
 

 MOLECULAR INVESTIGATIONS OF THE PTEROINAE: INSIGHTS INTO THE 

INVASIVE LIONFISHES FROM THE NATIVE RANGE 

 

A DISSERTATION SUBMITTED TO THE GRADUATE DIVISION OF THE UNIVERSITY 

OF HAWAI‘I AT MĀNOA IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR 

THE DEGREE OF DOCTOR OF PHILOSOPHY IN 

 

CELL AND MOLECULAR BIOLOGY  

(ECOLOGY, EVOLUTION AND CONSERVATION BIOLOGY) 

 

DECEMBER 2014 

 

By 

Christie L. Wilcox 

 
Dissertation Committee: 

 
Brian Bowen, Chairperson 

Robert Thomson 
Rebecca Cann 

Steve Karl 
Marla Berry 

 

Keywords: Lionfish, Pterois, Pteroinae, Phylogenetics, Scorpaenitoxin



  ii 

Acknowledgments 
 

 
The completion of this dissertation could not have occurred without the incredible support of 

many individuals. First and foremost, I would like to thank my advisor, Brian Bowen for his 

endless patience, insatiable enthusiasm, and unwavering support throughout my graduate career. 

He’s been an incredible mentor, always standing up for me when I needed an ally and providing 

financial support or thoughtful feedback when I was stuck.  

 

I’d like to thank the members of my committee (in alphabetical order) for their time, advice and 

support. Marla Berry was there for me when I needed her most, and her kindness and generosity 

are unmatched. Becky Cann provided moral support in addition to career guidance, both of 

which I would have been lost without. Steve Karl continues to inspire me with his dedication to 

research quality, and was invaluable for his critiques throughout my dissertation. And last but not 

least, Bob Thomson has provided me with invaluable insights into my work, particularly with 

regards to phylogenetics, and every chapter has been substantially improved by his input. 

 

I offer heartfelt thanks to the ToBo lab members, past and present, for all that they have done to 

support me as a person and scientist throughout the years. Rob Toonen, the “To” in ToBo, has 

always stepped up as a mentor even though I’m a “Bo” student. All of the postdocs that have 

come through the lab during my time, including Joey DiBattista, Chris Bird, Kim Andrews, Zac 

Forsman, Iria Fernandez, and Ingrid Knapp, have been invaluable resources when it came to lab 

and fieldwork, helping me plan and troubleshoot my project every step of the way. My fellow 



  iii 

ToBoys and girls, including Matt Iacchei, Jon Puritz, Michelle Gaither, Derek Skillings, Ellen 

Waldrop, Chris Jury, Richard Coleman, Joshua Copus, Kaleonani Hurley, Eric Tong, Lindsay 

Veazey, Erika Johnston, Alealani Dudoit, Sean Canfield, Garrett Johnson and everyone else who 

I have worked with over the past five and a half years: you are more like family than colleagues, 

and I will sorely miss the truly warm and inviting atmosphere that makes the ToBo lab so 

indescribably unique. 

 

I could not have obtained the specimens used for my studies if it weren’t for tissue loans from 

the Kagoshima University Museum, the Australian Museum, the Biodiversity Research Museum 

Academia Sinica, and The University of Kansas Biodiversity Research Center, and Laurie 

Sorenson. I especially must highlight the contributions of Hiroyuki Motomura and Mizuki 

Matsunuma from the Kagoshima University Museum, whose tissue loans as well as expertise 

were vital to my work. I also thank everyone who literally risked their limbs to collect lionfish 

for my projects, including my fellow ToBo lab members, Dave Pence, Athline Clark, Robert 

Whitton, Cassie Ka'apu-Lyons, Tane Sinclair-Taylor, Luiz Rocha, Mark Priest, Jean-Paul Hobbs, 

and Paulina Ahti. I specially thank D. Wilson Freshwater and James Morris, for without their 

initial donations of DNAs, tissues and specimens, I would never have been able to start to work 

on lionfishes. I thank Mariana Gerschenson and Dan Libutti for their assistance with my western 

blotting work. I thank Mark Hixon, a relative newcomer to UH, for his insights and our lively 

discussions about lionfishes. I also thank Angel Yanagihara for taking me on as a rotation 

student my first year and always challenging me to think about problems from a diversity of 

scientific angles.  

 



  iv 

Finally, I must thank my family and friends, for without them, there is no way that I would be 

where I am today. I want to thank my mother Leslie Bianchi, my father Bruce Wilcox, my 

stepmother Sue Wilcox, my brother Kian Wilcox, and all my aunts, uncles and cousins for a 

lifetime of guidance and love. My friends, both here in Hawai‘i and on the mainland, have been 

with me through the inevitably high highs and low lows that happen on the journey towards a 

doctoral degree. They have always been there when I needed them most, armed with good food, 

cheap liquor, horrible puns, and damp-resistant shoulder pads. I especially thank Jake Buehler 

for putting up with all my craziness in the last few months as I pushed to finish my degree. But 

most of all, I thank Kira Krend, who has been my best friend and roommate for the bulk of my 

time in Hawai‘i. She is not only the smartest person I know, but also the kindest, and because of 

her I am a better scientist, a better writer, and a better person.  

 

Mahalo nui loa. 

 

This research was supported by the National Science Foundation Grant OCE-0929031 to 

Brian Bowen, Seaver Institute grant to Brian Bowen, a King Abdullah University of Science and 

Technology (KAUST) Collaborative Research Grant to Michael Berumen, National Geographic 

Society Grant 9024-11 to Joseph DiBattista, and grants from PADI Foundation, Sigma Xi’s 

Grants-In-Aid of Research and Achievement Rewards for College Scientists Honolulu Chapter 

to Christie Wilcox. 



  v 

Contribution of Authors 
 
Though none of this dissertation would have been possible without my advisor, Brian Bowen, he 

is listed as co-author for Chapters 2 and 3 for which his contributions were particularly large. 

Brian contributed extensively to the specimen acquisition in Chapters 2 and 3, as well as 

providing institutional support that was vital to the completion of the work. Both Chapters 2 and 

3 are also co-authored by Hiroyuki Motomura and Mizuki Matsunuma, who contributed more 

than 170 specimens as well as their taxonomic expertise to the manuscripts. Chapter 4 is co-

authored by Mark Hixon, who provided immense assistance with the later stages of the project, 

particularly the manuscript preparation and submission. 



  vi 

Abstract 
 

The lionfishes (subfamily Pteroinae) are among the most visually distinctive fishes in the world. 

Their long, venomous spines have made them extraordinarily popular in the aquarium trade, but 

unfortunately, such popularity has led to their introduction outside their native range, where they 

have become highly invasive. Prior to the invasion of lionfish into the Atlantic, Caribbean and 

Gulf of Mexico, little was known about the pteroids. Research has begun to fill in gaps in our 

understanding of their biology and ecology, but it is hampered by a lack of evolutionary context. 

The goal of my dissertation was to use molecular methods to investigate this well-known but 

understudied group, including a phylogenetic examination of the subfamily and studies of their 

known protein toxins using genetic and proteomic approaches.  

 

Initial construction of a Pteroinae phylogeny revealed more diversity at the genus level than 

currently recognized by taxonomy. Results from Bayesian analyses suggest the five genera are 

more appropriately split into eight. Similarly, toxin gene sequences suggest higher inter- and 

intraspecific diversity in the main venom protein than previously known. The high degree of 

divergence was linked to positive selection acting upon toxin genes, among the first evidence for 

the role of strong positive selective forces in shaping defensive venoms.  

 

Phylogenetic reconstruction indicated the need for further investigation of the relationships 

between four putative lionfish species: the two invasive species Pterois volitans and P. miles and 

two closely related congeners, P. lunulata and P. russelii. Phylogeographic analyses revealed 

only two major lineages within the four species: an Indian Ocean lineage consisting largely of P. 
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miles, and a Pacific Ocean lineage consisting largely of P. lunulata and P. russelii. Specimens 

taxonomically identified as P. volitans appeared to be hybrids between the two lineages, 

possessing alleles from both lineages and intermediate phenotypes at key distinguishing meristic 

characters. The degree and extent of hybridization suggests that the two lineages may not be 

separate species, and currently recognized taxonomy instead reflects phenotypic variation within 

a single, wide-ranging, polytypic species or the potential formation of a hybrid swarm stemming 

from secondary contact and changes to oceanic biogeographic barriers over the last 2 million 

years.  

 

Finally, investigations of venom protein expression revealed that putative toxins are present in 

diverse tissues in lionfish. These toxins were found even in lipophilic extracts of tissues, 

suggesting potential contamination of ciguatoxin assays may be occurring. Together, the data 

from the three data-driven chapters have key implications for management practices, and point to 

important avenues for further research to truly understand these dangerous but beautiful fishes.
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Chapter 1 Introduction 
 

The Subfamily Pteroinae (Scorpaeniformes, Scorpaenidae)  

The Scorpaeniformes, or “mail-cheeked” fishes, are one of the most taxonomically, ecologically 

and morphologically diverse orders of teleosts with over 1500 species in 36 different families 

(Eschmeyer and Fong, 2011). Members of this order can be found worldwide, in tropical to 

arctic waters, and from freshwater streams down to the deepest oceanic trenches at depths of 

more than 7000 meters (Andriashey, 1955). Scorpaeniformes are also one of the most heavily 

fished groups, equaling 8% of the annual catch of fisheries in the United States (O’Bannon, 

2001). 

 

Many Scorpaeniform species are known for their potent and painful sting. The order includes the 

world’s most venomous fishes, the synanceiid stonefishes, as well as a number of other toxic 

groups, including the scorpionfishes, waspfishes and lionfishes. The toxins of these species 

appear to be highly similar proteins, suggesting that it reflects an ancestral trait in these 

phylogenetic lineages (Kiriake and Shiomi, 2011; Kiriake et al., 2013). Yet a number of groups 

that are not known to be toxic are interspersed among the phylogeny of these families (Smith and 

Wheeler, 2006) and thus may represent repeated losses of this putative ancestral character.  

 

Of the scorpaeniform lineages, the lionfishes (Family Scorpaenidae, Subfamily Pteroinae) are of 

special interest for a variety of reasons. Lionfishes are acanthotoxic (deliver toxins through the 

use of spines) teleost fishes native to the Indo-Pacific that are easily distinguished by their bold, 
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often striped coloration. Despite their popularity in the aquarium trade, little scientific research 

has been conducted on lionfishes.  

 

The Pteroinae comprise 21 species in five recognized genera: Pterois (10 species), Dendrochirus 

(five species), Ebosia (two species), Brachypterois (two species) and Parapterois (two species) 

(Kochzius et al., 2003; Allen and Erdmann, 2008; Matsunuma et al., 2013). 

 

The subfamily Pteroinae in their native range 

Recent invasions of lionfishes into the Mediterranean and West Atlantic have exposed the 

critical lack of knowledge about this group (Hare and Whitfield, 2003). Studies in their invasive 

ranges are hampered by a dearth of information about these fishes in their native environments as 

well as a poor overall understanding of the evolutionary history of group and the taxonomy of 

the two species identified in the native range, Pterois volitans and P. miles.  

 

Prior to the invasion of lionfish into the Atlantic, Caribbean and Gulf of Mexico, little was 

known about lionfish in their native range. Whitfield et al.’s (2007) thorough literature review 

summarized what was known at the time about lionfish ecology: the members of the subfamily 

Pteroinae are native to the sub-tropical and tropic regions of the Indo-Pacific (Schultz, 1986). 

They prey upon small fishes and crustaceans (Fishelson, 1975) at a very high rate (Fishelson, 

1997). Breeding occurs year round; lionfish are gonochoristic (distinct sexes) pair spawners with 

a complex courtship ritual that generally occurs before dark (Fishelson, 1975). Females ascend to 

release egg masses (one from each ovarian lobe) that are fertilized externally (Thresher, 1984; 

Morris, 2009). Lionfish larvae have an estimated pelagic larval duration of between 25 and 40 
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days (Whitfield et al., 2007). For P. volitans/miles, females have an estimated annual fecundity 

of up to two million eggs (Morris, 2009). Lionfish have no known regular predators, as they are 

armed with highly venomous fin spines (Allen and Eschmeyer, 1973; Fishelson, 1975; Halstead, 

1988; Bernadsky and Goulet, 1991).  

 

Since 2000, several additional details have emerged. Lionfish are unique predators even in their 

native ranges, and employ a variety of strategies to facilitate predation including shooting water 

jets (Albins and Lyons, 2012) and cooperative hunting (Lönnstedt et al., 2014). In addition, prey 

items in both the invasive (Black et al., 2014) and native (Lönnstedt and McCormick, 2013) 

range either do not recognize lionfish as predators or do not modulate behavior to reduce 

predation risk. Lionfish also appear to be resistant to parasites in both their invasive and native 

ranges when compared to other species with similar ecologies (Sikkel et al., 2014; Simmons, 

2014). It is possible that lionfish produce toxins that make them resistant to parasitism in their 

skin in addition to the venom they produce their spines, as other fish are known to produce anti-

parasitic skin toxins (Munday et al., 2003). They may even use the same compounds to ward off 

parasites and predators, as venom or venom-like proteins are expressed throughout the body 

(Wilcox and Hixon, 2014).  

 

Conflicting data indicate that further studies of native range distributions and densities are 

warranted. One study comparing Kenyan lionfish populations to those from the Bahamas found 

that while the density of Pterois was significantly higher in the invasive range, when all species 

of lionfish were counted, lionfish densities in both locations were not significantly different 

(Darling et al., 2011). However, others have suggested that the Pteroinae exist in low densities 
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throughout their native range (Kulbicki et al., 2012). The difference in density may be regional—

Pterois species may exist in higher densities in the Indian Ocean and Red Sea than in the Pacific 

(Kulbicki et al., 2012). However, much of the density data is anecdotal or calculated from 

general surveys, as surveys designed to find lionfish that often hide in crevices or caves have not 

been conducted throughout the native range. Most notably, there is very little information about 

lionfish from the Indonesian Archipelago, the suspected region of origin for the invasive Atlantic 

lionfish (Freshwater et al., 2009a).  

 

Lionfish venom 

The lionfish acanthotoxic apparatus consists of 12 dorsal, 2 pelvic and 3 anal fin spines, which 

have bilateral grooves containing fusiform, grayish colored toxin-producing tissues (Halstead et 

al., 1955). The spines are thinner, longer and more fragile than those of scorpionfish. Toxin 

delivery occurs with mechanical pressure on the spine causing trauma through holocrine 

secretion or direct rupture of the toxin-producing cells (Halstead, 1988). 

 

Lionfishes are unique in the Scorpaenidae in that they are popular aquarium species. They are 

readily purchased in most states, though there are import bans on lionfish in Hawaii and Florida. 

Lionfish stings are thus far more common than stonefish or scorpionfish stings, and tend to occur 

on hands instead of feet. A total of 108 cases of lionfish stings in the US were reported in the 

literature between 1976 and 2001, and many more likely went unreported. The toxin produced in 

lionfish spines is considered to be the least potent of the scorpaenid parenteral poisons. The 

predominant symptom is severe, throbbing pain at the sting site, which may radiate from the site 

of injury and persists for up to 12 hours (Trestrail and Al-Mahasneh, 1989). Anesthesia, 
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paresthesia, and hypesthesia of the affected extremity have all been reported, and can last for 

several weeks (Kizer et al., 1985; Kasdan et al., 1987; Trestrail and Al-Mahasneh, 1989; Patel 

and Wells, 1993). While systemic effects in humans are rare, these include headache, nausea, 

vomiting, abdominal pain, delirium, seizures, limb paralysis, hypertension and hypotension, 

respiratory distress, heart problems, edema, muscle weakness, chills and death (Kizer et al., 

1985; Kasdan et al., 1987; Trestrail and Al-Mahasneh, 1989). 

 

Lionfish acanthotoxin extracts have been obtained by homogenization of the venomous tissue 

from the dorsal or anal spines. These extracts have been found to be extremely labile, 

particularly to heat, and will degrade readily at even room temperature (Saunders and Taylor, 

1959; Shiomi et al., 1989). Intravenous introduction of extracts in mice yielded similar effects to 

injection of stonefish venom, including ataxia, limb paralysis, and muscle weakness, though the 

muscular effects were more pronounced for lionfish venom than stonefish venom (Saunders and 

Taylor, 1959). The LD50 varies depending on method of storage and species. In mice, LD50 has 

been estimated to be anywhere from 42.5 µg/kg by Balasubashini et al. (2006), to 350-675 µg/kg 

by Shiomi et al. (1989), to as high as 1.1 mg/kg by Saunders & Taylor (1959). An LD50 of 200 

µg/kg has been reported for buffalo sculpin (Choromanski, 1985) and rabbits (Saunders and 

Taylor, 1959). Death occurs due to cardiovascular and respiratory failure. In rabbits and mice, 

fatal doses produced a marked fall in blood pressure, loss of muscular coordination and paralysis, 

convulsion, evidence of myocardial ischemia or injury, and respiratory failure, followed by death 

(Saunders and Taylor, 1959; Balasubashini et al., 2006).  
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Sub-lethal doses also reveal marked changes in the cardiovascular system (Cohen and Olek, 

1989). Toxin delivery is accompanied by changes in heart rate, contractile force and blood 

pressure. Studies on Pterois volitans in vitro have reported positive chronotropic effects at low 

doses (Choromanski, 1985) with strong negative inotropic and chronotropic effects at higher 

doses (Choromanski, 1985; Cohen and Olek, 1989). In vivo, the same negative inotropic and 

chronotropic effects have been observed (Saunders and Taylor, 1959; Balasubashini et al., 2006), 

but positive inotropic effects have been found as well (Choromanski, 1985). These effects may 

be primarily due to action on muscarinic cholinergic receptors and adrenoceptors (Church and 

Hodgson, 2002), which may be caused by the presence of acetylcholine in the venom (Cohen 

and Olek, 1989), or released from the lionfish tissues in addition to peptide toxins. 

 

Lionfish crude extracts also possesses hemolytic activity. Crude extracts of multiple species were 

found to be hemolytic for rabbit erythrocytes (Shiomi et al., 1989). Sub-lethal doses in mice 

revealed strong hemolytic effects, leading to reductions in hemoglobin content, white blood cell 

count, mean corpuscular volume and platelet count (Balasubashini et al., 2006).  

