dorsal �n and the lateral line. For invasive range spec-
imens, only dorsal and anal �n ray counts were recorded. Standard 
descriptive statistics (median and range) for each meristic character 
were calculated from the raw data. A Kruskal–Wallis test followed 
by Conover–Iman post hoc test (Conover 1999) corrected for mul-
tiple comparisons with the Bonferroni method in XLStat version 
2015.5 was used to evaluate differences in �n ray counts between 
genotypes (Indian, Paci�c, or hybrid).

Results

Species Delineation

A total of 472 bp of COI, 611 bp of S7 RP1, and 279 bp of Gpd2 
were resolved. Population genetic comparisons (Φ

ST
) between species 

show that P. miles is strongly differentiated from all other species 
(Φ

ST
 = 0.849–0.900 in COI), putative P. volitans is moderately differ-

entiated from P. lunulata and P. russeli (Φ
ST

 = 0.367–0.422 in COI), 
with no signi�cant differentiation between P.  lunulata and P.  rus-

seli (Table 1). The nuclear loci S7 RP1, Gpd2 show concordant but 
somewhat lower differentiation (Table 1). Haplotype networks for 
all 3 markers reveal that at every locus, the haplotypes are split into 
2 lineages; P. lunulata and P. russelii share haplotypes that are separ-
ate from P. miles haplotypes, while putative P. volitans shares haplo-
types with all 3 species (Figure 2). These 2 lineages are geographically 
partitioned approximately at the boundary of the Indian and Paci�c 
Oceans (Figure 3C), a recognized biogeographic barrier (Briggs and 
Bowen 2012; Gaither and Rocha 2013). Thus phylogenetic inferences 

support the genetic (and geographic) partitioning of these 4 putative 
species into 2 primary lineages, an Indian Ocean cluster (consisting 
largely of haplotypes from P. miles and P.  volitans), and a Paci�c 
Ocean and eastern Indian Ocean cluster (consisting largely of hap-
lotypes from P. lunulata, P. russelii, and P. volitans). In subsequent 
passages, we refer to these 2 genetic lineages according to the ocean 
in which they dominate. The average corrected sequence divergence 
between the Indian and Paci�c lineages was d = 4.07%, 0.89%, and 
2.75% at COI, S7 RP1, and Gpd2 respectively, while the divergence 
within each lineage was much lower. Comparing the AMOVA results 
from this 2-lineage breakdown revealed that the vast majority of 
sequence variation is explained by a signi�cant break between these 
2 lineages (Φ

ST
 = 0.860, 0.949, and 0.796 for COI, GPD2, and S7, 

respectively; Table 2). Comparisons of the haplotype and nucleotide 
diversity between the lineages revealed consistently higher diversity 
in the Paci�c lineage (Table 3), which could be in�uenced by sam-
pling bias (Figure 1). Migration model testing using a coalescence 
approach also supported a lack of gene �ow between P. miles and 
P. lunulata/russelii (with gene �ow between both of those and P. voli-

tans). The probabilities of the panmictic model and the fully mixed 
model were negligable when compared with a hybrid scenario model 
(Supplementary Table S.2). The most probable model estimated that 
gene �ow was orders of magnitude greater from P. lunulata/russelii 
and P.miles into P. volitans (Nm

L/U>V
 = 705.9, Nm

M>V
 = 2459.1) than 

from P.  volitans back into the parent populations (Nm
V>L/U

  = 3.3, 
Nm

V>M
 = 3.7).

Population Genetic Analyses

Because of the 2 divergent clusters of haplotypes, all population 
genetic analyses were conducted both on the dataset as a whole 
and each lineage independently. There was strong population dif-
ferentiation for all markers across the range when both Paci�c and 
Indian haplotypes were included in the analyses (Φ

ST
 = 0.470–0.547, 

all signi�cant at P < 0.001; Table 2). However, when the 2 lineages 
were run independently, Φ

ST
 scores were much lower and mostly not 

signi�cant, indicating that the primary structure is based on the dis-
tribution of Indian and Paci�c alleles (Table 2). Low but signi�cant 
population structure was detected in the Paci�c lineage with COI 
and Gpd2, driven by differences between the central Paci�c and the 
northern Paci�c, likewise in the Indian lineage with S7, driven by dif-
ferentiation between the Western Indian Ocean and the Indo-Paci�c 
(Table 2).