 

Biochemical investigations into the specific compounds which produce the physiological 

activities of lionfish acanthotoxic extracts have produced few concrete results. Many activities of 

crude lionfish extracts are lessened by pretreatment with stonefish antivenin, indicating that the 

molecular mechanism of lionfish venom is similar to that of stonefish (Church and Hodgson, 

2002; Shiomi et al., 1989). Proteolytic enzymes weighing roughly 45 kDa have been detected 

though not purified (Balasubashini et al., 2006), and other proteins weighing 29 kDa, 66 kDa, 97 

kDa and 116 kDa have been separated using SDS-PAGE, though their functions are unknown 
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(Choromanski, 1985). However, it is clear that lionfish acanthotoxic extracts also contain non-

proteinaceous compounds (Nair et al., 1985; Cohen and Olek, 1989), and these also play a role in 

venom effects, though not in lethality in mammals (Cohen and Olek, 1989).  

 

Lethal and hemolytic activities are largely attributed to scorpaenitoxins, large, non-dialyzable 

and heat labile proteins (Saunders and Taylor, 1959), which are found throughout the 

Scorpaeniformes. Ten lethal scorpaenitoxin proteins have been isolated from four species of 

stonefish, three species of lionfish, one species of waspfish, and one species of scorpionfish: 

stonustoxin (SNTX) from Synanceja horrida (Poh et al., 1991; Ghadessy et al., 1996), 

verrucotoxin (VTX, Garnier et al., 1995; Garnier et al., 1997) and neoverrucotoxin (neoVTX) 

from Synanceja verrucosa (Ueda et al., 2006), trachynilysin (TLY), from Synanceja trachynis 

(Kreger, 1991), PvTx from P. volitans (Kiriake and Shiomi, 2011), PaTX from P. antennata 

(Kiriake and Shiomi, 2011), PlTX from P. lunulata (Kiriake et al., 2013), Sp-CTX from 

Scorpaena plumieri (Andrich et al., 2010), Inimicus japonicas, and waspfish Hypodytes 

rubripinnis. All are large, multi-subunit proteins that are thought to cause cytotoxicity through 

pore formation and sodium channel activation. Of the ten, the complementary DNAs (cDNA) of 

eight toxin mRNA sequences have been generated. Sequences of subunits within the same 

taxonomic family are > 87% identical (Ueda et al., 2006), while those between families are > 

45% identical (Kiriake and Shiomi, 2011; Kiriake et al., 2013; Kiriake et al., 2013). Within the 

genus Pterois, however, toxins are extremely similar, with less than 2% amino acid divergence 

detected between P. antennata, P. volitans and P. lunulata (Kiriake et al., 2013). 
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Invasive lionfishes 

Pterois volitans/P. miles were introduced to the Atlantic in the 1980s in the vicinity of Florida 

(Morris and Whitfield, 2009). Though there has been ample speculation about the source of the 

invasion, the most likely conduit is the aquarium trade (Semmens et al., 2004), with individuals 

collected in Indonesia (Freshwater et al., 2009a). It’s not surprising that these colorful fishes 

were able to establish and thrive in this new environment; lionfishes are fast-growing predators 

with a diverse diet, are able to survive for extended periods with little or no food intake, breed 

year-round producing up to two million eggs per female annually, and have no substantial 

natural predators (Fishelson, 1975; Morris and Whitfield, 2009; Albins and Hixon, 2013; Côté et 

al., 2013; Hackerott et al., 2013 but see Mumby et al. 2011). The lionfish populations in the 

Atlantic remained relatively dormant for a little over a decade, but by the early 2000s, they began 

to spread quickly. By 2004 they had spread to Bermuda and the Bahamas; by 2009 they were 

established throughout the Caribbean Sea; by 2012 they had invaded the Gulf of Mexico 

(Schofield, 2009; Morris, 2012). In addition, they have been observed upriver in brackish water 

as low as 8 parts per thousand (ppt) salinity (Jud and Layman, 2012; Jud et al., 2014), and are 

known to inhabit mangrove and seagrass communities (Barbour et al., 2011; Claydon, Calosso 

and Traiger, 2011; Jud et al., 2011; Naumann and Wild, 2013). In U.S. jurisdictions, populations 

and sightings are monitored by the research arm of the National Oceanographic and Atmospheric 

Administration (NOAA)—the National Centers for Coastal Ocean Science (NCCOS)—through 

collaborations with the Reef Environmental and Education Foundation (REEF) and the United 

States Geological Survey (USGS). Currently, lionfish in the western Atlantic are found 

ubiquitously in marine habitats as far south as Venezuela, as far north as Cape Hattaras, and 

throughout the greater Caribbean region and the Gulf of Mexico. Lionfish are predicted to 
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expand their range even further along the Atlantic coast of South America (Kimball et al., 2004; 

Morris, 2012; Luiz et al., 2013). Thus, they fit the pattern of a successful, generalist invader 

readily adapting to diverse ecological settings. 

 

Like many invasive species (Lovell and Stone, 2005; Britton et al., 2010), the lionfishes outside 

of their native range are wreaking havoc on local marine communities. Lionfish on small patch 

reefs have been shown to reduce native fish recruitment by almost 80% in 5 weeks (Albins and 

Hixon, 2008) and by over 90% in 8 weeks (Albins, 2013), and there is evidence that lionfish are 

altering benthic assemblages (Layman, Jud and Nichols, 2014). Native prey species across broad 

spatial scales have experienced steep population declines (Green et al., 2012). There is increasing 

concern that the invasive fish, through predation on herbivorous fishes, will cause phase shifts 

from coral-dominated to algal-dominated habitats (Lesser and Slattery, 2011; Albins and Hixon, 

2013). Because of the geographic extent and severity of the impacts, the lionfish invasion is 

considered one of the top threats to biodiversity (Sutherland et al., 2010). 

 

Dissertation Outline 
The primary goal of my dissertation research is to use molecular methods to investigate the 

Pteroinae with a specific focus on the invasive species. This dissertation consists of three stand-

alone manuscripts that are published, in review, or in the final stages of preparation for 

submission to peer-reviewed scientific journals. Chapter 2 “Toxic mess: evolutionary 

relationships in the Pteroinae,” seeks to characterize the overall evolutionary history of the 

Pteroinae by reconstructing a robust phylogeny of the subfamily. Monophyly of current genera 
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are evaluated, as well as support for species-level distinctions. I further utilize that phylogeny to 

make inferences about toxin evolution by contrasting the overall tree topology with the gene tree 

topology for the scorpaenitoxin beta subunit as inferred from small section of the third exon. 

This chapter is in preparation for submission to Molecular Phylogenetics and Evolution. Chapter 

3, “The invasive species that doesn’t exist,” delves into inter- and intra-species relationships 

between the putative invaders P. miles, P. volitans, and their closest relatives, P. lunulata and P. 

russelii. I use a combined mitochondrial and nuclear dataset to critically analyze the proposed 

species breaks, and determine to what extent hybridization occurs between the species that have 

become invasive in the Mediterranean, Atlantic and Caribbean. This chapter is submitted to 

Molecular Ecology. Chapter 4, “False positive tests for ciguatera may derail efforts to control 

invasive lionfish,” examines the gene expression of potential venom proteins in invasive lionfish 

tissues, and discuss the implications of these results for ciguatoxin detection. Because lionfish 

venom can act similarly to ciguatoxin in vivo and in vitro, simpler methods of ciguatoxin 

detection may not be able to distinguish between the two, only the latter of which is dangerous if 

swallowed. Chapter 3 shows that venom proteins can be found throughout the body, and thus 

may complicate interpretation of positive ciguatoxin assays, particularly by subsistence 

fishermen without access to more accurate (and more expensive) testing techniques. This chapter 

was published in Environmental Biology of Fishes (Wilcox and Hixon, 2014). Finally, in Chapter 

5, I summarize the three data chapters and suggest future research directions.  
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Chapter 2 Toxic mess: evolutionary relationships in the Pteroinae 
 
Phylogenetic examination of the subfamily Pteroinae suggests polyphyletic genera, potential 
cryptic species, and hidden toxin diversity. 
 

Christie L. Wilcox, Hiroyuki Motomura, Mizuki Matsunuma, Brian W. Bowen 

 
Key words: Pteroinae, Phylogenetics, Pterois, Dendrochirus, Ebosia, Parapterois, 
Brachypterois, scorpaenitoxin, venom evolution 
 

Abstract 
The phylogenetic relationships among the species in the subfamily Pteroinae (lionfishes) are 
largely unsettled. Previous studies have concluded that the genera Pterois and Dendrochirus are 
not monophyletic, but no previous study has incorporated all five genera within Pteroinae. This 
study examined the phylogenetic relationships in the Pteroinae based on DNA sequence data 
from four nuclear introns (S7 ribosomal protein intron 1, Gonadotropin releasing hormone-3, 
Titin-like Molecule, Glyceraldehyde-3-phosphate dehydrogenase intron 2) and one 
mitochondrial locus (a subsection of mitochondrial cytochrome oxidase gene) based on 134 
lionfish and an outgroup (Scorpaenidae specimens) using Bayesian methods. Partial sequences 
from the beta subunit of the primary venom protein were also obtained, allowing for the 
examination of venom variability between and within species. The molecular phylogeny supports 
the previous suggestions of polyphyly for the genera Dendrochirus and Pterois while confirming 
the respective monophyly of Parapterois, Brachypterois and Ebosia. Phylogenetic inferences 
also indicated extremely close relationships between the invasive P. volitans and P. miles and the 
Pacific lionfishes P. lunulata and P. russelii that warrant further examination. Pteroid venom 
sequences revealed high divergences both within and between species, likely due to strong 
positive selection. The implications of such differences in variability may reveal key facets of 
defensive venom evolution. 

 Introduction  

The subfamily Pteroinae, commonly referred to as lionfishes, turkeyfishes or firefishes, are one 

of the most morphologically derived subfamilies in the order Scorpaeniformes. Though not 

considered important food fish, the subfamily is notable for both their popularity in the aquarium 

trade and their propensity for invasion—members of this group have become established in both 
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the Mediterranean (Pterois miles; Golani and Sonin, 1992) and the Atlantic (Pterois volitans and 

Pterois miles; Whitfield et al., 2007), and in the latter, are considered a highly invasive species. 

 

The 21 recognized species are currently separated into five genera: Pterois (10 species), 

Dendrochirus (five species), Ebosia (two species), Brachypterois (two species) and Parapterois 

(two species) (Kochzius et al., 2003; Allen and Erdmann, 2008; Matsunuma et al., 2013). 

Previous phylogenetic investigations have focused entirely on the more speciose genera Pterois 

and Dendrochirus (Kochzius et al., 2003; Freshwater et al., 2009b), supporting previous 

inferences that the separation into two genera is not warranted (Eschmeyer and Randall, 1975). 

However, a more careful investigation of the relationships is warranted, especially between these 

two genera and the other three genera not includes in previous studies. 

 

Lionfish, like other members of the Scorpaeniformes including the scorpionfishes and 

stonefishes, are known for their potent venomous spines (Halstead, 1988). It is not known, 

however, whether the venoms vary significantly within or between species. Biochemical 

investigations have indicated that, although venoms are highly homologous, there is variation in 

their potency (Shiomi et al., 1989). Such studies are hard to interpret in a comparative 

framework, given that pure lionfish venom has not been isolated from spine tissues, and the 

labile nature of piscine venoms adds additional uncertainty (Saunders and Taylor, 1959; 

Choromanski, 1985). Because the cDNA or DNA sequences are known for venom proteins of 

several Scorpaeniformes (scorpaenitoxins), a genetic approach allows for insight into venom 

variation without these caveats.  
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The purpose of this study was to resolve the Pteroinae phylogeny, including members from all 

five lionfish genera. We were then able to compare subsections of the scorpaenitoxin beta 

subunit from the same individuals , and examine inter- and intra- species venom variability and 

test for selection. The issue of venom evolution is confounded by a distinction between predatory 

venoms and defensive venoms. The former are expected to be in a “Red Queen” race (Van 

Valen, 1973) as potential prey evolve immunity to the venom through frequent interactions and 

intense natural selection. In contrast, defensive venoms may be rarely deployed, are not directed 

at a subset of specific (prey) species, and therefore may be subject to stabilizing selection at an 

evolutionary optimum. The divergence and diversity of lionfish venoms can provide a novel 

perspective on these alternate models of evolution. 

 

Methods 

Taxon Sampling 

Tissue samples were obtained from 129 lionfish and six outgroup specimens (Table A.1). 

Samples included specimens from all of the five Pteroinae genera (18 of the 21 currently 

recognized species), with close outgroups chosen from the Scorpaenidae. Samples were obtained 

either through collaborations with museums and universities or collected directly using pole 

spears while SCUBA diving or snorkeling. Species were identified in the field by researchers 

trained in lionfish morphology, and taxonomic assignments for museum specimens were 

confirmed with vouchers. Tissue samples (fin, muscle or gill) were stored in ethanol or a 

saturated salt-DMSO buffer (Amos and Hoelzel, 1991). Total genomic DNA was extracted using 
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a hotshot protocol (Meeker et al., 2007) and frozen in Tris-EDTA (TE) buffer stored at –20 °C 

until use.  

 

Four nuclear and one mitochondrial loci were chosen for phylogenetic inferences: S7 ribosomal 

protein intron 1 (S7 RP1, Chow and Hazama, 1998), Gonadotropin releasing hormone-3 (GNRH, 

Hassan et al., 2002), Titin-like Molecule (TMO, Streelman and Karl, 1997), Glyceraldehyde-3-

phosphate dehydrogenase intron 2 (Gpd2, Hassan et al., 2002), and a subsection of mitochondrial 

cytochrome oxidase gene (COI, using the primers FishF2 and FishR1 from Ward et al., 2005); 

primer sequences can be found in Table A.2. Polymerase chain reaction (PCR) mixes were 

prepared following manufacturer’s instructions using MangoMix (Bioline Ltd., London, UK), 

0.26 micromolar (µM) concentration of each primer, and 5–50 nanograms (ng) template DNA in 

15 microliters (µl) total volume. Thermal cycling conditions consisted of an initial denaturing 

step at 95 °C for 5 min, then 35 cycles of amplification 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 final extension of 30 min at 72 °C. Annealing temperatures for each marker were 

58° C for S7 RP1, 53° C for GNRH, 53° C for TMO, 51° C for Gpd2 and 50° C for CO1. 

  

Excess oligonucleotide primers were removed through simultaneous incubation of PCR product 

with exonuclease I and shrimp alkaline phosphatase (ExoSAP; USB, Cleveland, OH, USA) at 

37° C for 60 min, followed by deactivation at 85 °C for 15 min. All samples were sequenced in 

the forward direction with fluorescently labeled dye terminators following manufacturer’s 

protocols (BigDye, Applied Biosystems Inc., Foster City, CA, USA) and analyzed using an ABI 

3130XL Genetic Analyzer (Applied Biosystems) at the University of Hawai‘i at Mānoa ASGPB 
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Genomics Laboratory. Rare or questionable haplotypes as well as heterozygous individuals were 

sequenced in both directions. 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/). 

Alignments were created for each locus as well as two concatenated datasets: one with all loci, 

and one with just the nuclear loci. Variable sites were visually checked to ensure accuracy. The 

jModelTest version 1.0.1 (Posada, 2008) was used with a corrected Akaike information criterion 

(AICc) test to select the best fitting nucleotide; the models selected were Tamura-Nei (TrN) + 

Gamma distribution (G) for S7 RP1, Jukes-Cantor (JC) for GNRH, JC for TMO, JC for Gpd2, 

and TrN +Proportion of invariable sites (I) +G for CO1 . 

 

Phylogenetic Analyses 

Alignments were analyzed using Bayesian inference implemented on MrBayes version 3.2.2 

(Huelsenbeck et al., 2001; Ronquist and Huelsenbeck, 2003; Ronquist et al., 2012) with priors 

set according to the best-fit model as determined above for each locus (concatenated alignments 

were partitioned, with best-fit models applied to each partition). The Markov chain Monte Carlo 

search was run with four chains for a minimum of 1x106 generations in four chains, with trees 

sampled every 100 generations after an initial burn-in of 250 trees. Convergence and mixing was 

assessed using Tracer version 1.6 (http://tree.bio.ed.ac.uk/software/tracer/) and AWTY 

(http://ceb.csit.fsu.edu/awty). Posterior probabilities for clades were established by creating a 

consensus tree for all trees generated after the completion of the burn-in. To test for cytonuclear 

discordance, datasets for the mitochondrial locus and concatenated nuclear loci were pruned such 

that only the basal and derived tips from each clade were included. Bayesian consensus trees for 

the reduced datasets were determined, and likelihood scores of each tree topology were 
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calculated using PAUP* version 4.0a136 (Swofford, 2002). Significant differences were 

determined using a Kishino-Hasegawa (KH) test with 10,000 bootstrap replicates as 

implemented in PAUP*.  

 

Scorpaenitoxin genetics 

Partial sequences from the third exon of the scorpaenitoxin beta subunit (TxB) were amplified 

from genomic DNA from 187 specimens extracted and stored as described above using the 

primers Vb (Kiriake and Shiomi, 2011) and an annealing temperature of 50° C (primer 

sequences: Vb-GspF 5’-CAGTGCTATCAGCAGGTGCTGTGC-3’, Vb-GspR1 5’-

CCAACTCCATGCACTGCTAAAGAG-3’). Forward and reverse sequences were carefully 

aligned to the available toxin sequences in GenBank using Geneious Pro, and jModelTest 

indicated a JC model as the best nucleotide substitution model. Genetic variation was described 

with nucleotide diversity (π; equation 10.19 in Nei 1987) and haplotype diversity (h; equation 8.5 

in Nei, 1987) for each locus using ARLEQUIN version 3.5.1 (Excoffier and Lischer, 2010), and 

corrected sequence divergences were calculated for pairwise comparisons of all taxa, with gaps 

coded as missing data (uninformative). Two alignments were analyzed further: one containing 

only the individuals used for the phylogeny reconstruction, and one with all sequences obtained 

plus the beta scorpaenitoxin subunits available in GenBank. These alignments were analyzed 

using Bayesian inference implemented on MrBayes, with priors set according to the best-fit 

model. The Markov chain Monte Carlo search was run for a minimum of 1x106 generations in 

four chains, with trees sampled every 100 generations after an initial burn-in of 1000 trees, and a 

consensus tree was generated. Sequences were also translated using a standard codon model and 

pared to unique protein sequences. Selection was tested for using Ka/Ks-values calculated based 
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on method 7 of Liberles (Liberles, 2001) by service at the Bergen Center for Computational 

Science (http://services.cbu.uib.no/tools/kaks). The Ka/Ks -values are calculated on each branch 

point on a calculated binary cladogram, with Ka/Ks values of > 1 indicating positive selection, 1 

indicating neutral selection, and < 1 indicating stabilizing selection. 

 

Results 

Phylogeny Reconstruction  

A total of 472 bp of CO1, 289 bp of GNRH, 279 bp of Gpd2, 611 bp of S7 RP1, and 327 bp of 

TMO were resolved for each individual. Analysis of the concatenated sequence data produced 

eight distinct clades with high Bayesian posterior support values (Figure 2.1, also broken into the 

more legible Figure 2.2 and Figure 2.3) 

 

Genus Pterois  

As expected from previous studies, the genus Pterois is not monophyletic, and is instead split 

into two clades with our larger data set: Pterois 1 (P1) containing P. antennata, P. radiata, P. 

mombasse, and P. sphex and Pterois 2 (P2) containing P. volitans, P. miles, P. lunulata and P. 

russelii (Figure 2.1). The genus Pterois was polyphyletic, with multiple genera separating the 

two clades, indicating the grouping into one genus is incongruent with evolutionary history. In 

clade P1, taxonomy was confirmed, with each species forming a strongly supported 

monophyletic lineage (Figure 2.2). However, in clade P2, clear distinctions between the four 

putative species were not resolved, prompting further investigation (Figure 2.3; see Chapter 3).  
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Genus Dendrochirus 

The genus Dendrochirus was also not monophyletic, and resolved into three clades: D1 

containing D. zebra, D2 containing D. brachypterus and D. barberi, and D3 containing D. 

biocellatus (Figure 2.1). Clade D1 is sister to P1, D2 is sister to P2, and D3 was sister to the 

entire subfamily. The three Dendrochirus clades were separated by multiple genera, indicating 

that the continued grouping of these clades into one genus is incongruent with evolutionary 

history. However, their exact placement is still tentative. All loci strongly supported the 

separation of D2 and D3. While the concatenated phylogeny produced highly supported clades 

(posterior probabilities > 0.95), comparisons of the mitochondrial and nuclear data sets revealed 

uncertainty, particularly in the placement of D2 and Parapterois (Figure 2.4). Despite weak 

support for some of the differences, the two tree topologies were significantly different (KH test, 

P < 0.0001).  

 

Dendrochirus brachypterus was not monophyletic in the consensus tree, but consisted of two 

highly supported lineages, one of which is detected from Africa to the central Pacific, and the 

other detected in the West Pacific and (notably) affiliated with the Hawaiian endemic D. barberi. 

Two specimens identified as D. bellus that were obtained for this study were genetically identical 

to Brachypterois serrulata and Pterois volitans specimens for the loci examined and were 

removed from the dataset prior to tree reconstruction. Upon further examination of the vouchers, 

are likely misidentifications; the specimens are small (103mm and 33mm standard length) and 

lost much of their distinguishing morphological characteristics through damage incurred during 

trawl captures. It thus remains unknown whether D. bellus is a distinct evolutionary lineage and, 

if so, where it resolves amongst the subfamily.  
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Brachypterois, Parapterois, and Ebosia  

Phylogenetic analyses strongly supported monophyly for Brachypterois, Parapterois, and 

Ebosia. The three genera were interspersed amongst Pterois and Dendrochirus clades (Figure 

2.1). Within Brachypterois, species also did not resolve monophyletically, with B. serrulifer split 

into two highly supported clades.  

 

Hawaiian Endemics 

The phylogenetic separation of the two Hawaiian endemics (P. sphex and D. barberi) supports 

previous assertions that lionfish colonized the Hawaiian archipelago at least twice, with both 

endemic Hawaiian species descendent from broad-ranging Indo-Pacific relatives; P. sphex is 

affiliated with the widespread P. antennata (Figure 2.2) and D. barberi is affiliated with the 

widespread D. brachypterus (Figure 2.3). A molecular clock of 1 – 1.5% per million years as 

observed in species-pairs calibrated across the Isthmus of Panama (see Lessios, 2008; Reece et 

al., 2010) between lineages for COI would date the isolation of the Hawaiian P. sphex at 3.4 – 

5.1 Ma, and the isolation of the Hawaiian D. barberi at 2.2 – 3.3 Ma. 

 

Toxin genetics 

A total of 350 bp at the terminal end of the coding region for the scorpaenitoxin beta subunit was 

resolved for 187 fish including two outgroup specimens (Scorpaena plumieri and Scorpaenopsis 

oxycephala). High levels of haplotype diversity were found within some lionfish species (Table 

2.1), while others showed almost no sequence variation even between species (Figure 2.5). 

Sequence divergences between species are high, on par with mitochondrial sequences (Table 
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2.2). In particular, P. antennata stood out as possessing extreme toxin diversity, and many of the 

mutations were non-synonymous (Figure 2.7). There was no geographic pattern to the variation 

(Figure 2.6). Calculated Ka/Ks values indicated strong positive selection. The average Ka/Ks 

across the 57 nodes examined was 1.64 (range 0 – 17.34), with 27 of the 57 nodes indicating 

positive selection.  

 

Discussion 

Despite their economic and ecological importance, very few molecular studies to date have 

investigated the subfamily Pteroinae. This is the first study to include all five genera in 

phylogenetic analyses. Uncertainty as to the affinities of this highly invasive group of fish 

necessitates such a complete sampling strategy, in order to fully ascertain the life history 

characteristics that enable such explosive growth of these taxa in novel environments. 

Additionally, it is the first to examine partial toxin sequences from all five lionfish genera and 

use genetic inference to investigate potential toxin diversity amongst pteroids.  

 

Taxonomic implications 

Bayesian analyses using five genetic loci support the current taxonomic status of Brachypterois, 

Parapterois, and Ebosia at the genus level. However, the molecular phylogenies constructed in 

this study strongly contradict current taxonomy for Pterois and Dendrochirus (Eschmeyer, 

1998). Bayesian analyses split Pterois into two distinct lineages and Dendrochirus into three. 

These results are concordant with those of Kochzius et al. (2003) and Freshwater et al. (2009b) 

and support the taxonomic recommendation by Smith (1957), who separated Pterois into two 
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genera: genus Pterois, containing P. volitans and P. miles, and genus Pteropterus, containing P. 

antennata, P. radiata, and P. mombasse, based on the presence of both cycloid and ctenoid 

scales in Pteropterus but only ctenoid scales in Pterois. The separation of Dendrochirus from 

Pterois is currently based on fin ray branching patterns (Eschmeyer, 1998). Some of the 

misaligned taxonomy likely stems from the imprecise definition of Dendrochirus originally 

(Swainson, 1839), and it is likely that the currently applied meristics do not sufficiently reveal 

phylogenetic relationships between these species (Kochzius et al., 2003). The placement of the 

Pterois and Dendrochirus clades, however, is not congruent with the suspicions of Eschmeyer 

and Randall (1975) or the classification of Dendrochirus spp. as members of the genus Pterois 

by Klunzinger (1870), Gunther (1873), and de Beaufort and Briggs (1962). Instead, our results 

suggest that each lineage should be considered a separate genus, with the possible grouping of 

Dendrochirus zebra in with the Pteropterus clade. 

 

Our data were unable to confidently determine the evolutionary relationships among Pteroinae 

genera, however, due to discordance between nuclear and mitochondrial data. The mtDNA data 

indicates that Parapterois is branches first, while data from nuclear loci indicates that D3 

(Dendrochirus biocellatus) does, with Parapterois nested amongst other genera. Greater 

resolution could be accomplished with more markers, particularly more divergent nuclear 

markers, perhaps through next-generation sequencing techniques like RAD-Seq. 

 

At the species level, our data support most of the current taxonomic identifications, as species 

separated into strongly supported monophyletic clades. Potentially cryptic species were detected 

in Brachypterois serrulifer and Dendrochirus brachypterus. However, further investigation is 
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needed. Additionally, there was small but distinctive genetic divergence between the P. 

mombasse sample obtained through the Kagoshima University Museum and other P. mombasse 

included in these analyses, supporting the nomination of a potential cryptic species currently 

under investigation (Motomura and Matsunuma, pers. comm.). Conversely, these data were 

unable to resolve the P2 cluster including P. volitans, P. lunulata and P. russelii as independent 

species, and P. miles, the fourth lineage in P2, is very closely related to the other three. Further 

investigation into these four putative species will be necessary to understand the evolutionary 

history of this key lineage, as two of the four species are known invasives (see Whitfield et al., 

2007 and Chapter 3). 

 

Toxin evolution 

Venom variation and evolutionary selective pressures have been well studied in predatory 

venoms (see Casewell et al., 2012 for a review), however, little is known about the evolution of 

defensive venoms. Some of the species with predatory venoms have undergone dietary shifts to 

undefended prey or to non-venomous prey acquisition, accompanied by atrophy of venom 

delivery systems and degeneration of toxin genes (Li et al., 2005; Smith and Wheeler, 2006). 

These findings indicate that foraging success is the primary selective force for many venomous 

animals—thus the maintenance of potent defensive venoms remains unexplained. Such proteins 

represent an expensive evolutionary adaptation to maintain in the absence of selection, and 

presumably their coding sequences should drift to the status of mere pseudogenes within the 

genome. This study represents one of the first phylogenetic analyses of pteroid venom toxins, 

and the first to compare not only multiple genera and species but also multiple individuals within 

each species.  
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Even without full gene sequences, these results indicate that defensive venoms are under strong 

positive selection. The portion of scorpaenitoxin beta subunit examined in this study is the only 

region of the full protein that annotates to a known domain, the B30.2/SPRY domain, which is 

found in several venom proteins (Fry et al., 2009). This domain is believed to be involved in 

protein-protein interactions (Woo et al., 2006), and thus may be directly involved in the 

venomous activity of scorpaenitoxins. Our study found a high degree of divergence between and 

within taxa with high Ka/Ks values, indicating that these toxins are rapidly evolving due to 

positive selection. Divergent toxin protein sequences are maintained even within a single lineage 

across a broad geographic range, though our data could not speak to what selective pressures 

sustain such toxin diversity. 

 

These results are somewhat in contrast to previous studies that have found limited variation 

between scorpaenid and particularly pteroid species (Kiriake and Shiomi, 2011; Kiriake et al., 

2013). In part, poor taxonomic identification may have masked toxin divergences. Kiriake and 

Shiomi (2011) found only 1% amino acid divergence between P. antennata and P. volitans beta-

subunit toxin sequences, however, their sequence for P. antennata does not match any of the P. 

antennata sequences in this study, and instead, is identical to sequences from P. lunulata and P. 

russelii, indicating that the specimen may have been misidentified. Our data reveal that P. 

antennata had 8 – 13% sequence divergence from P. volitans. Most previous studies focused on 

obtaining toxin sequences from single individuals, thus could not address intraspecific variation 

as done in this study. Additionally, the results in this study are limited to a small portion of the 

overall toxin gene, and in particular, one that may be under stronger selection than other areas, 
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given its likely role in toxin function. For example, across the entire beta-subunit sequence, 

Kiriake et al. (2013) found 23% divergence between P. volitans and the waspfish Hypodytes 

rubripinnis, but truncating those same sequences to the region evaluated in this study raises that 

divergence to 34%. 

Conclusions 

Evolutionary relationships within the subfamily Pteroinae were examined using mitochondrial 

and nuclear sequence data. These data demonstrated the polyphyly of the genera Dendrochirus 

and Pterois, supporting breaking the two genera into a total of five. Analyses of partial venom 

sequences uncovered varied divergences within and between taxa, with P. antennata in particular 

demonstrating extremely high intraspecific variation that was not associated with a geographic 

pattern. The toxin data indicate strong positive selection is acting upon scorpaenitoxin sequences. 

The source of such selection remains elusive, but the strong positive selection observed in 

predatory vemons may have parallels in defensive venoms. 

 

Acknowledgments 

This research was supported by the National Science Foundation Grant OCE-0929031 to 

BW Bowen, Seaver Institute grant to BWB, a King Abdullah University of Science and 

Technology (KAUST) Collaborative Research Grant to M Berumen, National Geographic 

Society Grant 9024-11 to J DiBattista, and grants from PADI Foundation, Sigma Xi’s Grants-In-

Aid of Research and Achievement Rewards for College Scientists Honolulu Chapter to C 

Wilcox. In addition, we thank the Australian Museum, the Biodiversity Research Museum 



  25 

Academia Sinica, and The University of Kansas Biodiversity Research Center for tissue samples 

that were used in this study. For specimen collections, we thank D Freshwater, J Morris, R 

Coleman, J Copus, J DiBattista, D Pence, R Whitton, M Berumen, C Ka'apu-Lyons, T Sinclair-

Taylor, L Rocha, M Priest, J Hobbs, P Ahti, and members of the ToBo Lab. This study complied 

with current laws in the United States and was conducted in accordance with the regulations of 

the University of Hawai‘i Institutional Animal Care and Use Committee (IACUC 09-753-5). 

 
 

 

 
  



  26 

Figures 

 
 
Figure 2.1. Phylogeny of the Pteroinae. 

Bayesian consensus tree of the concatenated sequence data from four nuclear and one 
mitochondrial loci (S7 RP1, Chow and Hazama, 1998; GNRH, Hassan et al., 2002; TMO, 
Streelman and Karl, 1997; Gpd2, Hassan et al., 2002; and COI, Ward et al., 2005). Nodes with 
high posterior probabilities (> 0.90) are indicated with a star. Major clades are defined using 
color-coded bars to the right of the tree. The genera Pterois and Dendrochirus are both 
polyphyletic, breaking into two and three well-supported clades respectively, while all other 
genera were monophyletic.  
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Figure 2.2. Upper portion of the Pteroinae phylogeny 

Upper portion of the bayesian consensus tree of the concatenated sequence data from four 
nuclear and one mitochondrial loci (S7 RP1, Chow and Hazama, 1998; GNRH, Hassan et al., 
2002; TMO, Streelman and Karl, 1997; Gpd2, Hassan et al., 2002; and COI, Ward et al., 2005). 
Nodes with high posterior probabilities (> 0.90) are indicated with a star. Major clades are 
defined using color-coded bars to the right of the tree. Bayesian analyses clearly distinguished P. 
radiata, P. antennata, P. sphex and P. mombasse from other Pterois species (P1), and they were 
more closely associated with Dendrochirus zebra (D1).  
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Figure 2.3. Lower portion of the Pteroinae phylogeny. 

Lower portion of the Bayseian consensus tree of the concatenated sequence data from four 
nuclear and one mitochondrial loci (S7 RP1, Chow and Hazama, 1998; GNRH, Hassan et al., 
2002; TMO, Streelman and Karl, 1997; Gpd2, Hassan et al., 2002; and COI, Ward et al., 2005). 
Nodes with high posterior probabilities (> 0.90) are indicated with a star. Major clades are 
defined using color-coded bars to the right of the tree. Bayesian analyses separated D. barberi 
and D. brachypterus from D. biocellatus, while the two other genera, Parapterois and 
Brachypterois, were found to be monophyletic. Lack of monophyly for Brachypterois serrulifer 
and Dendrochirus brachypterus suggest potential cryptic species.  
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Figure 2.4. Cytonuclear discordance with regards to the placement of Parapterois. 

Comparison of Bayesian consensus trees using (A) mitochondrial  (COI, Ward et al., 2005) and 
(B) nuclear sequence data (four loci concatenated: S7 RP1, Chow and Hazama, 1998; GNRH, 
Hassan et al., 2002; TMO, Streelman and Karl, 1997; Gpd2, Hassan et al., 2002). Nodes have 
posterior probabilities > 0.90 unless otherwise noted. Major clades are defined using color-coded 
bars to the right of the tree. Cytonuclear discordance is seen with several clades, most notably 
Parapterois heterura; mitochondrial data places the genus as the first to branch from to the 
entire subfamily, while nuclear data suggests Dendrochirus biocellatus is the first, and places 
Parapterois is deeply nested in the tree. Despite weak support values, the likelihoods for the two 
tree topologies given the concatenated nuclear data were significantly different (KH test, 
difference in -ln L of 117.99; P < 0.0001).  
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Figure 2.5. Intraspecific variability in toxin beta subunits for six Pterois species. 

Median-joining statistical parsimony networks based on the TxB sequence data for A) Pterois 
antennata (N = 16), B) Pterois radiata (N = 19), and C) Pterois russelii (N = 20), Pterois 
lunulata (N = 28), Pterois volitans (N = 29), and Pterois miles (N = 8). 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. P. antennata and P. radiata each had a higher 
level of diversity of alleles than the other four species combined.  
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Figure 2.6. Lack of geographic pattern in Pterois antennata TxB diversity. 

Comparison of A) TxB and B) CO1 Bayesian consensus trees for P. antennata. Collection 
location is listed and color-coded on the right. Toxin diversity is independent of location, with 
divergent alleles occurring across the Indo-Pacific. Toxin sequence diversity was also greater 
than mitochondrial sequence diversity in this lineage.  
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Figure 2.7. TxB protein alignment, aa 1 – 39. 

Alignment of unique translated TxB sequences from pteroid species and available scorpaenitoxin 
sequences in GenBank (accession number in parenthesis). Agreement with consensus is noted 
using dots, while gaps are shown as dashes. All sequences were unique to the species listed with 
the exception of the protein sequences from P. russelii, P. miles, P. volitans and P. lunulata, 
which were shared interspecifically.  
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Figure 2.7. (continued), aa 40 – 79.  
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Figure 2.7. (continued), aa 80 – 115. 
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Tables 
Table 2.1. Genetic diversity indices for TxB by pteroid species. 

Sample size (N), number of haplotypes, haplotype diversity, and nucleotide diversity for TxB 
from 17 lionfish species. Notably high diversity for species with sufficient sample sizes is 
highlighted in blue, while comparably low diversity is highlighted in pink.  
 

Species N No. of Haplotypes Haplotype diversity Nucleotide diversity 
Brachypterois serrulata 6 5 0.93 +/- 0.12 0.0006 +/- 0.001 
Brachypterois serrulifer 5 4 0.90 +/- 0.16 0.004 +/- 0.003 
Dendrochirus barberi 4 3 0.83 +/- 0.22 0.003 +/- 0.003 
Dendrochirus biocellatus 3 2 0.67 +/- 0.31 0.000 +/- 0.000 
Dendrochirus brachypterus 10 9 0.98 +/- 0.05 0.006 +/- 0.004 
Dendrochirus zebra 9 2 0.56 +/- 0.09 0.000 +/- 0.000 
Ebosia bleekeri 5 2 0.40 +/- 0.24 0.004 +/- 0.003 
Ebosia falcata 2 2 1.00 +/- 0.50 0.000 +/- 0.000 
Parapterois heterura 6 3 0.73 +/- 0.16 0.0004 +/- 0.0007 
Pterois antennata 16 12 0.94 +/- 0.05 0.011 +/- 0.007 
Pterois lunulata 28 3 0.40 +/- 0.09 0.0004 +/- 0.0006 
Pterois miles 8 1 0.00 +/- 0.00 0.000 +/- 0.000 
Pterois mombasse 6 3 0.60 +/- 0.22 0.003 +/- 0.003 
Pterois radiata 19 11 0.93 +/- 0.04 0.006 +/- 0.004 
Pterois russelii 20 5 0.37 +/- 0.14 0.0006 +/- 0.0008 
Pterois sphex 7 3 0.52 +/- 0.21 0.002 +/- 0.002 
Pterois volitans 29 3 0.65 +/- 0.04 0.0005 +/- 0.0007 
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Table 2.2. TxB sequence divergence within and between pteroid species. 