Table 1. Genetic partitioning between putative species

Pterois miles Pterois volitans Pterois lunulata

Pterois volitans 0.849

0.139

0.142 —

Pterois lunulata 0.871 0.367 —
0.975 0.618

0.882 0.640

Pterois russelii 0.900 0.422 0.096
0.955 0.687 0.027
0.896 0.688 0.005

The Φ
ST

 values between species are in the order COI, S7 RP1, Gpd2. All Φ
ST

 

values in bold are signi�cant at the level of P < 0.001. These data show high 

and signi�cant structure between P. miles and the other species, moderate and 

signi�cant structure between P. volitans and the other species, and no structure 

between P. lunulata and P. russelii.
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Figure 2. Lionfish haplotype networks by Pterois. Median-joining statistical parsimony network based on (A) COI, (B) S7 RP1, and (C) Gpd2 sequence data from 

Pterois across the Indo-Pacific. Each circle represents a haplotype, and its size is proportional to its total frequency. Branches represent a single nucleotide 

change and crossbars indicate unsampled haplotypes; colors denote species identification as indicated by the embedded key. For all 3 loci, haplotypes split into 

2 distinct lineages with corrected sequences divergences of 4.07%, 0.89%, and 2.75%, for COI, S7 RP1, and Gpd2, respectively.

Figure 3. Invasive range lionfish meristics and genetics. (A) Phenotypic identification of 57 invasive range lionfishes collected from the coast of North Carolina. 

(B) Genotypic identification of the same lionfishes. (C) Median-joining statistical parsimony network based on COI sequence data from Pterois across the Indo-Pacific 

(shades of yellow, orange, and red) as well as invasive samples (blue-green). Each circle represents a haplotype, and its size is proportional to its total frequency. 

Branches represent a single nucleotide change and crossbars indicate unsampled haplotypes. Multiple haplotypes from the invasive population were not detected 

across the range of native lionfish sampling locations, suggesting that we did not sample the source population(s) of the invasion. The addition of haplotypes from 

the native range reduced the primary separation between lineages in the COI network from 14 mutations (in Figure 2) to 12 mutations, due to suspected homoplasy.
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Hybridization

Hybridization between putative lion�sh taxa was extensive in both 
prevalence and geographic scope (Supplementary Figure S.2, Figure 
4 and Table 4). Not a single F1 hybrid, de�ned as being heterozygous 
for Indian and Paci�c Ocean alleles across both nuclear markers, 
was identi�ed in this study, indicating that hybrids are fertile and 
able to interbreed or backcross to parental lineages.

The 4 putative species had marked differences in the extent and 
degree of introgression. Less than 10% of individuals identi�ed 
as P.  miles or P.  russelii were scored as hybrids genetically, while 
29% of P. lunulata and 77% of P. volitans individuals were hybrids 
(Table 4). Around 1% of P. volitans individuals contained no Paci�c 
alleles at any locus, appearing identical to P. miles across all mark-
ers. The mean h-indices for each species were consistent with the 
slight meristic differences that have been used as identifying char-
acteristics for each species (Table  4), with intermediate counts of 
dorsal and anal �n rays in the species with higher degrees of intro-
gression. Individuals genotypically identi�ed as hybrids had interme-
diate average dorsal, anal, and pectoral �n ray counts as compared 
to those with purely Indian or Paci�c haplotypes (Table 5). These 
differences were highly signi�cant (Kruskal–Wallis, P < 0.0001), and 
post hoc multiple comparisons revealed that the hybrid lineage was 
statistically distinct from both parental lineages for at least one of 
the 3 characters (Tables 5 and 6).

No hybrids were observed in the western Indian Ocean 
(h-index = 0), but all other locations contained hybrids. The hybridi-
zation indices by location ranged from highly introgressed (west-
ern Indonesia N  =  31; h-index  =  0.22) to predominantly Paci�c 
(Malaysia N = 32; h-index = 0.99), however, these appeared to be 
biased by the proportion of each species collected from that loca-
tion, particularly the proportion of putative P. volitans. Introgression 
reached deep into the Paci�c Ocean, with Indian Ocean haplotypes 
occurring in even the most eastern and northern sampling locations.