Corrected sequence divergence (using a Jukes-Cantor model, as suggested by jModelTest) within 
and between lionfish species. Within-species divergence is highlighted in grey. Sequence 
divergences overall were high for a nuclear coding region, on par with mitochondrial coding 
regions. Some species had notably high within-species divergences; the sequence divergence 
within P. antennata, for example, is on par with the sequence divergence between it and several 
congeneric species.    
 
 B. s B. e D. ba D. bi D. br D. z E. b E. f Pa. h P. a P. l P. mi P. mo P. ra P. ru P. s P. v 
B. s 0.1%                 
B. e 0.1% 0.4%                

D. ba 7.3% 7.3% 0.3%               
D. bi 8.1% 8.1% 11.2% 0.0%              
D. br 7.7% 7.8% 0.8% 11.3% 0.6%             
D. z 3.3% 3.3% 8.6% 8.7% 9.1% 0.0%            
E. b 4.2% 4.3% 9.3% 9.4% 9.7% 4.4% 0.4%           
E. f 4.5% 4.6% 9.6% 9.7% 10.0% 4.5% 0.3% 0.0%          

Pa. h 7.4% 7.4% 11.3% 11.9% 11.8% 7.5% 8.7% 9.3% 0.0%         
P. a 4.1% 4.1% 9.5% 10.1% 9.9% 2.7% 5.8% 5.9% 9.8% 1.1%        
P. l 1.5% 1.5% 6.7% 7.4% 7.1% 2.7% 3.6% 3.9% 6.7% 3.1% 0.0%       

P. mi 1.2% 1.2% 6.4% 7.1% 6.8% 2.4% 3.3% 3.6% 7.0% 2.8% 0.3% 0.0%      
P. mo 4.4% 4.5% 9.2% 10.0% 9.6% 3.2% 5.5% 5.5% 9.9% 1.8% 3.5% 3.2% 0.3%     
P. ra 4.1% 4.2% 9.4% 9.8% 9.8% 3.2% 6.2% 6.3% 10.2% 1.2% 3.2% 2.9% 2.8% 0.6%    
P. ru 1.5% 1.5% 6.7% 7.4% 7.1% 2.7% 3.6% 3.9% 6.7% 3.1% 0.0% 0.3% 3.5% 3.2% 0.1%   
P. s 3.8% 3.9% 8.6% 9.3% 9.0% 2.6% 5.6% 5.7% 9.5% 0.8% 2.8% 2.6% 1.0% 1.6% 2.8% 0.2%  
P. v 1.2% 1.2% 6.4% 7.1% 6.8% 2.4% 3.3% 3.6% 7.1% 2.8% 0.3% 0.0% 3.0% 2.9% 0.3% 2.6% 0.0% 

 
B. s = Brachypterois serrulata, B. e = B. serrulifer 
D. ba = Dendrochirus barberi, D. bi = D. biocellatus, D. br = D. brachypterus, D. z = D. zebra 
E. b = Ebosia bleekeri, E. f = E. falcata 
Pa. h = Parapterois heterura 
P. a = Pterois antennata, P. l = P. lunulata, P. mi = P. miles, P. mo = P. mombasse, P. ra = P. radiata, 
P. ru = P. russelii, P. s = P. sphex, P. v = P. volitans 
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Chapter 3 The invasive species that doesn’t exist. 
 
Phylogeographic analyses of four putative lionfish (Pterois) species indicate taxonomic over 
splitting and hybrid origin for the invasive Pterois volitans. 
 

Christie L. Wilcox, Hiroyuki Motomura, Mizuki Matsunuma, Brian W. Bowen 

 
Key words: biogeography, marine speciation, mitochondrial DNA, Pterois lunulata, Pterois 
miles, Pterois russelii, Pterois volitans 
 

Abstract 
Previous research has indicated that the lionfish Pterois volitans in the Pacific and Pterois miles 
in the Indian Ocean are sister species. However, the relationships between these two species, and 
two closely-related species in the Pacific (P. lunulata and P. russelii), are poorly understood. 
Here we address evolutionary divergence and population structure using cytochrome oxidase 
mtDNA and two nuclear introns from 229 lionfish (44 P. miles, 91 P. volitans, 36 P. lunulata, 
and 58 P. russelii) collected at 10 locations, supplemented with a morphological re-examination 
of dorsal, anal and pectoral fin ray counts. These data reveal two lineages among the four 
putative species: an Indian Ocean lineage, represented by P. miles and a Pacific Ocean lineage 
represented by P. lunulata and P. russelii. Lionfish identified as P. volitans appear to be hybrids 
between the sister linages of P. miles and P. lunulata/russelii, a conclusion supported by both the 
genetic data and morphology. The degree and geographic extent of introgression indicates 
widespread hybridization, or (perhaps more likely) the absence of valid species distinctions 
between P. miles, P. volitans, P. lunulata and P. russelii. These findings indicate that the lionfish 
invading Atlantic tropics, usually labeled P. volitans, is a hybrid or misidentified due to invalid 
taxonomy. 
 

Introduction 

Understanding barriers to gene flow and the process of speciation is fundamental to biology. 

This is especially true in the marine realm, where there are high levels of biodiversity in spite of 

high levels of gene flow (Rocha and Bowen, 2008). The extent of hybridization in the marine 

realm is particularly poorly understood. While a wide range of plants and animals regularly 

hybridize, with over 25% of plants and 10% of animal species reported to hybridize naturally in 

the wild (Mallet, 2005), hybridization in the oceans has been far less investigated (Hobbs et al., 
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2009). A little more than 130 species of marine fish—less than 1% of fish species—in 17 

families have been reported to hybridize (Montanari et al., 2012), including at least 75 species of 

reef fishes (Yaakub et al., 2006). Previous investigators have focused on a limited number of 

families: the surgeonfishes in the family Acanthuridae (Marie et al., 2007), butterflyfishes in the 

family Chaetodontidae (McMillan et al.,1999), wrasses in the family Labridae (Yaakub et al., 

2006; Yaakub et al., 2007), angelfishes in the family Pomacentridae (van Herwerden and 

Doherty, 2006), and groupers in the family Serranidae (van Herwerden et al., 2002; van 

Herwerden et al., 2006; Frisch and van Herwerden, 2006). Potential hybrids have largely been 

identified through color patterns that are intermediate between parental species (e.g. Randall, 

1956; Pyle and Randall, 1994). In several cases, molecular genetic analyses have confirmed 

hybrid origins (e.g. Yaakub et al., 2006; Montanari et al., 2012). In all species studied so far, a 

genetic break with more than 5% divergence in mitochondrial (mt) DNA seems to result in a 

higher cost to hybridization, reducing the number of fertile hybrids (Montanari et al., 2012). 

Because research has had a limited taxonomic focus and based on hybrids with striking color 

differences, potential hybridization in families with less divergent phenotypes may be 

overlooked, and thus, the extent of marine fish hybridization as well as corresponding 

evolutionary consequences likely have been underestimated.  

 

The lionfishes (order Scorpaeniformes, family Scorpaenidae, subfamily Pteroinae) are an 

example of a reef fish lineage where hybridization might occur without obvious detection. The 

Pteroinae comprise 21 recognized species in five genera: Pterois (10 species), Dendrochirus 

(five species), Ebosia (two species), Brachypterois (two species) and Parapterois (two species) 

(Kochzius et al., 2003; Allen and Erdmann, 2008; Matsunuma et al., 2013). Pairs of sister 
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species in this group are difficult to identify visually and are distinguished only through small 

variations in meristic counts, though these separations have so far been corroborated 

phylogenetically (Kochzius et al., 2003; Freshwater et al., 2009b). The taxonomic status of P. 

miles and P. volitans, which were considered synonyms until Schultz (1986) formally split them, 

have come under special scrutiny in the past 20 years due to the invasion of one or both into the 

Atlanti (Morris and Whitfield, 2009). 

 

Because of their potential to directly consume or outcompete native species, alter habitats and 

species interactions, and ultimately disrupt ecosystem structure and function (Lovell and Stone, 

2005), invasive species are considered one of the greatest current threats to global biodiversity 

(Sutherland et al., 2010). Nowhere is this threat more apparent than in the Atlantic, Caribbean 

and Gulf of Mexico, where the explosive population growth of the invasive lionfishes Pterois 

volitans/miles has become a region-wide concern (Albins and Hixon, 2013).  

 

Since introduction in the late 1980s, lionfishes have expanded in range at an alarming rate, and 

are now ubiquitous in marine habitats throughout the region, including deep into the Gulf of 

Mexico (Morris, 2012). Affects on native fish communities are still being evaluated, but already 

include a dramatic reduction in native fish recruitment (Albins and Hixon, 2008; Albins, 2013), 

causing steep population declines in prey species (Green et al., 2012) and possibly phase shifts 

from coral-dominated to algal-dominated reefs (Lesser and Slattery, 2011; Albins and Hixon, 

2013). Genetic analyses have determined that the invasive lionfishes are predominately P. 

volitans (> 90%), and that there are severe founder effects in both species (Hamner, Freshwater 

and Whitfield, 2007). 
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Comparisons of invasive species in their native and introduced ranges are vital to wholly 

understanding invasive populations. Such comparisons can predict the likelihood and extent of 

invasions (Gaither et al., 2013), reveal shifts in ecology or behavior that are contributing to 

invasion success, or identify natural control mechanisms (Gaitheret al., 2012). Determining 

whether or not P. volitans and P. miles are separate species or hybridize in their native range will 

aid in understanding the nature of the invasive population as well as identifying locations in the 

Indo-Pacific that are appropriate for native range comparisons. Furthermore, evidence of 

interbreeding between P. volitans and P. miles in their invaded range has surfaced, based on 

ambiguous (or what appear to be “mixed”) meristic characters (Freshwater et al., 2009b). 

However, confirmation of hybridization has been hindered by a lack of nuclear markers 

(Hamner, 2005).  

 

The taxonomic distinction of P. miles and P. volitans is supported by reciprocal monophyly of 

mtDNA markers divergent between 4 – 11% depending on the marker (Kochzius et al., 2003; 

Freshwater et al., 2009b). However, reciprocal monophyly may result from sampling distant 

geographic populations of a single species (Bernardi and Crane, 1999; McCafferty et al., 2002). 

No investigation of hybridization has occurred in the native ranges of the invaders, despite 

overlap at a marine hybridization hotspot between the Indian and Pacific Oceans (Hobbs et al., 

2009; Gaither and Rocha, 2013). Moreover, previous efforts have not included two potential 

sister species to P. volitans, P. russelii and P. lunulata, to ensure that P. miles and P. volitans are 

indeed sister species. A more complete assessment is required to place P. miles and P. volitans in 

proper evolutionary context and to evaluate evidence of hybridization. 
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This study assesses the taxonomic status of the two invasive lionfishes, P. miles and P. volitans, 

by resolving phylogeographic structure across their overlapping native ranges, and by testing for 

evidence of hybridization. Preliminary genetic investigations (see Chapter 2) demonstrated the 

relevance of including P. lunulata and P. russelii in all further investigations of P. volitans and 

P. miles, as the former species were indistinguishable from P. volitans across multiple markers. 

These analyses detected two lineages, corresponding to Indian and Pacific Oceans. Most 

strikingly, P. volitans was found to be intermediate both in phenotype and genotype between 

these two lineages, suggesting they are hybrids or members of a single widespread species. 

 

Methods 

Study site and sampling 

A total of 229 native range lionfish tissue samples from 10 locations were obtained (Figure 3.1); 

44 specimens of Pterois miles, 91 specimens of P. volitans, 36 specimens of P. lunulata, and 58 

specimens of 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 identified in the field by researchers trained in lionfish morphology, and taxonomic 

assignments were confirmed with voucher specimens. Tissue samples (fin, muscle or gill) were 

stored in ethanol or a saturated salt-DMSO buffer (Amos and Hoelzel, 1991). Total genomic 

DNA was extracted using a hotshot protocol (Meeker et al., 2007) and frozen in TE buffer stored 

at –20 °C until use. In addition, tissue or DNA samples from 57 invasive lionfishes from the 

coast of North Carolina were also obtained.  
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Because no prior studies have successfully amplified nuclear DNA (nDNA) from lionfishes, 

preliminary PCR amplification and sequencing was performed across 20 established fish or 

coelomate introns for four 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 two of the nuclear loci tested—S7 ribosomal protein intron 1 (S7 RP1) and 

Glyceraldehyde-3-phosphate dehydrogenase intron 2 (Gpd2)—amplified and contained 

polymorphisms, and thus were chosen for subsequent analyses (Table A.1). These two nuclear 

loci and a subsection of the mitochondrial cytochrome oxidase gene (COI), using the primers 

FishF2 and FishR1 from Ward et al. (2005) were amplified 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 conditions consisted of an initial denaturing step at 95 

°C for 5 min, then 35 cycles of amplification 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 final extension of 30 min at 72 °C. Annealing temperatures for each marker were as 

follows: 50° C for CO1, 58° C for S7 RP1, and 51° C for Gpd2. 

  

Excess oligonucleotide primers were removed through simultaneous incubation of PCR product 

with exonuclease I and shrimp alkaline phosphatase (ExoSAP; USB, Cleveland, OH, USA) at 

37° C for 60 min, followed by deactivation at 85 °C for 15 min. All samples were sequenced in 

the forward direction with fluorescently labeled dye terminators following manufacturer’s 

protocols (BigDye, Applied Biosystems Inc., Foster City, CA, USA) and analyzed using an ABI 

3130XL Genetic Analyzer (Applied Biosystems) at the University of Hawai‘i at Mānoa ASGPB 
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Genomics Laboratory. Rare or questionable haplotypes as well as heterozygous individuals were 

sequenced in both directions. 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/). 

Variable sites were visually checked to ensure accuracy, and unique mtDNA COI haplotypes and 

intron sequences will be deposited in GenBank. 

 

Genetic diversity and partitioning 

jModelTest version 1.0.1 (Posada, 2008, but see Guindon and Gascuel, 2003) was used with an 

corrected Akaike information criterion (AICc) test to determine the best nucleotide substitution 

model; the models selected were general time reversible (GTR) +I for CO1, Hasegawa-Kishino-

Yano (HKY) for S7 RP1, and transition model 2 (TIM2) +G for Gpd2. Genetic variation was 

described as follows with 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 (Excoffier and Lischer, 2010). 

 

Genetic partitioning between species and among populations was assessed with an analysis of 

molecular variance (AMOVA) as implemented in ARLEQUIN (Excoffier et al., 1992), which 

generated ΦST values (a molecular analogue of FST that considers sequence divergence among 

haplotypes). Nonparametric permutation procedures (N = 99999 iterations) were used to 

construct null distributions and test the significance of variance components for each hierarchical 

comparison; significance was tested by permutation and P values adjusted according to the 

modified 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 
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eastern Australia and the Cook Islands were grouped into another (southern Pacific Ocean) (see 

Figure 1). When separate analyses were run for each lineage, locations with less than seven 

individuals were removed from the population-level analyses. 

 

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.fluxus- engineering.com/). Each network was generated using a median joining 

algorithm with default settings. These data revealed two lineages in the four putative species that 

split roughly along the Indo-Pacific barrier, and thus for hybridization analyses, nuclear and 

mitochondrial haplotypes were identified as either Indian or Pacific.  

 

Hybridization indices and hybrid zone structure 

To visualize the distribution of genotypes (as recommended by Jiggins and Mallet, 2000) 

hybridization indices (h-index) were calculated for each individual, putative species, and 

location. Each allele was scored as a 0 if from the Indian Ocean lineage or a 1 if from the Pacific 

Ocean lineage, following the initial approach of Szymura and Barton (1991). Each individual’s 

degree of hybridization was defined as the score across all five 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 Pacific Ocean 

individual would have a score of 1. All individuals with scores in 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 collection location. In addition, alleles for each individual were 

examined to resolve F1 hybrids and later hybrids and backcrosses.  
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Morphological correlations 

Species-distinguishing meristic characters were recorded for 15 specimens of Pterois miles, 84 

specimens of P. volitans, 32 specimens of P. lunulata, and 58 specimens of P. russelii from the 

native range; specifically, dorsal, anal and pelvic fin ray counts were taken as well as counts of 

scale rows in longitudinal series and scale rows between the base of the dorsal and the lateral 

line. For invasive range specimens, only dorsal and anal fin ray counts were recorded. Standard 

descriptive statistics (median and range) for each meristic character were calculated from the raw 

data. Differences in fin ray counts between genotypes (Indian, Pacific, or hybrid) were 

statistically evaluated using the Kruskal-Wallis test followed by Conover-Iman post-hoc test 

(Conover, 1999) corrected for multiple comparisons using the Bonferroni method in XLStat. 

 

Results 

Species delineation 

A total of 472 bp of CO1, 611 bp of S7 RP1, and 279 bp of Gpd2 were resolved for each 

individual. Haplotype networks for all three markers reveal that at every locus, the haplotypes 

are split into two major clades; P. lunulata and P. russelii share haplotypes that are separate from 

P. miles haplotypes, while P. volitans shares haplotypes with all three species (Figure 3.2). These 

two lineages are geographically partitioned approximately at the boundary of the Indian and 

Pacific Oceans (Figure 3.3), a known biogeographic barrier (Briggs and Bowen, 2012; Gaither 

and Rocha, 2013). AMOVA results show strong and highly significant genetic structure between 

P. lunulata/P. russelii and P. miles, moderate but significant structure between P. volitans and P. 

miles, P. lunulata, and P. russelii, and very weak and non-significant structure between P. 
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lunulata and P. russelii (Table 3.1). Thus phylogenetic inferences support the genetic (and 

geographic) partitioning of these four putative species into two primary lineages, one in the 

Indian Ocean (consisting of haplotypes from P. miles/volitans) and one in the Pacific Ocean and 

eastern Indian Ocean (consisting of haplotypes from P. volitans/lunulata/russelii). Comparing 

the AMOVA results from this two-lineage breakdown of individuals as compared to any other 

grouping (by putative species or by location) revealed that the vast majority of sequence 

variation is explained by a significant break between these two lineages (ΦST = 0.860, 0.949, and 

0.796 for CO1, GPD2 and S7, respectively; Table 3.2). The average corrected sequence 

divergence between the Indian and Pacific lineages was 4.07%, 0.89% and 2.75% at CO1, S7 

RP1, and Gpd2 respectively, while the divergence within each lineage was much lower. 

Comparisons of the haplotype and nucleotide diversity between the lineages revealed 

consistently higher diversity in the Pacific lineage (Table 3.3), which could be due to sampling 

effort bias (see Figure 3.1).  

 

Population genetic analyses 

Because of the strong split between the two lineage clusters (> 4% at CO1), all population 

genetic analyses were conducted both on the dataset as a whole and each clade independently.  

 

There was strong population differentiation for all markers across the range when both Pacific 

and Indian haplotypes were included in the analyses (ΦST = 0.470—0.547, all significant at P < 

0.001; Table 3.2). However, when the two lineages were run independently, ΦST scores were 

much lower and mostly not significant, indicating that the primary structure is based on the 

distribution of Indian and Pacific alleles (Table 3.2). Significant population structure was still 
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detected in the Pacific lineage with CO1 and Gpd2, driven by differences between the central 

Pacific and the northern Pacific, and in the Indian lineage with S7, driven by differentiation 

between the Western Indian Ocean and the Indo-Pacific (Table 3.2).  

 

Hybridization 

Hybridization between putative lionfish taxa was extensive in both abundance and geographic 

scope (Figure 3.4 and Table 3.4). Though there were individuals heterozygous for Indian and 

Pacific alleles at a single marker, not a single F1 hybrid, defined as being heterozygous for 

Indian and Pacific alleles across both nuclear markers, was identified in this study, indicating 

that hybrids are fertile and able to backcross to parental lineages or interbreed amongst 

themselves.  

 

The four putative species had marked differences in the extent and degree of introgression. Less 

than 10% of individuals identified as P. miles or P. russelii were identified as hybrids 

genetically, while 25% of P. lunulata and 77% of P. volitans individuals were hybrids (Table 

3.4). Around 1% of P. volitans individuals contained no Pacific alleles at any locus, appearing 

identical to P. miles across all markers. The mean h-indices for each species were consistent with 

the slight meristic differences that have been used as identifying characteristics for each species 

(Table 3.4), with intermediate counts of dorsal and anal fin rays in the species with higher 

degrees of introgression. Individuals genotypically identified as hybrids had intermediate 

average dorsal, anal and pectoral fin ray counts as compared to those with purely Indian or 

Pacific haplotypes (Table 3.5). These differences were highly significant (Kruskal-Wallis, p < 

0.0001), and post-hoc multiple comparisons revealed that the hybrid lineage was statistically 
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distinct from both parental lineages for at least one of the three characters (Table 3.5, Table 3.6). 

This supports the hypothesis that specimens previously identified as P. volitans are actually an 

intermediate phenotype arising through hybridization between Indian and Pacific Ocean 

lineages.  

 

Outside of the western Indian Ocean (h-index of 0), all locations contained hybrids. The 

hybridization indices by location ranged from highly introgressed (western Indonesia N = 31; h-

index of 0.22) to predominantly Pacific (Malaysia N = 32; h-index 0.99), however, these 

appeared to be biased by the proportion of each species collected from that location, particularly 

the proportion of P. volitans. Introgression reached deep into the Pacific Ocean, with Indian 

haplotypes occurring in even the most eastern and northern locations.  

 

Invasive individuals 

Of the 57 invasive specimens, 38 were identified as P. volitans, 2 were identified as P. miles, and 

17 had ambiguous meristic characters. Genotypically, however, 51 possessed hybrid genotypes 

(Pacific mtDNA, Indian nDNA, h-index of 0.2) while 6 had Indian genotypes (h-index of 0). 

Zero of the invasive range samples possessed wholly Pacific genotypes (h-index of 1), and no 

Pacific nuclear genotypes were detected, suggesting that the initial founding population consisted 

of a mix of Indian and hybrid individuals.   

 

Discussion 

Decades of debate on whether P. miles and P. volitans are separate species have been hampered 

by morphological similarity, a lack of nuclear data and incomplete sampling of Pterois lineages. 
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For the lionfishes P. miles, P. volitans, P. lunulata and P. russelii, mitochondrial and nuclear 

data have revealed a lack of reproductive barriers between P. lunulata and P. russelii, and 

extensive introgression with P. miles, resulting in the hybrids identified as P. volitans.  

 

Population genetic analyses 

Strong population genetic structure was observed across the range for all markers. However, 

these results are heavily influenced by the relative proportions of two highly divergence lineages 

(corrected percent divergences 4.07%, 0.89% and 2.75% at CO1, S7 RP1, and Gpd2 

respectively). Since sampling at each site was non-random for these two lineages (targeted at 

putative species rather than a representative sample), the proportion of each at a location may not 

represent their actual relative abundance at each site. Thus the high ΦSTs may overestimate or 

underestimate the actual restriction to gene flow between locations.  

 

Inferences within each lineage may more accurately reflect the level of gene flow; these indicate 

dispersal across large distances in the Indo-Pacific, consistent with previous studies. Kochzius 

and Blohm (2005) report no population structure for P. miles across the length of the Red Sea. 

The release of Pterois eggs within floating mucus balls in addition to the presence of a pelagic 

larval stage (Fishelson, 1975; Imamura and Yabe, 1996) likely enhances dispersal capability, a 

conclusion supported by the rapid spread of the invasive lineage in the Atlantic (Morris and 

Whitfield, 2009).  
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Species delineation 

The lack of genetic distinction between P. lunulata and P. russelii is not entirely surprising. 

These two putative species are highly similar morphologically, and are only distinguished by 

statistical differences in the number of body scales (7 – 10 versus 9 – 12) and the number of 

scale rows in longitudinal series (60 – 80 versus 70 – 95), the presence of white spots on the 

inner surface of the pectoral fin in P. lunulata, and statistical differences in pectoral fin length 

(data not shown). It is possible that these slight phenotypic differences reflect the beginning 

stages of speciation. However, given the lack of diagnostic differences either genetically or 

morphologically (Table 3.4 and Table 3.5), the lack of evidence for reduced gene flow between 

the two, and the degree of introgression between both and P. miles, we conclude that P. lunulata 

and P. russelii are not two species, and instead are members of a single polytypic species.  

 

At every marker, P. volitans specimens shared haplotypes with at least one of the other species. 

A majority of the specimens identified as P. volitans appeared to be hybrids, in the sense that 

they contained alleles from both the Indian and Pacific Ocean lineages, while an additional 1% 

had only Indian Ocean alleles (h-index = 0). Fewer crosses were discovered with Indian Ocean 

mitochondrial haplotypes and Pacific nuclear haplotypes. However, this may be a reflection of 

low sample size for specimens identified as P. miles from the region of overlap rather than an 

indication of unidirectional introgression, given that of the 12 P. miles individuals collected 

outside of the western Indian Ocean, two were identified as hybrids (~17%). Deeper sampling of 

P. miles from the Coral Triangle area would indicate whether introgression is directional. It is 

also possible that these data may be explained by ancestral introgression or incomplete lineage 

sorting rather than current introgression, however, these hypotheses are unlikely given the 
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significant association between introgression and phenotype (Table 3.5, Table 3.6), the 

geographic partitioning of alleles (Figure 3.4, see Toews and Brelsford, 2012), and the 

possibility that introgression is bidirectional (evidenced by the 17% of P. miles from the 

overlapping region that are hybrids). 

 

The sheer extent of introgression present throughout the range raises the question of whether the 

separation between the Indian Ocean clade of P. miles and Pacific Ocean clade of P. 

lunulata/russelii warrants species-level distinction in the first place. Mitochondrial genetic 

divergences between the two range between ~ 4% (CO1, this study) and ~11% (control region; 

Kochzius et al., 2003; Kochzius and Blohm, 2005), which is concordant with other congeneric 

pairs of species in marine fishes (Bellwood et al., 2004; Rocha, 2004; Fessler and Westneat, 

2007; Rocha et al., 2008). The percent divergences for CO1 indicate approximately 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 (see Lessios, 2008; Reece et 

al., 2010). Freshwater et al. (2009b) and Kochzius et al. (2003) both concluded that the 

mitochondrial divergences warranted species level distinction, suggesting that allopatric 

speciation may have begun in the late Miocene Era when tectonic activity and sea level changes 

caused a separation of populations on either side of the Indo-Pacific barrier. Large, monophyletic 

genetic divergences are not always indicative of speciation.  As investigations of many species 

have illustrated, 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 they can result from allopatric separation without complete speciation. Outside of 

the marine realm, there are numerous examples of high mtDNA divergences within species due 
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to remerging of isolated populations (e.g. birds, as shown by Webb et al., 2011; Hogner et al., 

2012). As Hogner et al. (2012) demonstrated, even mtDNA divergences > 5% can occur within a 

single species, the result of secondary contact. Thus it is possible that the high divergences 

detected in this study represent distant geographic populations or allopatrically-isolated 

populations that have recently come back into contact at the Indo-Pacific barrier.  

 

If the lineages in this study are truly separate species, then the extent of introgression detected is 

rare for marine fishes. No other marine fish species with a genetic break of more than 5% 

divergence in mtDNA is known to hybridize across such a broad geographical area, and any such 

hybrids that exist (on a more restricted range) are markedly less fertile than their parents 

(Montanari et al., 2012). The apparent unidirectional pattern of nuclear introgression, however, 

remains perplexing. As stated previously, this may reflect biased sampling for phenotype at 

Pacific locations. Or, it may be an accurate reflection of the populations; similar patterns have 

been seen in other hybridizing species. Gómez‐Zurita and Vogler (2003), for example, found 

similar results in Timarchia beetles, where the nuclear DNA from one species pushed into the 

range of the other. In their review of cyto-nuclear discordance, Toews and Brelsford (2012) 

suggested that more structuring and/or narrower geographic clines in mtDNA as compared with 

nDNA would be expected if there is differential survival of certain hybrid genotypes, mating is 

non-random with regard to species and sex, and/or there is male-biased dispersal. Unfortunately, 

we lack the ecological and biological data necessary to investigate these possibilities in Pterois. 

 

There is no evidence for a cost of hybridization based on the limited inference from 

phylogeographic data; specifically, the high proportion of hybrids in several locations as well as 
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existence of almost exclusively backcrossed and later generation hybrids suggests that these 

individuals are ecologically successful. It is even possible that these Pterois hybrids are more fit 

than their parental lineages, as heterosis is known in fish (see Bartley et al., 2001). Certainly the 

known extent of P. volitans (a lineage consisting largely of hybrids) throughout the Pacific and 

into the Indian Ocean as far as Sri Lanka (Schultz, 1986) supports such a hypothesis, but more 

data would be needed to evaluate the relative fitness of hybrids and parental individuals. 

Specifically, laboratory studies of mating preferences between putative “pure” parental forms 

versus putative hybrids of known lineage identity and other relevant behaviors will help fill in 

the necessary information to assess the significance of these findings for fish in the wild. 

Furthermore, such studies would elucidate any behavioral evidence for reproductive isolation to 

determine if the term ‘hybrid’ is even appropriate, or if they are all members of one, polytypic 

species. 

 

Rather than representing overlap and hybridization between two species, the geographic pattern 

of genotypes (Figure 3.4) is strikingly similar to those summarized by Gaither and Rocha (2013; 

see also Craig et al., 2007; Crandall et al., 2008; Kochzius et al., 2009; Daly-Engel et al., 

2012)—overlap at the boundary of the Indian and Pacific Oceans between lineages within a 

single species. It is interesting that in Gaither et al. (2011) in particular, Indian Ocean haplotypes 

are found deep into the Pacific, a pattern also seen in this study, which may be due to the 

availability of contiguous shallow reef habitat between where the Indian and Pacific Oceans 

meet and distant Pacific islands.  
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The geographic pattern documented in this study indicates a period of allopatric separation 

followed by secondary contact between the Indian and Pacific lineages. If this is the case, then 

despite the high degree of divergence between the lineages, it is defensible to conclude that P. 

miles, P. volitans, P. lunulata and P. russelii are synonyms of a single lionfish species with a 

broad geographic range and phenotypic variation. This is the inevitable conclusion if we define 

species according to the Biological Species Concept (Mayr, 1942), for there appears to be high 

gene flow between the putative taxa, and thus any phenotypic differences are superficial.  

 

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 ecological tolerances are less likely to develop unique adaptations in isolation that prevent 

remerging upon secondary contact (Webb et al., 2011). Lionfish are generalist mesopredators 

able to survive in a wide range of salinities and found in a diverse set of habitats (Whitfield et al., 

2007; Morris and Whitfield, 2009; Albins and Hixon, 2013; Côté, Green and Hixon, 2013; Jud et 

al. 2014). Thus the range of ecological tolerance in these species may make them less likely to 

allopatrically speciate than other marine fishes, explaining why populations were able to remerge 

even after millions of years of isolation.   

 

Invasive hybrids  

Perhaps the most relevant conservation finding from this study is that P. volitans—the 

predominant invasive lionfishes in the Atlantic—is genetically hybrid between two divergent 

lineages. Of the 57 invasive range lionfishes tested, no purely Pacific individuals were detected. 

This realigns the way in which comparisons can be made between native and invasive lionfishes. 
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Studies of purebred lionfish, such as those made by Darling et al. (2011) of Kenyan P. miles or 

McTee and Grubich (2014) of Red Sea P. miles, are very valuable given the dearth of 

information on these species, but may not be directly applicable to the invasive Atlantic 

populations dominated by hybrids. Natural history studies of the hybrid lionfishes should now 

ask whether they exhibit differences from parental lineages, including the possibility of heterosis.  

 

The role hybridization might play in invasiveness cannot be examined without a deeper 

understanding of the natural interaction between P. volitans and its parental lineages in their 

native range. Recent studies have found that hybridization can increase invasiveness (Drake, 

2006; Ellstrand and Schierenbeck, 2000; Keller and Taylor, 2010). Increased invasiveness of 

hybrids in aquatic environments has been particularly well documented for cases where 

hybridization occurs post-introduction between an invasive species and its native counterpart or 

two native but previously allopatric species (Rosenfield et al., 2004; Nolte et al., 2005; Hänfling, 

2007; Coleman et al., 2014). However, the introduction of an entire hybrid lineage into a marine 

environment is unprecedented. 

 

The hybrid nature of the invasive lionfishes may explain why the severe founder effects 

identified using mtDNA (Hamner et al., 2007) appear to have no effect on the viability of the 

fish, as hybridization can increase genetic diversity in the nuclear genome (Bartley et al., 2001). 

Furthermore, hybridization in fishes has been shown to increase growth rates, environmental and 

disease tolerances, and overall hardiness (Bartley et al., 2001), thus heterosis may amplify the 

severity of the lionfish invasion. Regardless, understanding the natural hybrid lionfishes, 

particularly the population off the western coast of Indonesia where the invasive population 
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likely originated (Freshwater et al., 2009a), is vital to understanding the nature of the invasive 

population and evaluating potential management measures. 

 

Conclusions 

The taxonomic status and population structure of four closely related Pterois species were 

assessed using mitochondrial and nuclear sequence data. These data demonstrate two lineages 

exist in these four putative species: an Indian Ocean lineage, represented by P. miles and a 

Pacific Ocean lineage represented by P. lunulata and P. russelii. There is no evidence that P. 

volitans is an independent species; instead, lionfish identified as P. volitans are largely genetic 

hybrids between the sister linages of P. miles and P. lunulata/russelii. The degree and 

geographic extent of introgression indicates deep introgression, or misaligned taxonomy of a 

single polytypic species. The invasive populations of lionfish in the Atlantic are predominantly 

composed of these hybrid lionfish, indicating that studies from the native hybrid range can 

enhance the scientific foundations for managing the Atlantic invasion. 
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Figures 

 

Figure 3.1. Sampling of Pterois species 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 its total frequency while its coloration 
indicates the proportion of individuals identified as each putative species. Because of low 
numbers, the African Coast (including Kenya and Socotra) was grouped with the Red Sea and 
Australia was grouped with the Cook Islands for all population genetic analyses. Sampling was 
targeted as putative species, thus the proportion of each species at each site may not represent 
their true abundance at that site. 
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Figure 3.2. Lionfish haplotype networks by Pterois species. 

Median-joining statistical parsimony network based on A) CO1, B) S7 RP1 and C) Gpd2 
sequence data from Pterois spp. 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 three loci, haplotypes split into two distinct lineages with corrected 
sequences divergences of 4.07%, 0.89% and 2.75%, for CO1, S7 RP1 and Gpd2 respectively.  
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Figure 3.3. Lionfish haplotype networks by location. 

The same median-joining statistical parsimony network as 4.2 based on A) CO1, B) S7 RP1 and 
C) Gppd2 sequence data from Pterois spp. across the Indo-Pacific as seen in Figure 3.2, except 
that colors denote collection location as indicated by the embedded key. The two distinct clades 
roughly split at the Indo-Pacific barrier, with the exception of a high proportion of Southern 
Pacific individuals sharing Indian Ocean haplotypes for the nuclear intron sequences.  
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Figure 3.4. Distribution of genotypes by location.  

Distribution of genotypes by location. Each circle represents a location, and its size is 
proportional to its total frequency while its coloration indicates the proportion of each genotype 
present. These data corroborate the patterns noted by Gaither and Rocha (2013) for overlap 
between intraspecific lineages at the Indo-Pacific barrier. 
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Tables 
Table 3.1. Genetic partitioning between putative species. 

Genetic partitioning between putative species. ΦST values between species are in the order CO1, 
S7 RP1, Gpd2. All ΦSTs in bold are significant to the level of p < 0.001, all marked with a * are 
only significant to the FDR adjusted level of p < 0.02. These data show high and significant 
structure between P. miles and the other species, moderate and significant structure between P. 
volitans and the other species, and limited structure between P. lunulata and P. russelii. 
 

 P. miles P. volitans P. lunulata 

P. volitans 0.849 
0.137 
0.142 

 
- 

 

P. lunulata 0.865 
0.971 
0.882 

0.326 
0.634 
0.644 

- 

P. russelii 0.909 
0.956 
0.897 

0.460 
0.684 
0.686 

0.096* 
0.032 
0.008 

 

 
 
Table 3.2. Global ΦSTs by location, species, or lineage.  