Invasive Individuals

Among the 57 specimens from the invasive range, 38 were pheno-
typically identi�ed as P. volitans, 2 were identi�ed as P. miles, and 17 
had ambiguous meristic characters (Figure 3A). Genotypically, how-
ever, 51 possessed hybrid genotypes (Paci�c mtDNA, Indian nDNA, 
h-index = 0.20) while 6 had Indian Ocean genotypes (h-index = 0) 
(Figure 3B). None of the invasive range samples possessed wholly 
Paci�c genotypes (h-index  =  1), and no Paci�c nuclear genotypes 
were detected, indicating that the initial founding population con-
sisted of a mix of Indian and hybrid individuals. In our survey of the 
native ranges, we feel it is unlikely that we sampled the source popu-
lation of the Atlantic invasion, as several of the mtDNA haplotypes 

detected in the Atlantic were not observed in our Indo-Paci�c sam-
ples (Figure 3C).

Discussion

Decades of debate on whether P. miles and P. volitans are separate 
species have been hampered by morphological similarity, incomplete 
genetic data, and incomplete sampling of Pterois lineages. For the 
recognized lion�shes P.  miles, P.  volitans, P.  lunulata, and P.  rus-

selii, mitochondrial and nuclear data have revealed no molecular 
evolutionary divergence or signi�cant population structure between 
Paci�c P. lunulata and P. russelii, and extensive introgression of the 
2 with P. miles in the Indian Ocean, which has resulted in hybrid 
individuals identi�ed as P. volitans.

Population Genetic Analyses

Strong population genetic structure was observed across the geo-
graphic range of this species complex for all markers (Tables 1 and 2).  
However, these results are dominated by 2 divergent lineages (cor-
rected divergences d = 4.07%, 0.89%, and 2.75% at COI, S7 RP1, 
and Gpd2, respectively), corresponding primarily to the Indian and 
Paci�c Ocean (Figures 2 and 3C). Since sampling at each site was 
nonrandom for these 2 lineages (targeted at putative species rather 
than a representative geographic sample), the proportion of speci-
mens from each location may not represent their relative abundance. 
In addition, the pooling of individuals in the western Indian Ocean 
and the Southern Paci�c may have led to underestimated population 
structure. Thus, the high Φ

ST
 values may overestimate or underesti-

mate the population genetic partitions between locations.
Inferences within each of the 2 primary lineages may more accu-

rately re�ect the level of gene �ow; these indicate dispersal across 
large distances in the Indo-Paci�c, consistent with previous stud-
ies. Kochzius and Blohm (2005) report no population structure for 
P. miles across the length of the Red Sea. The release of Pterois eggs 
within �oating mucus balls in addition to the 26-day pelagic larval 
stage (Fishelson 1975; Imamura and Yabe 1996) likely enhances dis-
persal capability, a conclusion supported by the rapid spread of the 
invasive lion�sh in the Atlantic (Morris and Whit�eld 2009).

Species Delineation

The lack of genetic distinction between Paci�c P. lunulata and P.  

russelii is not entirely surprising. These 2 putative species have simi-
lar morphology (or morphological features) distinguished only by 
statistical differences in the number of body scales above the lateral 
line (7–10 vs. 9–12) and the number of scale rows in longitudinal 
series (60–80 vs. 70–95), white spots on the inner pectoral �n in P. 

lunulata, and statistical differences in pectoral �n length (data not 
shown). Given the lack of diagnostic differences either genetically or 
morphologically (Tables 4 and 5), the detection of recent gene �ow 
between the 2 taxa, and the introgression between both and P. miles, 
it is likely that P. lunulata and P. russelii are members of a single 
polytypic species. If these species are formally synonymized by future 
taxonomic investigation, then P. russelii (Bennett 1834) would be 
the senior synonym over P. lunulata (Temminck and Schlegel 1843).