Global ΦSTs when individuals are grouped by location, species, or lineage. Grouping by lineage 
explains a much greater amount of the genetic variation than the other two. All ΦSTs in bold are 
significant to the level of p < 0.001, all marked with a * are only significant to the FDR adjusted 
level of p < 0.02.  
 

 CO1 S7 RP1 GPD2 

By location 0.547 0.476 0.470 
Indian only 0.134 0.155* 0.008 
Pacific only 0.285 0.025 0.058* 

By putative species 0.763 0.709 0.684 

By lineage 0.860 0.949 0.796 
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Table 3.3. Number of haplotypes, haplotype diversity, and nucleotide diversity.  

Number of haplotypes, haplotype diversity, and nucleotide diversity when individuals are 
grouped by location, species, or lineage. 

 
 No. of Haplotypes Haplotype Diversity (h) Nucleotide Diversity (π) 

 CO1 S7 Gpd2 CO1 S7 Gpd2 CO1 S7 Gpd2 
Total 34 53 45 0.83 

± 0.02 
0.95  

± 0.01 
0.90 

± 0.01 
0.02 

± 0.009 
0.02 

± 0.009 
0.02 

± 0.01 
By lineage          

Indian  9 26 15 0.50 
± 0.12 

0.87 
± 0.03 

0.67 
± 0.03 

0.01 
± 0.005 

0.0007 
± 0.0007 

0.002 
±0.002 

Pacific  25 27 30 0.77 
± 0.03 

0.95 
± 0.01 

0.95 
± 0.01 

0.006 
± 0.004 

0.001 
± 0.0009 

0.01 
± 0.007 

By putative species          

P. miles 9 6 8 0.51 
± 0.12 

0.51 
± 0.10 

0.78 
± 0.03 

0.009 
± 0.005 

0.0002 
± 0.0003 

0.003 
± 0.002 

P. volitans 19 35 24 0.78 
± 0.05 

0.96 
± 0.01 

0.72 
± 0.04 

0.007 
± 0.004 

0.01 
± 0.006 

0.01 
± 0.008 

P. lunulata 7 10 17 0.55 
± 0.09 

0.92 
± 0.04 

0.92 
±0.03 

0.004 
± 0.003 

0.0006 
± 0.0007 

0.01 
± 0.006 

P. russelii 7 24 24 0.34 
± 0.09 

0.95 
± 0.01 

0.94 
± 0.04 

0.002 
± 0.001 

0.001 
± 0.0009 

0.01 
± 0.006 

By location          

Southern Pacific Ocean 3 4 4 0.71 
± 0.13 

0.90 
± 0.16 

0.80 ± 
0.17 

0.003 
± 0.002 

0.00  
± 0.00 

0.001 
± 0.002 

Indonesia 11 14 12 0.78 
± 0.07 

0.94 
± 0.02 

0.73 ± 
0.05 

0.02 
± 0.01 

0.005 
± 0.003 

0.007 
± 0.005 

Japan 14 23 20 0.76 
± 0.05 

0.97 
± 0.01 

0.85 ± 
0.03 

0.006 
± 0.004 

0.02 
± 0.009 

0.02 
± 0.011 

Malaysia 2 16 17 0.09 
± 0.08 

0.95 
± 0.02 

0.91 ± 
0.02 

0.0002 
± 0.0004 

0.0007 
± 0.0007 

0.01 
± 0.006 

Philippines 8 18 14 0.83 
± 0.06 

0.97 
± 0.02 

0.95 ± 
0.02 

0.006 
± 0.004 

0.01 
± 0.008 

0.02 
± 0.010 

Taiwan 9 14 14 0.84 
± 0.08 

0.95 
± 0.03 

0.91 ± 
0.03 

0.006 
± 0.004 

0.02 
± 0.008 

0.02 
± 0.01 

Thailand 5 5 14 0.82 
± 0.10 

0.93 
± 0.12 

0.95 ± 
0.03 

0.03 
± 0.01 

0.02 
± 0.01 

0.02 
± 0.01 

Western Indian Ocean 5 3 5 0.45 
± 0.15 

0.31 
± 0.12 

0.72 ± 
0.03 

0.004 
± 0.003 

0.00  
± 0.00 

0.002 
± 0.002 
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Table 3.4. Comparison of h-index, proportion of pure lineage and hybrid individuals, and 
meristic characters of the four lionfish species. 

Comparison of h-index, proportion of pure lineage and hybrid individuals, and meristic 
characters of the four lionfish species. The known range of meristic counts for each character 
was taken from multiple sources, as no definitive source exists for all of the four species.  

 
 Pterois miles Pterois volitans Pterois lunulata Pterois russelii 

h-index 0.02 0.40 0.93 0.99 
proportion Indian 0.94 0.01 0.00 0.00 
proportion Pacific 0.00 0.22 0.75 0.95 
proportion hybrid 0.06 0.77 0.25 0.05 

dorsal fin rays 9 – 111,2,3 10 – 121,2,3,6 10 – 114,5,6 11 – 123,6 

anal fin rays 5 – 61,2,3 5 – 81,2,3,6 7– 84,5,6 7 – 83,6 
pectoral fin rays 142,3 142,3,6 13 – 144,6 12 – 133,6 

1 Schultz 1986  2 Bennett 1934  3 Day 1876  4 Fowler 1903  5 Günther 1860  6 Beaufort and Briggs 1962 
 

Table 3.5. Meristic differences between genetics lineages in this study.  

For each genotype, average meristic counts and count range (in parentheses) are given. Kruskal-
Wallis tests found highly significant differences between lineages for all three meristic 
characteristics (p < 0.0001). Significant pairwise differences between lineages as determined by 
post-hoc Conover-Iman (Bonferroni corrected to p < 0.0167) tests are noted using superscript 
letters a and b; individuals with hybrid genotypes had significantly different dorsal and anal fin 
ray counts from those with Indian Ocean genotypes and significantly different pectoral fin ray 
counts from those with Pacific Ocean genotypes.  
 Indian Hybrid Pacific 

dorsal fin rays 10.07 (10 – 11)a 10.94 (9 – 11)b 11.02 (10 – 12)b 

anal fin rays 6.07 (6 – 7)a 6.99 (6 – 8)b 7.00 (7)b 

pectoral fin rays 14.00 (14)a 13.77 (13 – 14)a 12.99 (12 – 13)b 
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Table 3.6. Genotypes and fin ray counts. 

Proportion of individuals in each lineage with the given fin ray counts (N in parentheses). Highly 
significant differences were detected among the treatments for each meristic character (Kruskal-
Wallis, p < 0.0001). Significant differences as determined by post-hoc Conover-Iman 
comparisons within meristic characters (corrected significance level of p < 0.0167, Bonferroni 
method) are indicated by shading. For dorsal fin rays, post-hoc comparisons indicated that the 
Indian lineage was significantly different from the hybrids and the Pacific lineage (p < 0.0001). 
The difference between the hybrids and the Pacific lineage was not significant (p = 0.097). For 
anal fin rays, the Indian lineage was significantly different from the hybrids and the Pacific 
lineage (p < 0.0001). The difference between the hybrids and the Pacific lineage was not 
significant (p = 0.527). For pectoral fin rays, the Pacific lineage was significantly different from 
the hybrids and the Indian lineage (p < 0.0001) while the difference between the hybrids and the 
Pacific lineage approached significance (p = 0.051).  
 
 
Meristic Character Pacific Hybrid Indian 
    

Dorsal Fin 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 Fin 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 Fin 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 
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Chapter 4 Scorpaenitoxin protein expression: venomous implications 
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Abstract  
There has been a recent push for human consumption of the invasive Pacific lionfishes Pterois 
miles/volitans as a management strategy throughout the greater western tropical Atlantic region, 
where lionfish have become a significant ecological problem. Recent tests have indicated that 
invasive lionfishes may be ciguatoxic, threatening the viability of a fishery-based management 
strategy. However, if innate scorpaenitoxins in the flesh of lionfish are mimicking ciguatoxin, 
consumption may be safe after all. There have been no confirmed cases of ciguatoxin poisoning 
from eating lionfish, indicating that false positive tests may be occurring. Based on the high 
degree of similarity in the biochemical effects of ciguatoxin and scorpaenitoxins, it is possible 
that bioassays for ciguatoxin are inaccurate in Scorpaeniform fishes. Preliminary results suggest 
that scorpaenitoxins or other venom components are capable of contaminating ciguatoxin assays, 
and thus we urge caution regarding interpretation of ciguatoxin assays in invasive lionfishes. We 
recommend that ciguatera tests of lionfish be done after cooking the flesh, which denatures the 
scorpaenitoxins yet leaves ciguatoxin intact.  
 

Introduction 

Invasive species are one of the most economically damaging threats to ecosystems worldwide, 

costing an estimated $1.4 trillion annually (Pimental et al., 2001). Invaders may directly 

consume or outcompete native species, alter habitats and species interactions, and ultimately 

disrupt ecosystem structure and function (Lovell and Stone, 2005). Invasions often exacerbate 

other stresses on ecosystems, such as overfishing, climate change, and pollution (Ehrenfield, 

2010), and further threaten already declining species (Wilcove et al., 1998). While the best 
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management strategies are prevention, early detection, and rapid removal of invasive, the species 

that evade these measures may become established pests that require drastic management 

actions. Marine ecosystems now contain hundreds of non-native species, with more than 80% of 

systems possessing unwelcome invaders (Molnar et al., 2008). Successful marine fish 

introductions were once considered rare, but have increased in prevalence over time (Ruiz et al., 

1997). 

 

In the 1980s, two sister species of Indo-Pacific lionfish, P. volitans and P. miles (hereafter P. 

volitans/miles) were introduced to the Atlantic Ocean in the vicinity of Florida (Morris and 

Whitfield 2009), likely via the aquarium trade. (Semmens et al., 2004) Lionfishes are well suited 

to invasion, being fast-growing predators that breed year-round and consume a wide variety of 

small prey, predominantly of fishes, while having no substantial natural predators in their non-

endemic range (Morris and Whitfield, 2009; Albins and Hixon, 2013; Côté, Green and Hixon, 

2013; Hackerott et al., 2013 but see Mumby, Harborne and Brumbaugh, 2011). The introduced 

lionfishes have spread rapidly and are now observed as far south as Venezuela, as far north as 

Rhode Island, and throughout the greater Caribbean region and the Gulf of Mexico (Morris, 

2012). They are predicted to expand their range even further along the Atlantic coast of South 

America (Kimball et al., 2004; Morris, 2012). On small patch reefs, invasive lionfish can reduce 

native fish recruitment by about 80% in 5 weeks (Albins and Hixon, 2008), and by over 90% in 8 

weeks (Albins, 2013). This mortality causes steep population declines in native prey species 

across broader spatial scales (Green et al. 2012). There is also concern that lionfish, through 

predation on herbivorous fishes, may cause phase shifts from coral-dominated to algal-
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dominated reefs (Lesser and Slattery, 2011; Albins and Hixon, 2013). Therefore, the invasion of 

lionfishes is considered one of the top threats to global biodiversity (Sutherland et al., 2010). 

 

Reductions in lionfish population sizes mitigate some of their ecological impacts, therefore 

removal via targeted derbies and directed fisheries is a primary management strategy (Morris and 

Whitfield, 2009; Barbour et al., 2011; Morris, 2012). Removal strategies for pest fishes in 

general are difficult and often hindered by a lack of selective methods that target the invasive 

species (Britton et al., 2010). A specific fishery for the nuisance species is thus the most effective 

means of targeted removal, though it relies on the manpower of local community members to 

maintain efforts. The Reef Environmental Education Foundation (REEF) was one of the first 

organizations to support local lionfish round-ups or ‘derbies’ in heavily infested places like the 

Bahamas (Morris and Whitfield, 2009), which collect thousands of lionfish in a single day. The 

organization went on to release a lionfish cookbook, hoping to appeal to restaurant owners and 

the public alike (Ferguson and Akins, 2010). In 2010, the National Oceanographic and 

Atmospheric Administration (NOAA) joined REEF, launching its “Eat Lionfish” campaign 

promoting the nutritional value and taste of lionfish (Morris et al., 2011). Local communities 

have enthusiastically accepted these campaigns, turning local fishermen acting as conservation 

advocates (Morris, 2012).  

 

At the same time, Florida Sea Grant, in conjunction with the Food and Drug Administration 

(FDA), caution that REEF and NOAA’s campaigns are premature, based on results of a 

preliminary test indicating that lionfish are can contain the dreaded ciguatera toxin. The high 

prevalence of ciguatera reported in the Florida Sea Grant unpublished report is surprising given 
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that no confirmed poisonings by lionfish have been documented in five years of local lionfish 

round-ups and associated barbeques. (Gill, 2012). While the lead researcher from the FDA 

initially stated that the administration does not support REEF and NOAA’s campaigns, the 

administration has since waivered, declining to condemn the consumption of lionfish (Silk, 

2012). Yet the report caused great concern in regions where ciguatera is a known problem, such 

as the Virgin Islands, thus threatening the viability of controlling the lionfish invasion via a 

fishery-based management strategy. 

 

Ciguatera fish poisoning (“CFP”) is the most common marine poisoning worldwide, with more 

than 50,000 cases reported annually (Ting and Brown, 2001), though estimates place the actual 

frequency of CFP as high as 500,000 cases per year (Arena et al., 2004). The responsible agents 

are ciguatoxin and its close congeners (“CTXs”), all of which are bioaccumulating lipophilic 

toxins produced by reef-associated dinoflagellates. The toxins are colorless and odorless, and are 

thus impossible to detect without biochemical assays. Because the toxins are heat-stable, not 

inactivated through any normal means of fish preparation, prior detection of fish with high toxin 

concentration is the only way to prevent poisoning (Juranovic and Park, 1991). In communities 

where CFP is endemic, large, predatory reef fish are avoided by humans, reducing the number of 

fish available for sustenance and increasing fishing intensity on other species. 

 

The dinoflagellates that produce CTXs are found globally in tropical and subtropical latitudes, 

and are endemic to American island states and territories, including Hawai‘i, Florida, Puerto 

Rico, Guam, the US Virgin Islands, American Samoa, and the Commonwealth of the Northern 

Mariana Islands. In Puerto Rico, it is estimated that almost one tenth of the residents have 
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experienced CFP, whereas across the Pacific islands as a whole, 70% of the population has been 

poisoned (Fleming et al., 1998). 

 

Although P. volitans/miles are only mid-sized predators (mesopredators), they are typically 

piscivorous, and so have the potential to be ciguatoxic. Their relatively long lifespan (decades) 

increases their bioaccumulation potential, and thus careful study of CTX prevalence in these 

species is warranted and necessary to ensure safe consumption. There have been no published 

peer-reviewed studies to date on the prevalence of CTXs in lionfishes, either in their native or 

invasive ranges. However, results from the 2012 Florida Sea Grant/FDA investigation concluded 

that among 194 fish tested, 42% showed detectable levels of CTXs and 26% were above the 

FDA’s illness threshold of 0.1 parts per billion (Gill, 2012). The method of testing was not 

reported. Here, we present evidence that the venom ubiquitous to lionfish species may mimic 

ciguatoxin in bioassays, potentially causing false positives.  

 

Scorpaenitoxins vs. Ciguatoxin 

Most scorpaeniform fishes are known to be toxic, especially in the form of fin spine venoms, and 

it has been suggested that similar toxins occur across different lineages within this order. For 

example, antivenoms developed for stonefishes of the Family Synanceiidae (“SFAV”) have been 

shown to interact with toxin extracts from members of several scorpaeniform families (Shiomi et 

al., 1989; Church and Hodgson, 2001; Church and Hodgson, 2003; Andrich et al., 2010). The 

isolation of similar protein toxins across distant lineages (Kiriake and Shiomi, 2011) 

demonstrates that a unique toxin family (scorpaenitoxins) is highly conserved in this taxonomic 

group.  
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Clinically, ciguatera poisoning and lionfish envenomation generate overlapping symptoms, 

indicating that similar effects may be occurring at the cellular level. The predominant symptom 

of lionfish envenomation is intense, throbbing pain at the sting site, which may radiate from the 

site of injury and persist up to 12 hours (Halstead, 1988; Trestrail and Al-Mahasneh, 1989). 

However, anesthesia, paresthesia, and hypesthesia have all been reported, and all are symptoms 

of ciguatera poisoning (Kizer et al., 1985; Kasdan et al., 1987; Trestrail and Al-Mahasneh, 1989; 

Patel and Wells, 1993). While systemic effects of envenomations are less common, they are 

similar to clinical presentations of CFP. These include headache, nausea, vomiting, abdominal 

pain, delirium, seizures, limb paralysis, hypertension and hypotension, respiratory distress, heart 

problems, muscle weakness, chills and death (Kizer et al., 1985; Kasdan et al., 1987; Trestrail 

and Al-Mahasneh, 1989). Intravenous introduction of scorpaeniform venom extracts in mice 

yield similar effects to injection of ciguatoxin, including ataxia, limb paralysis, muscle weakness, 

and death, with muscular effects more pronounced for lionfish venom than stonefish venom 

(Saunders and Taylor, 1959). 

 

Most methods of ciguatera detection depend on physiological effects in test animals, using in 

vitro bioassays to determine presence and concentration of CTXs. Intraperitoneal injection of 

mice with crude fish extracts has been used by the Hawai‘i Department of Health to detect CTX 

(Hokama, 2004), with key indicators of toxicity being weakness, paralysis and death. However, 

these effects are also seen with intraperitoneal injections of scorpaeniform extracts (Saunders and 

Taylor, 1959; Saunders, 1960; Shiomi et al., 1989; Khoo et al., 1992; Khoo, 2002). In guinea pig 

atria, both CTX and stonustoxin cause negative inotropy associated with cell depolarization and 
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calcium overload (Lewis, 1988; Austin et al., 1965). CTX is also a highly potent sodium channel 

activator, and a number of assays, like the rapid hemolysis assay and the neuroblastoma assay 

(Shimojo and Iwaoka, 2000), assess sodium channel activation as an indicator of CTX. Yet 

stonustoxin from scorpaeniform fishes has also been shown to activate sodium channels, and like 

CTX, activating effects are blocked by sodium channel blockers such as tetrodotoxin (Hopkins, 

Hodgson and Sutherland, 1996). 

 

Unlike CTX, scorpaenitoxins are readily degraded when heated or ingested (Saunders and 

Taylor, 1959; Saunders, 1960; Glaziou and Legrand, 1994; Chun, 2005). Thus while 

scorpaenitoxins might throw off a ciguatoxin test, they pose no threat to the consumer. Based on 

the high degree of similarity in the effects of CTX and scorpaeniform venoms, it is possible that 

bioassays for CTX are inaccurate in scorpaeniform species. The production of venom 

components could explain the putative prevalence of CTX in invasive lionfishes despite the 

complete lack of poisoning incidents. If this effect occurs, then it has likely gone undocumented 

because there are few commonly consumed ciguatoxic fish that might produce such toxins. Our 

preliminary results suggests that scorpaenitoxins (a) are present in the tissues commonly used for 

ciguatera testing, and (b) can be detected after extraction protocols commonly used in ciguatera 

testing. These data indicate caution and skepticism when interpreting results from ciguatera 

testing in scorpaeniform fishes, including invasive lionfishes. The ultimate solution is more 

reliable and specific testing for ciguatera, allowing for improved management of these highly 

invasive species. 
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Materials and Methods 

Protein Extractions 

Crude tissue extracts of skin, muscle, liver and spines were taken from adult invasive P. 

volitans/miles (15-30 cm in length, n=14), and as a positive control, the confamilial 

Scorpaenopsis diabolus (n=3). P. volitans/miles were spearfished off the coast of Beaufort, 

North Carolina, and the specimens of S. diabolus were spearfished from locations around Oahu. 

All animals were frozen on dry ice immediately after capture and preserved at -80 °C until 

analyzed. Spine, skin, muscle and liver samples were collected from frozen individuals and 

homogenized in one of four extraction buffers: phosphate buffered saline (PBS) with 10 mM 

EDTA and 1 mM PMSF (Stable Salt Buffer, SSB), a 70% methanol/30% PBS, 100% methanol, 

and 100% acetone. Homogenized tissues were shaken overnight at 4 °C. Samples were 

centrifuged at 14,000 x g for 10 minutes and the supernatant was transferred to a clean vial. 

Methanol and acetone extractions were evaporated to dryness in a rotary evaporator until nearly 

dry, and were resuspended in freezer storage buffer (SSB + 20% glycerol), while the saline 

supernatants were dialyzed into the same storage buffer. Total protein concentration was 

determined using a modified Lowry assay (Bio-Rad). All samples were stored at -20 °C until 

use. 

 

Protein size sorting and Immunoblotting 

Relative scorpaenitoxin levels in each sample were analyzed using a western blotting protocol as 

employed by previous scorpaenitoxin investigations (Shiomi et al., 1989; Church and Hodgson, 

2001; Church and Hodgson, 2003; Andrich et al., 2010). Studies have shown that 

scorpaenitoxins from distantly related fishes, including lionfish, scorpionfish and soldierfish, all 
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cross-react with stonefish antivenin (SFAV) (Shiomi et al., 1989; Church and Hodgson, 2001; 

Church and Hodgson, 2003; Andrich et al., 2010), with scorpaenitoxin subunits around 75 kDa 

in size. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was carried out 

to separate venom proteins by size, using the method developed by Laemmli (1970) on 7.5% 

TGX gels (Bio-Rad). Samples were pre-treated using Laemmli sample buffer (Bio-Rad) at 100 

°C for 5 min. Native PAGE was also performed to resolve intact scorpaenitoxins, with samples 

prepared in Native buffer (Bio-Rad) and run under non-reducing conditions in Tris/Glycine 

buffer (Bio-Rad). The molecular masses were estimated by a relative mobility method, 

comparing the migration of the obtained bands with that from a mixture of protein molecular 

markers. After running, proteins were visualized by staining with Coomassie Brilliant Blue R-

250. 

 

For immunoblotting, proteins were electrotransferred (4 °C, overnight) onto a PVDF membrane, 

which was then blocked with PBS–Casein (1% w/v, 1 h). After washing the membrane with 

PBS–Tween 20 (0.05% v/v), it was probed overnight at 25 °C with SFAV diluted in PBS (1:500) 

and another washing step was performed. The bound antibodies were probed (1 h, 25 °C) with a 

diluted peroxidase-labeled anti-horse IgG preparation (1:1000 in PBS), and resolved using the 

Clarity Western ECL Substrate (Bio-Rad). Blots were visualized using GeneSnap (SynGene) 

with relative expression levels calculated using GeneTools (SynGene).  
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Results  

SDS-PAGE investigation of the proteins in the skin, muscle, spine and liver tissues of P. 

volitans/miles revealed the presence of scorpaenitoxin and other venom proteins in all tissue 

types. While clear differences in the types of proteins expressed in each tissue type were 

visualized with SDS-PAGE (Fig. 1A), when analyzed with western blotting, stonefish antivenom 

reacted to a number of these proteins ranging in size, most of whose functions are unknown. The 

strong reactivity by two proteins roughly 75 kDa in size is consistent with the alpha and beta 

subunits of PvTx identified by Kirikake and Shiomi (2011) (Fig. 1B). These scorpaenitoxin 

bands (Fig. 2A) were strongest in spine tissues (67.2 ± 46.3 times more optically dense than in 

liver tissues), but were also present in skin and muscle tissues at around 1/10th the concentration 

(Fig 2C). Intact scorpaenitoxins of ~150 kDa were also detected in spine, muscle and skin (Fig. 

2B). Thus, while the spines expressed higher levels of scorpaenitoxins, they were also readily 

detected in the skin and muscle tissues, and therefore could potentially contaminate ciguatoxin 

assays which use those tissues for analysis.   

 

Analysis of extracts from P. volitans/miles tissues using four commonly used methods for 

ciguatoxin revealed that scorpaenitoxins showed remarkable levels of intact proteins. While it 

was expected that proteins would be isolated using a saline extraction buffer, they were equally 

detected in 70% methanol extractions (Fig. 3). Acetone extractions (100%), the most commonly 

used in CTX analysis, also contained detectable levels of scorpaenitoxins, albeit at much lower 

levels (Fig. 3B). No scorpaenitoxins could be detected in the methanol extracts. The presence of 

scorpaenitoxins in the three extracts further suggests that venom proteins could currently 

contaminate assays for ciguatoxin activity. 
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Discussion 

The analyses reported here indicate that, while scorpaenitoxin venom components are highly 

concentrated in the spines of lionfishes responsible for the Atlantic invasion (P. volitans/miles), 

they can also be found throughout the body, including tissues commonly tested for the presence 

of ciguatoxin. Given that scorpaenitoxins and ciguatoxin cause similar biochemical reactions, it 

is possible that standard ciguatera tests of lionfish result in false positives. If so, the falsehood 

that lionfish are unsafe to eat would hinder directed fisheries that could help mitigate the impact 

of this invasive (Morris, 2012). A simple solution is to cook lionfish before conducting a 

ciguatera test, which denatures scorpaenitoxins, leaving only ciguatoxin, if present (Saunders and 

Taylor 1959; Saunders 1960). 

 

Our findings confirmed the presence of scorpaenitoxins in multiple tissues. To date, seven lethal 

scorpaenitoxin proteins have been isolated from three species of stonefish, two species of 

lionfish and one species of scorpionfish: stonustoxin, abbreviated SNTX from Synanceja horrida 

(Poh et al., 1991; Ghadessy et al., 1996), verrucotoxin, abbreviated VTX, from Synanceja 

verrucosa (Garnier et al., 1995; Garnier et al., 1997), neoverrucotoxin abbreviated neoVTX from 

Synanceja verrucosa (Ueda et al., 2006), trachynilysin abbreviated TLY from Synanceja 

trachynis (Kreger, 1991), PvTx from P. volitans (Kiriake and Shiomi, 2011), PaTX from P. 

antennata (Kiriake and Shiomi, 2011), and Sp-CTX from Scorpaena plumieri (Andrich et al., 

2010). All are large, multi-subunit proteins that are thought to cause cytotoxicity through pore 

formation and sodium channel activation. Of the seven, the complementary DNA (cDNA) of five 

toxin mRNA sequences have been generated. Subunits within the same taxonomic family are > 
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87% homologous (Ueda et al., 2006), while those between families are > 45% homologous 

(Kiriake and Shiomi, 2011). This family of proteins, the scorpaenitoxins, is unknown in any 

other animal lineage. 

 

It is unclear why scorpaenitoxins are present in tissues other than spine venom glands, though 

there are several possible explanations. While scorpaenitoxins are viewed as venom proteins, it is 

possible that they serve other functions, such as immunological defense. Many venom proteins 

are recruited from key regulatory processes (see Fry et al., 2009). Currently, the evolutionary 

history of the scorpaenitoxins is unknown, and only one terminal domain is homologous to any 

known protein. If the venoms of fish evolved through similar pathways involving the duplication 

and modification of encoding genes, it would not be surprising if endogenous proteins similar to 

the venom scorpaenitoxins are present elsewhere. While western blotting is able to detect the 

presence of similarly sized proteins, it is unable to determine whether the proteins detected in the 

skin and muscles are identical to the one present in the spines. Therefore, the proteins detected in 

body tissues may not be the venom, though they must contain enough similarities to interact with 

the stonefish venom antibodies. It is also possible that the detectable levels represent incomplete 

sequestration of venom components. Previous research has indicated that lionfish are resistant to 

their own venom (Allen and Eschmeyer, 1973), a trait not universal in venomous organisms. It is 

possible such resistance is a necessity if venom sequestration is incomplete. Whatever the 

ultimate cause of scorpaenitoxins in body tissues, the presence of these proteins may result in the 

contamination of ciguatoxin assays. 
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The lipophilic nature of scorpaenitoxins further contributes to concerns about contamination of 

ciguatera tests. Though methanol- and acetone-based extraction methods are designed to extract 

lipids, it is well established that other highly lipophilic compounds, including proteins, can be 

solubilized in these organic solvents (Erickson, 1993). The presence of scorpaenitoxins in 100% 

acetone extracts is particularly troubling, as this is a common first step for CTX detection. These 

results stress the importance of clean-up protocols and multiple extraction steps to ensure the 

purity of any samples tested for CTX. Again, the best precaution is to cook a lionfish before 

testing for the presence of CTX. 

 

Though scorpaenitoxins are the most lethal component of scorpaeniform venoms, they are not 

the only toxic constituents that may play a role in the in vitro similarities with ciguatoxins. 

Venoms are complex chemical cocktails with multiple compounds contributing to toxicity 

(Casewell et al., 2012). Biologically active peptides have been isolated from multiple 

scorpaeniform fishes. Juzans et al. (1995) isolated a peptide from Synanceia trachynis that, like 

CTX, causes spontaneous release and depletion of acetylcholine from motor nerve terminals. 

Balasubashini et al. (2006) isolated an antiproliferative peptide (7.6 kDa) from P. volitans 

venom. In P. volitans, several proteins of various sizes cross-react with stonefish antivenom and 

may indicate venomous use (Fig. 1B). In other investigations of lionfish venom, proteolytic 

enzymes weighing roughly 45 kDa have been detected though not purified (Balasubashini et al., 

2006), and other proteins weighing 29 kDa, 66 kDa, 97 kDa and 116 kDa have been separated 

using SDS-PAGE, though their functions are unknown (Choromanski, 1985). Non-proteinaceous 

components have also been found in all scorpaeniform venoms examined. Additionally, there is 

strong evidence for the presence of neurotransmitters in the venoms of lionfish (Cohen and Olek, 
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1989; Church and Hodgson, 2002) and other Scorpaeniformes (Garnier et al., 1996), including 

acetylcholine and noradrenaline. Although little is known about lipid toxins in these species, 

Nair et al. (1985) isolated an unknown lipophilic ichthyotoxin from P. volitans spines. 

 

The detection of all of these components from different tissues and extraction methods was 

outside the scope of this work, but it is important to remember that with our limited knowledge 

of the relative contribution of venom components to in vitro activities, any of these components 

could cause false positives in CTX activity assays. Some, like the unidentified toxin isolated by 

Nair et al. (1985), may be even more likely to survive lipid-specific extraction methods. Thus, 

further research into the diversity of toxins in lionfish tissues is necessary to completely 

understand the potential for contamination of CTX assays. 

 

There are severe consequences to inaccurate ciguatoxins tests. Poisonings have direct and 

indirect negative social and economic impacts. Even a few cases of CFP can drastically alter the 

use of reef resources, and fish avoidance can have an adverse economic impact (Lewis, 1986). In 

French Polynesia, for example, CFP costs over $1 million dollars annually in lost productivity 

due to illness and more than $1 million in lost earnings due to banned fish (Glaziou and Legrand, 

1994). If innate lionfish toxins are causing false positives on ciguatoxin tests, there is little hope 

of establishing a stable fishery that could otherwise help to control this worst of marine 

invasions.  

 

Though the data reported here do not provide conclusive evidence of venom contamination, they 

provide sufficient evidence for the re-evaluation of ciguatera testing methods in lionfish and 
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other venomous species. Certainly caution is indicated in interpreting positive results from CTX 

bioassays of invasive lionfish. While there is likely no doubt that lionfish in areas with high 

levels of ciguatera prevalence possess the same potential danger as similar mesopredators, there 

is no evidence that lionfish in ciguatera-free areas are a threat to public health. 
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Figures 

 
Figure 4.1. SDS PAGE analysis of P. volitans/miles tissue extracts. 

SDS PAGE analysis of P. volitans/miles tissue extracts on TGX protein gels, showing the 
presence of venom proteins in all tissues tested. Darker bands indicate increased amounts of 
protein. (A) Coomassie stain of total protein, revealing the similarities and differences in the 
concentration of different proteins in different tissue types. (B) Western blot with stonefish 
antivenin, which highlights the proteins similar to those in stonefish venom. Scorpaenitoxin 
subunits are ~75 kDa in size. Lanes: 1. spine; 2. skin; 3. muscle; 4. liver; 5; S. diabolus spine 
(positive control). 

 
Figure 4.2. Relative scorpaenitoxin content in different tissues from P. volitans/miles 

Relative scorpaenitoxin content in different tissues from invasive lionfish P. volitans/miles, 
showing that scorpaenitoxins are present in the spines, skin, and muscle. (A) Representative 
western blot after denaturing SDS-PAGE showing the detection of the alpha and beta subunits of 
PvTx in the various tissue types. Lanes: 1. spine; 2. skin; 3. muscle; 4. liver. (B) Representative 
western blot after Native-PAGE showing the detection of complete PvTx in the various tissue 
types. Lanes: 1. spine; 2. skin; 3. muscle; 4. liver. (C) Relative scorpaenitoxin levels across tissue 
types. Values represent mean densitometry values of protein bands (± 1 standard error of the 
mean) detected by western blotting of SDS-PAGE; band intensities standardized by the liver 
sample from each fish, which we use as a reference; n=4 for each bar. 
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Figure 4.3. Relative scorpaenitoxin content in different extraction methods. 

Relative scorpaenitoxin content in different extraction methods from invasive lionfish P. 
volitans/miles, showing that scorpaenitoxins survive extraction protocols designed for ciguatoxin 
assays. (A) Representative western blot showing the detection of the alpha and beta subunits of 
PvTx in the various extraction methods. Lanes: 1. SSB buffer; 2. 70% Methanol; 3. 100% 
Methanol; 4. 100% Acetone. (B) Relative scorpaenitoxin levels across extraction methods. 
Values represent mean densitometry values of protein bands (± 1 standard error of the mean) 
detected by western blotting; band intensities standardized by the methanol sample, which we 
use as a reference; n=3 for each bar 
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Chapter 5 Conclusions 
 
The overall aim of this dissertation was to use molecular methods to gain a better understanding 

of the Pteroinae. The results of this study include the first phylogenetic analyses of the subfamily 

to include all five genera, the first comprehensive analysis of the degree of hybridization 

between these taxa and the true nature of the biogeographic subdivision within the genera, the 

first analysis of intraspecific toxin variability, and the first examination of tissue-specific venom 

protein expression in any defensively venomous fish. Overall, these data reveal previously-

unknown diversity at multiple scales, and indicate a need for further study of pteroid 

phylogenetics and venomics. 

 

Taxonomic incongruence  

Currently, the Pteroinae are split into five genera and 21 species. Phylogenetic analyses using 

five mitochondrial and nuclear markers indicated that at the genus level, the Pteroinae are 

comprised of a species assemblage of poorly sorted according to modern taxonomic practices, 

and currently defining meristic characters insufficiently describe the evolutionary history of the 

group. A lack of designation of major clades within Pterois and Dendrochirus has likely 

hindered our understanding of their native range ecology and biology. For example, when 

Kulbicki et al. (2012) analyzed lionfish distribution patterns in their native range, the 

contemporary understanding was that all currently recognized Pterois species represent a single 

taxonomic, evolutionary and thus ecological unit that can be used for comparisons between 

native and invasive lionfishes. However, the results of my work indicate that entire lionfish 

genera are more closely related to the invasive P. volitans/miles than P. antennata, P. mombasse, 
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P. radiata and P. sphex, and thus may be more ecologically relevant when seeking to understand 

native lionfish distributions. Similarly, the focus of Darling et al. (2011) and McTee and Grubich 

(2014) on Indian Ocean and Red Sea P. miles as a proxy for native lionfish populations is 

incongruent with the data in this study which suggest the invasive P. volitans/miles are 

genetically distinct from the Indian/Red Sea populations, largely consisting of putative hybrids 

between Indian and Pacific lionfish lineages, and which may have different biological and 

ecological traits compared to their presumed parent lineages. The phylogenetic and 

phylogeographic data presented here indicate the need to focus on native populations most 

closely related to the invasive species when seeking comparisons. Further research is needed 

either across a broader taxonomic range of lionfishes if we wish to apply the approach of 

Kulbicki et al. (2012), or more narrowly on the lionfishes found in the Indonesian archipelago, 

the likely source of the invasive population (Freshwater et al., 2009a), to rigorously apply the 

approaches of Darling et al. (2011) and McTee and Grubich (2014).  

 

Toxin evolution 

The evolution of defensive venoms is poorly understood, and research is sorely needed to begin 

to unravel the evolutionary origins of defensive venoms (Casewell et al., 2012). This study is one 

of the first to examine a defensively venomous group broadly and from multiple angles. These 

results indicate that, although the selective forces which act upon defensive venom proteins are 

still unknown, positive selection is likely occurring. The expression of venom proteins or venom-

like proteins in multiple tissues supports early suggestions that piscine venoms may have 

originated as immunological defenses, which were later co-opted into proper venom systems.  
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Fishes possess not only an adaptive immune system analogous to ours containing 

immunoglobulins, but also an extensive innate immune system (Hoar et al., 1997). Fishes are 

armed with an array of antimicrobial substances (Subramanian et al., 2008), including cationic 

peptides including defesins and cathelicidins, toll-like receptors, and other antimicrobial proteins 

(Hoar et al., 1997; Zou et al., 2007). Some of these are thought to act by forming ion channels 

across membranes (Orenm and Shai, 1998) or interactions with ion channels (Ganz, 2003), 

similar to the mode of action for scorpaenitoxins (Cohen and Olek, 1989; Church and Hodgson, 

2002). The presence of venom or venom-like proteins in the skin and musculature of lionfish, 

then, is perhaps not entirely surprising, if these proteins evolved from ancestors with known 

immunological function. 