Extensive introgression across the Indian-Paci�c boundary raises 
the question of whether the separation between the Indian Ocean 
P. miles and Paci�c Ocean P. lunulata/russelii warrants species-level 
distinction. The mtDNA divergences range between ~4% (COI, this 
study) and ~11% (control region; Kochzius et al. 2003; Kochzius 
and Blohm 2005), which indicates typical species-level separations 

Table 2. Global Φ
ST

 values when individuals are grouped by loca-

tion, species, or lineage

COI S7 RP1 GPD2

By location 0.547 0.476 0.470

 Indian only 0.134 0.155* 0.008
 Paci�c only 0.285 0.025 0.058*
By putative species 0.761 0.710 0.686

By lineage 0.860 0.949 0.796

Grouping by lineage explains a much greater amount of the genetic vari-

ation than the other two. All Φ
ST

 values in bold are signi�cant at the level of 

P < 0.001, all marked with asterisk are only signi�cant to the FDR adjusted 

level of P < 0.02.
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in marine �shes (Bellwood et al. 2004; Fessler and Westneat 2007; 
Rocha et al. 2008). Freshwater et al. (2009a) and Kochzius et al. (2003)  
both concluded that mtDNA divergences supported species level 

distinction of the Indian Ocean P. miles and Paci�c Ocean P. lunu-

lata/russelii. The COI divergences indicate 2.8–4.2 million years of 
separation, assuming a molecular clock rate of 1–1.5% per million 
years as observed in species-pairs calibrated across the Isthmus of 
Panama (Lessios 2008; Reece et  al. 2010). Of course, monophy-
letic lineages do not invariably indicate distinct species, and can 
instead result from sampling distant geographic populations of a 
single species (Bernardi and Crane 1999; McCafferty et al. 2002; 
Crandall et al. 2008; Kochzius et al. 2009), or from allopatric sepa-
ration without speciation. Outside of the marine realm, there are 
numerous examples of high mtDNA divergences within species due 
to long-isolated populations (e.g., Webb et al. 2011; Hogner et al. 
2012).

A propensity for ecological specialization by a taxonomic group 
or species may facilitate speciation during periods of allopatric 
isolation (Schluter 2009). Conversely, generalists with wide eco-
logical tolerances are less likely to develop adaptations in isola-
tion that prevent remerging upon secondary contact (Webb et al. 
2011). Lion�shes are generalist mesopredators able to survive in a 

Figure 4. Mean h-index score by location. Color denotes the degree of hybridization using the scale bar shown in the figure. Hybridization was detected at all 

locations outside of the Western Indian Ocean to differing degrees.

Table 4. Comparison of h-index, the proportion of pure lineage and hybrid individuals, and meristic characters of the 4 lionfish species

Pterois miles Pterois volitans Pterois lunulata Pterois russelii

h-index 0.02 0.40 0.92 0.99
Proportion Indian 0.94 0.01 0.00 0.00
Proportion Paci�c 0.00 0.22 0.71 0.95
Proportion hybrid 0.06 0.77 0.29 0.05
Dorsal �n rays 9–111,2,3 10–121,2,3,6 10–114,5,6 11–123,6

Anal �n rays 5–61,2,3 5–81,2,3,6 7–84,5,6 7–83,6

Pectoral �n rays 142,3 142,3,6 13–144,6 12–133,6

The known range of meristic counts for each character was taken from multiple sources, as no de�nitive source exists for all of the 4 species. 1Schultz (1986), 
2Bennett (1934), 3Day (1876), 4Fowler (1903), 5Günther (1860), and 6de Beaufort and Briggs (1962).

Table 5. Meristic differences between genetic lineages in this study

Indian Hybrid Paci�c

Dorsal �n rays 10.07 (10–11)a 10.94 (9–11)b 11.02 (10–12)b

Anal �n rays 6.07 (6–7)a 6.99 (6–8)b 7.00 (7)b

Pectoral �n rays 14.00 (14)a 13.77 (13–14)a 12.99 (12–13)b

For each genotype, average meristic counts and count range (in parentheses) 

are given. Kruskal–Wallis tests found highly signi�cant differences between 

lineages for all 3 meristic characteristics (P < 0.0001). Signi�cant pairwise dif-

ferences between lineages as determined by post hoc Conover—Iman (Bonfer-

roni corrected to P < 0.0167) tests as noted using superscript letters a and b; 

individuals with hybrid genotypes had signi�cantly different dorsal and anal 

�n ray counts from those with Indian Ocean genotypes and signi�cantly differ-

ent pectoral �n ray counts from those with Paci�c Ocean genotypes.
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wide range of salinities and a diversity of habitats (Whit�eld et al. 
2007; Morris and Whit�eld 2009; Albins and Hixon 2013; Côté et 
al. 2013; Jud et al. 2015). Thus, the range of ecological tolerance in 
these species may diminish opportunities for allopatric or parapatric 
speciation.

The geographic distribution of genotypes (Figure  1; 
Supplementary Figure S.2) is strikingly similar to those summarized 
by Gaither and Rocha (2013; see also Crandall et al. 2008; Kochzius 
et al. 2009; Daly-Engel et al. 2012; Bowen et al. 2016)—overlap at 
the boundary of the Indian and Paci�c Oceans with some leakage 
tilting towards the West Paci�c. Gaither et al. (2010) reported Indian 
Ocean haplotypes of a grouper (Cephalopholus argus) at low fre-
quency deep into the Paci�c, a pattern also observed in regal angel-
�shes (Pygoplites diacanthus; Coleman et al. 2016) and in this study. 
Leakage into the Paci�c may be facilitated by the eastward-�owing 
Paci�c Equatorial Countercurrent as well as the Kuroshio Current 
which sweeps into high latitudes east of Japan (Wyrtki and Kendall 
1967; Hourigan and Reese 1987). Leakage into the South Paci�c 
may be facilitated by the availability of shallow reef habitat from the 
Indian/Paci�c boundary eastward to the south-central Paci�c, with 
no gap greater than 800 km between shallow-water habitats, a fea-
ture notably absent in the Indian Ocean (Schultz et al. 2008).

The geographic pattern documented in this study indicates 
a period of allopatric separation followed by secondary contact 
between the Indian and Paci�c lineages. In light of these phyloge-
netic, morphological, and biogeographic considerations, we endorse 
Freshwater et  al. (2009a) and Kochzius et  al. (2003) in retaining 
the names P.  miles and P.  russelii for Indian and Paci�c forms, 
albeit with the recognition of introgression across the Indian-Paci�c 
boundary.

Evolutionary Consequences of Hybridization

The role of hybridization in evolutionary diversi�cation is hotly 
debated, particularly regarding the possibility that intraspeci�c 
crosses are an important source of evolutionary novelty (e.g., 
Seehausen 2004; Gompert et  al. 2006; Mallet 2007; Schluter and 
Conte 2009; Forsman et al. 2017). As noted by Harrison and Larson 
(2014), introgression allows for new combinations of alleles between 
somewhat distant parental lineages, with the possibility of generat-
ing “transgressive” phenotypes (not seen in either parental species).

At every marker, our P.  volitans specimens shared haplotypes 
with at least one of the other species. A majority of the specimens 
identi�ed as P. volitans contained alleles from both the Indian and 
Paci�c Ocean lineages, while 1% had only Indian Ocean alleles 
(h-index  =  0). Fewer crosses were discovered with Indian Ocean 
mitochondrial haplotypes and Paci�c nuclear haplotypes. However, 
this may be a re�ection of low sample size for specimens morpho-
logically identi�ed as P. miles from the region of overlap, rather than 
an indication of unidirectional introgression. Among the 12 P. miles 
individuals collected in the Central-Eastern Indian Ocean, 2 were 
genetically identi�ed as hybrids. Increased sampling of P. miles from 
the Coral Triangle (between Indonesia, Papua New Guinea, and the 
Philippines) would indicate whether introgression is directional. It is 
also possible that these data may be explained by ancestral introgres-
sion or incomplete lineage sorting rather than current introgression. 
However, these hypotheses are unlikely given the signi�cant asso-
ciation between introgression and phenotype (Tables 5 and 6), the 
geographic partitioning of alleles (Supplementary Figure S.2; Toews 
and Brelsford 2012), and the evidence that introgression is bidirec-
tional (with 17% of P. miles from the overlapping region classi�ed as 
hybrids). We concede that more robust phenotype–genotype associa-
tions would be desirable to illustrate this point. A re-evaluation of 
phenotypic characters and how they correlate to genotypes should 
be a priority if larger datasets become available.

The extent of introgression detected in this study is rare for 
marine �shes. No marine �shes with a genetic break of >5% in 
mtDNA COI are known to hybridize across such a broad geo-
graphical area, and such hybrids reported in a more restricted range 
are usually less fertile than their parents (Montanari et  al. 2014). 
There is no evidence for a cost of hybridization based on the limited 
inference from phylogeographic data; speci�cally, the high propor-
tion of hybrids in several locations as well as backcrossed and later 
generation hybrids indicates that these individuals are successful. It 
is even possible that these Pterois hybrids are more �t than their 
parental lineages (heterosis; Bartley et al. 2001). The broad distribu-
tion of putative P. volitans (consisting largely or entirely of hybrids) 
throughout the Paci�c and into the Indian Ocean as far as Sri Lanka 
(Schultz 1986) supports such a hypothesis, but a robust test would 
require evaluating the relative �tness of hybrids compared to paren-
tal individuals.

There is another intriguing explanation for the pattern of allele 
distributions in this study: that P. volitans is a recent species which 
arose as the result of hybridization between P. miles and P. russelii. 
There are terrestrial examples, like the Heliconius butter�ies (Pardo-
Diaz et al. 2012), where adaptive introgression from one species into 
another split the latter into 2 distinct species. Such reticulate evolu-
tion is not unknown in �sh (Seehausen 2004); for example, Dowling 
and DeMarais (1993) reported “a pervasive in�uence of hybrid-
ization” throughout the evolutionary histories of Gila minnows, 
Stemshorn et al. (2011) observed rapid formation of distinct hybrid 
lineages upon secondary contact between 2 sculpin (Cottus) species, 
and Cui et al. (2013) showed extensive historical hybridization in 

Table 6. Genotypes and fin ray counts

Meristic character Paci�c Hybrid Indian

Dorsal �n rays (87) (72) (14)
 9 0.00 0.01 0.00
 10 0.02 0.03 0.93
 11 0.93 0.96 0.07
 12 0.05 0.00 0.00
Anal �n rays (87) (72) (14)
 6 0.00 0.03 0.93
 7 1.00 0.96 0.07
 8 0.00 0.01 0.00
Pectoral �n rays (69) (44) (6)
 12 0.01 0.00 0.00
 13 0.99 0.23 0.00
 14 0.00 0.77 1.00

The proportion of individuals in each lineage with the given �n ray counts 

(N in parentheses). Highly signi�cant differences were detected among the 

treatments for each meristic character (Kruskal–Wallis, P < 0.0001). Signi�-

cant differences as determined by post hoc Conover–Iman comparisons with-

in meristic characters (corrected signi�cance level of P < 0.0167, Bonferroni 

method) are indicated by shading. For dorsal �n rays, post hoc comparisons 

indicated that the Indian lineage was signi�cantly different from the hybrids 

and the Paci�c lineage (P < 0.0001). The difference between the hybrids and 

the Paci�c lineage was not signi�cant (P = 0.097). For anal �n rays, the In-

dian lineage was signi�cantly different from the hybrids and the Paci�c lineage 

(P < 0.0001). The difference between the hybrids and the Paci�c lineage was 

not signi�cant (P = 0.527). For pectoral �n rays, the Paci�c lineage was signi�-

cantly different from the hybrids and the Indian lineage (P < 0.0001) while the 

difference between the hybrids and the Paci�c lineage approached signi�cance 

(P = 0.051).
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the swordtail �sh genus Xiphophorus. Notably, these examples are 
all drawn from freshwater environments, and few marine examples 
exist. Halldórsdóttir and Árnason (2015) demonstrated a hybrid 
origin for the (marine) walleye pollock (Gadus chalcogrammus) 
using whole genome sequencing, indicating that this species arose 
from very recent introgression between Atlantic and Arctic cod. As 
is the case with hybrids in this study, Halldórsdóttir and Árnason 
(2015) found that hybrids were intermediate in phenotype between 
the 2 pure types, a trait which may have allowed them to colonize 
new habitats and proliferate. Other scholars, though, maintain that 
hybrid speciation events are rare and unlikely to contribute signi�-
cantly to biodiversity (Barton 2013; Servedio et al. 2013; Schumer 
et al. 2014).

New genetic technologies are illuminating the role hybridiza-
tion plays in the evolution of species, indicating that the model of 
bifurcating allopatric speciation often does not re�ect reality (Feder 
et al. 2012; DiBattista et al. 2017). The data presented in this study 
indicate that interspeci�c introgression may have played a role in the 
diversi�cation of lion�shes, in addition to known allopatric mecha-
nisms. These data reinforce the emerging theme that hybridization 
plays a larger role than previously thought in the generation of 
marine biodiversity (Gardner 1997; Hobbs et al. 2009; Montanari 
et al. 2012; DiBattista et al. 2015; Gainsford et al. 2015).

Invasive Hybrids

Understanding invasive species in their native ranges is a founda-
tion for addressing the problems caused by invasive populations. 
Such comparisons can predict the likelihood and extent of invasions 
(Roman 2006; Gaither et  al. 2013a), identify parasites that infect 
naïve native species (Torchin et al. 2003; Gaither et al. 2013b), and 
reveal shifts in ecology or behavior that contribute to invasion suc-
cess (Meyer and Dierking 2011; Gaither et al. 2012).

Perhaps the most relevant conservation �nding from this study 
is that putative P.  volitans—the predominant invasive lion�sh in 
the Atlantic—is a hybrid between 2 divergent lineages. Of the 57 
lion�shes tested from the invasive range, no purely Paci�c individu-
als were detected. While all of our samples were sourced from the 
same location—North Carolina—range-wide studies indicate that 
this location is representative of the genetic diversity throughout 
the range (Betancur et al. 2011; Butter�eld et al. 2015). This �nding 
prompts a reconsideration of life history comparisons between native 
and invasive lion�shes. Studies of purebred lion�sh species, such as 
those made by Darling et al. (2011) of Kenyan P. miles or McTee 
and Grubich (2014) of Red Sea P. miles, are certainly informative, 
but may not be completely applicable to invasive Atlantic hybrids. 
Natural history studies of the hybrid lion�shes should address dif-
ferences from parental lineages, including the possibility of heterosis.

Recent studies have found that hybridization can increase inva-
siveness (Ellstrand and Schierenbeck 2000; Drake 2006; Gaither 
et  al. 2010; Keller and Taylor 2010). Enhanced invasiveness of 
aquatic hybrids has been particularly well documented for cases 
where hybridization occurs postintroduction with native counter-
parts or 2 native but previously allopatric species (Rosen�eld et al. 
2004; Nolte et  al. 2005; Hän�ing 2007; Coleman et  al. 2014). 
Further, Halldórsdóttir and Árnason (2015) suggest that the produc-
tive and pro�table nature of the walleye pollock �shery may be par-
tially due to heterosis. However, the introduction of a hybrid lineage 
into a novel marine environment is unprecedented to our knowledge.

The hybrid nature of the invasive lion�shes may explain why 
the severe founder effects identi�ed by Hamner et al. (2007) have 
no apparent effect on viability, as hybridization can increase genetic 

diversity in the nuclear genome (Bartley et al. 2001). Furthermore, 
hybridization in �shes can increase growth rates, environmental and 
disease tolerances, and overall hardiness (Bartley et al. 2001), thus 
heterosis may amplify the severity of the lion�sh invasion. To evalu-
ate this possibility, identifying the source population(s) for the inva-
sion and studying their biology and ecology should be a priority.

Conclusions

The evolutionary relatedness and population structure of 4 closely 
related species of Pterois were assessed using morphology along with 
mitochondrial and nuclear DNA sequences. These data demonstrate 
2 evolutionary lineages: an Indian Ocean lineage, represented by 
P.  miles, and a Paci�c Ocean lineage represented by (the dubious 
P. lunulata and) P. russelii. Lion�sh identi�ed as putative P. volitans 
are hybrids between the sister lineages of P.  miles and P.  russelii. 
The degree and geographic extent of introgression are both vast, 
indicating 2 species instead of 4, and the possibility of introgressive 
speciation. The invasive populations of lion�sh in the Atlantic Ocean 
are predominantly or completely composed of these hybrids; further 
studies of the native hybrid range can enhance the scienti�c foun-
dations for managing the Atlantic Ocean invasion. These data sup-
port the emerging theme that introgressive hybridization may play 
a larger role than previously suspected in the generation of marine 
biodiversity. Finally, the competitive advantage conferred to the 
spinous, venomous lion�sh introduced to a naïve environment may 
be magni�ed by heterosis, potentially an unprecedented calamity in 
the annals of invasive species.

Supplementary Material

Supplementary data are available at Journal of Heredity online.
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