 

Further evidence that piscine venoms may have evolved from immune defenses is found in the 

conserved B30.2/SPRY domain in the C-terminal segments of each subunit (Ghadessy et al., 

1996; Ueda et al., 2006; Kiriake and Shiomi, 2011; Kiriake et al., 2013), which is otherwise 

found mostly in immune system proteins (Rhodes, de Bono and Trowsdale, 2005), including the 

large group of TRIM proteins (implicated in viral resistance) and BTNs (receptor glycoproteins 

of the immunoglobulin superfamily). There are hundreds of known proteins with a B30.2/SPRY 

C-terminal domain which are involved in regulation of cytokine signaling, intracellular calcium 

release, immunity to retroviruses as well as regulatory and developmental processes (Rhodes, de 

Bono and Trowsdale, 2005). The biological implication(s) of this C-terminal domain in these 

functionally diverse and structurally dissimilar protein families is not known, though it is thought 

to be involved in protein-protein interactions (Woo et al., 2006). It has been shown that cationic 

residues on stonustoxin (the scorpaenitoxin from Synanceia horrida) are largely responsible for 
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its hemolytic and lethal activity, because when these lysine residues are succinylated or 

carbamylated (to obtain negatively charged or neutral residues respectively), SNTX is no longer 

hemolytic or lethal (Chen et al., 1997; Khoo et al., 1998). In addition, SNTX and TLY both 

exhibit pore-forming abilities (Chen et al., 1997; Mattei et al., 2000). The influence of the 

B30.2/SPRY domain on these findings is not known, but because it is implicated in protein-

protein interactions, it may function to attach venom proteins to target cells. This domain was 

also recently discovered in a set of snake venom proteins called ‘vespryns’ (Pung et al., 2006). 

One of the snake toxins, ohanin, consists almost entirely of PRY and partial SPRY domains and 

has biological activity (Pung et al., 2005). The presence of snake venom proteins with this 

domain may indicate that B30.2/SPRY-containing proteins have been co-opted for toxic 

purposes in a number of vertebrate lineages, including snakes.  

 

The positive selection detected in this study in the terminal 115 residues of the B30.2/SPRY in 

pteroid scorpaenitoxins indicates a strong role in venom activity. However, these results cannot 

speak to what is causing such selection. Unlike predatory venoms, defensively venomous 

organisms may not have frequent ecological interactions with potential predators to create a 

strong selective pressure for the preservation of venom toxicity. It remains unclear as to what 

species lionfish venom is ‘intended’ to prevent predation. Lionfish venoms are known to cause 

physiological distress on a wide diversity of species, including potential fish and mammalian 

predators, yet no species are known to feed on lionfish. Predatory fish species from the invasive 

range avoid eating lionfish even when starved (Morris, pers. comm.), and there are no regular 

predators of lionfish in their native range. While it is presumed that larger predatory fish such as 

groupers or sharks may opportunistically feed on lionfish, there have been no direct observations 
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of predation on uninjured lionfish in either their native or invasive ranges. The only occurrences 

of predation on lionfishes have been inferred from gut contents (Bernadsky and Goulet, 1991; 

Maljković et al., 2008) or have been observed using teathered lionfish (Diller et al., 2014), which 

although not severely injured, may act or smell differently than unteathered individuals. Given 

the information available, it is unlikely that adult lionfish are exposed to frequent predation 

attempts, and thus it may be that the selective pressure to maintain a venomous defense is weak 

and cannot explain the level of positive selection inferred in this study. The real frequency of 

predation attempts, though, remains unknown, and the intensity of selection pressure created by 

frequent versus infrequent predation attempts has not been assessed in lionfishes. 

 

Intriguingly, the only species that seem to be weakly or unaffected by lionfish venom are other 

lionfish (Allen and Eschmeyer, 1973). Such resistance could be a byproduct of producing similar 

proteins, or it could indicate that either intra- or interspecific predation and/or competition may 

have played a role in the evolution of toxic defenses. If this were the case, one might expect the 

high interspecific or even intraspecific variation in venom proteins documented in Chapter 2. 

The high degree of toxin variation detected in P. antennata in this study may indicate that 

maintenance of a diversity of toxins is essential against constantly evolving predators or intra- or 

interspecific competitors. However, this would not explain the lack of diversity detected in P. 

volitans, P. miles, P. lunulata and P. russelii. Even if the four are one polytypic species, as 

suggested in Chapter 3, there is still extremely low toxin variation detected given that the overall 

sampling effort of this group was more than four times that of P. antennata.  Indeed, this lineage 

was one of the primary branches along the pteroid tree where positive selection was not detected, 

and instead, there was evidence of protein conservation. This would indicate that the two 
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lineages are following different pathways of venom evolution. Further research is needed to 

determine how high the level of venom diversity is in other lionfish species, particularly D. 

brachypterus which had low sample sizes in this study but could posses even higher toxin 

diversity than P. antennata.  Understanding the overall toxin diversity within and between 

lionfish species is an important first step in understanding how these defensive venoms evolve, 

to ultimately attempt to uncover the overall evolutionary pressures that lead to the genesis of 

defensive venoms.  

 

Understanding venom diversity has public health implications. Smith & Wheeler (2006) 

estimated that there are over 2000 species of venomous fish, many of which are found in the 

Scorpaeniformes. Somewhere between 40,000 to 50,000 people are stung by these animals every 

year (Preuss, 2000), numbers which will likely rise given the recent invasions of lionfish into the 

Atlantic and Mediterranean (Whitfield et al., 2007). Understanding the diversity of toxins allows 

for better treatment options. For example, knowing the degree of similarity of toxins between 

species may help determine whether antivenoms or other treatments will be effective across a 

range of taxa. Similarly, a more complete understanding of the complement of toxins in 

venomous species may allow for therapeutics that specifically target the most pathologically 

relevant toxins. Furthermore, venomous animals are a figurative gold mine for potential 

therapeutics (Hodgson and Isbister, 2009; Fernandes-Pedrosa, Félix-Silva and Menezes, 2013). 

Developing a better understanding of their evolution and current diversity will aid in creating a 

‘road map’ to the most valuable species for bio-prospecting (Smith and Wheeler, 2006).  
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Appendices 
 
Table A.1. Collection information for samples used for phylogeny reconstruction. 

Species Voucher Collection Location 

Dendrochirus   
Dendrochirus barberi ToBo DA0001 USA/Hawaii 
Dendrochirus barberi ToBo DA0002 USA/Hawaii 
Dendrochirus barberi No voucher  USA/Hawaii 
Dendrochirus barberi No voucher  USA/Hawaii 
Dendrochirus barberi No voucher  USA/Hawaii 
   
Dendrochirus bellus BRAS ASIZP0910601 Taiwan 
Dendrochirus bellus BRAS ASIZP0900223 Taiwan 
   
Dendrochirus biocellatus ToBo DI0002 Indo-Pacific 
Dendrochirus biocellatus KAUM 23969 Thailand (Phuket) 
Dendrochirus biocellatus KAUM 29693 Japan (Kagoshima) 
Dendrochirus biocellatus KAUM 32670 Japan (Kagoshima) 
Dendrochirus biocellatus KAUM 37792 Japan (Kagoshima) 
   
Dendrochirus brachypterus ToBo DR0001 Indo-Pacific 
Dendrochirus brachypterus ToBo DR0002 Indo-Pacific 
Dendrochirus brachypterus BRAS ASIZP0900243 Taiwan 
Dendrochirus brachypterus BRAS ASIZP0900258 Taiwan 
Dendrochirus brachypterus BRAS ASIZP0900262 Taiwan 
Dendrochirus brachypterus AUS I.40868-010 Australia 
Dendrochirus brachypterus AUS I.42890-017 Australia 
Dendrochirus brachypterus KAUM 23968 Thailand (Phuket) 
Dendrochirus brachypterus KAUM 33290 Thailand (Ranong) 
Dendrochirus brachypterus KAUM 35648 Japan (Kagoshima) 
Dendrochirus brachypterus KAUM 39183 Taiwan (Kaohsiung) 
   
Dendrochirus zebra ToBo DZ0001 Indo-Pacific 
Dendrochirus zebra ToBo DZ0002 Indo-Pacific 
Dendrochirus zebra ToBo DZ0003 Indo-Pacific 
Dendrochirus zebra BRAS ASIZP0910952 Taiwan 
Dendrochirus zebra KAUM 9853 Japan (Kagoshima) 
Dendrochirus zebra KAUM 17516 Japan (Kagoshima) 
Dendrochirus zebra No voucher  Philippines 

   
Parapterois   
Parapterois heterura BRAS ASIZP0900244 Taiwan 
Parapterois heterura KAUM 10113 Japan (Kagoshima) 
Parapterois heterura KAUM 10346 Japan (Kagoshima) 
Parapterois heterura KAUM 12460 Malaysia (Sabah) 
Parapterois heterura KAUM 10152 Japan (Kagoshima) 
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Table A.1. (continued) 
Species Voucher Collection Location 

Ebosia   
Ebosia bleekeri BRAS ASIZP0914001 Philippines 
Ebosia bleekeri BRAS ASIZP0914002 Philippines 
Ebosia bleekeri KAUM 35803 Japan  
Ebosia bleekeri KAUM 35818 Japan  
Ebosia bleekeri KAUM 44331 Japan (Kagoshima) 
Ebosia falcata KAUM 47529 Thailand (Ranong) 
Ebosia falcata KAUM 47530 Thailand (Ranong) 
   
Brachypterois   
Brachypterois serrulifer KAUM 22035 Malaysia (Sabah) 
Brachypterois serrulifer KAUM 47580 Thailand (Ranong) 
Brachypterois serrulifer KAUM 47581 Thailand (Ranong) 
Brachypterois serrulifer KAUM 49286 Malaysia (Sabah) 
   
Brachypterois serrulata BRAS ASIZP0910715 Taiwan 
Brachypterois serrulata BRAS ASIZP0062399 Taiwan 
Brachypterois serrulata BRAS ASIZP0062992 Taiwan 
Brachypterois serrulata KAUM 12313 Malaysia (Sabah) 
Brachypterois serrulata KAUM 33225 Thailand (Chantha Buri) 
   
Outgroups   
Scorpaenopsis diabolus ToBo  SD0001 USA/Hawaii 
Scorpaenopsis diabolus No voucher USA/Hawaii 
Scorpaenopsis oxycephala KAUST RS5059 Saudi Arabia 
Scorpaena gutta KU 30414 USA/California 
Scorpaena plumieri KU 96 (Photo Voucher) Belize 
Taenianotus triacanthus ToBo TT0001 USA/Hawaii 
   
Pterois   
Pterois lunulata BRAS ASIZP0910276 Taiwan 
Pterois lunulata KAUM 10470 Japan (Kagoshima) 
Pterois lunulata KAUM 17745 Japan (Kagoshima) 
Pterois lunulata KAUM 35616 Japan (Kagoshima) 
   
Pterois mombasse KAUM 48423 Japan (Okinawa) 
Pterois mombasse ToBo PO0001  Indo-Pacific 
Pterois mombasse ToBo PO0003 Indo-Pacific 
Pterois mombasse ToBo PO0004 Indo-Pacific 
Pterois mombasse ToBo PO0005 Indo-Pacific 
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Table A.1. (continued) 
Species Voucher Collection Location 

Pterois antennata ToBo PA0001 Africa 
Pterois antennata ToBo PA0002 Africa 
Pterois antennata ToBo PA0003 Tahiti 
Pterois antennata ToBo PA0004 Tahiti 
Pterois antennata No voucher  Palmyra 
Pterois antennata USNM 334212 Tonga 
Pterois antennata KU 31870 Fiji 
Pterois antennata CAS 219164 Fiji 
Pterois antennata KU 32439 Saipan 
Pterois antennata KAUM 38746 Japan 
Pterois antennata KAUM 43003 Japan 
Pterois antennata No voucher  Philippines 
Pterois antennata No voucher  Philippines 
   
Pterois miles ToBo PM0001 Africa 
Pterois miles ToBo PM0002 Africa 
Pterois miles ToBo PM0003 Africa 
Pterois miles KAUST RS142 Saudi Arabia 
Pterois miles KAUST RS269 Saudi Arabia 
Pterois miles KAUST 463 Saudi Arabia 
Pterois miles KAUST 464 Saudi Arabia 
Pterois miles KAUST RS3961 Saudi Arabia 
Pterois miles No voucher  Indonesia 
Pterois miles No voucher  Indonesia 
Pterois miles KAUM 33255 Thailand (Ranong) 
Pterois miles KAUM 33375 Thailand (Ranong) 
Pterois miles SAIAB 78042  

(KU Tissue # 7009) 
Seychelles 

   
Pterois radiata ToBo PR0001 Tahiti 
Pterois radiata ToBo PR0002 Tahiti 
Pterois radiata KAUST RS1626 Djibouti 
Pterois radiata KAUST RS1725 Djibouti 
Pterois radiata KAUST RS5057 Saudi Arabia 
Pterois radiata KAUST RS5120 Saudi Arabia 
Pterois radiata KAUST RS5570 Saudi Arabia 
Pterois radiata KAUST RS4079 Saudi Arabia 
Pterois radiata KAUST L135 Saudi Arabia 
Pterois radiata KAUST 462 Saudi Arabia 
Pterois radiata No voucher  Saudi Arabia 
Pterois radiata No voucher  Saudi Arabia 
Pterois radiata KAUM 35898 Japan (Okinawa) 
Pterois radiata KAUM 41254 Japan (Kagoshima) 

 
  



  92 

 
Table A.1. (continued) 

Species Voucher Collection Location 

Pterois sphex No voucher  USA/Hawaii 
Pterois sphex No voucher  USA/Hawaii 
Pterois sphex No voucher  USA/Hawaii 
Pterois sphex No voucher  USA/Hawaii 
Pterois sphex No voucher  USA/Hawaii 
Pterois sphex No voucher  USA/Hawaii 
   
Pterois russelii KAUM 12065 Malaysia (Sabah) 
Pterois russelii KAUM 17319 Malaysia (Terengganu) 
Pterois russelii KAUM 17320 Malaysia (Terengganu) 
Pterois russelii KAUM 17328 Malaysia (Terengganu) 
Pterois russelii KAUM 17329 Malaysia (Terengganu) 
Pterois russelii KAUM 17330 Malaysia (Terengganu) 
Pterois russelii KAUM 17331 Malaysia (Terengganu) 
Pterois russelii KAUM 17335 Malaysia (Terengganu) 
Pterois russelii KAUM 32890 Thailand  
Pterois russelii KAUM 33257 Thailand (Ranong) 
Pterois russelii KAUM 33258 Thailand (Ranong) 
Pterois russelii KAUM 39218 Taiwan (Kaohsiung) 
Pterois russelii KAUM 39219 Taiwan (Kaohsiung) 
Pterois russelii KAUM 39222 Taiwan (Kaohsiung) 
Pterois russelii KAUM 43933 Japan (Kochi) 
   
Pterois volitans AUS I.44777-002 Australia 
Pterois volitans KAUM 24845 Japan (Miyazaki) 
Pterois volitans KAUM 28567 Japan (Okinawa) 
Pterois volitans KAUM 39214 Taiwan (Kaohsiung) 
Pterois volitans KAUM 50233 Japan (Kagoshima) 
Pterois volitans KAUM 53938 Japan (Okinawa) 
Pterois volitans No voucher  Philippines (Quezon Province) 
Pterois volitans No voucher  Philippines (Quinn) 
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Table A.2. Loci investigated as genetic markers to distinguish Pterois spp.  

Single/multiple bands refers to the PCR amplification product after gel electrophoresis; no 
variation indicates no mutational differences between the four putative species (P. miles, P. 
volitans, P. lunulata and P. russelii) using four individuals per species; bold indicates use in 
Chapter 3 (* by locus name indicates the marker was used for phylogenetic reconstruction in 
Chapter 2).  

Locus	   	   Gene	   Intron	  
No.	  

Result	   Primers	  (5’	  –	  3’)	  

CO1*	   mtDNA	   Cytochrome	  Oxidase	  	   exon	  
single	  band;	  
variation	  

species	  specific	  

FishF2:	  TCGACTAATCATAAAGATATCGGCAC7	  
FishR1:	  TAGACTTCTGGGTGGCCAAAGAATCA7	  

S7	  RP1*	   nDNA	  	   S7	  ribosomal	  protein	   1	  
single	  band;	  
variation	  

species	  specific	  

RP1F:	  TGGCCTCTTCCTTGGCCGT1	  

RP1R:	  AACTCGTCTGGCTTTTCGCC1	  

GPD2*	   nDNA	  
Glyceraldehyde-‐3-‐

phosphate	  
dehydrogenase	  

2	  
single	  band;	  
variation	  

species	  specific	  

Gpd2F:	  GCCATCAATGACCCCTTCATCG2	  	  
Gpd3R:	  TTGACCTCACCCTTGAAGCGGCCG2	  

CK7	   mtDNA	   Creating	  kinase	   7	  
multiple	  bands;	  
no	  sequence	  

Ck7F:	  AAGAGGGTCTTTGACAGGTTCTGC2	  
Ck8R:	  TTCTCCTGGATCAGACGCTCCACC2	  

GH2	   nDNA	   Growth	  hormone	   2	  
multiple	  bands;	  
no	  sequence	  

Gh2F:	  AGCGTTTCTCCATTGCCGTCAGC2	  
Gh3R:	  TCTTGTTGAGTTGACGCTGGTCC2	  

GH5	   nDNA	   Growth	  hormone	   5	   multiple	  bands;	  
no	  sequence	  

Gh5F:	  AGGCCAATCAGGACGGAGC2	  
Gh6R:	  TGCCACTGTCAGATAAGTCTCC2	  

AldoC1	   nDNA	   Aldolase	  C	   1	   single	  band;	  
no	  variation	  

Aldoc1F:	  CCTGGCTGCGGACGAGTCTGTGGG2	  
Aldoc2R:	  GGCGGTACTGTCTGCGGTTCTCC2	  

AldoB1	   nDNA	   Aldolase	  B	   1	  
single	  band;	  
no	  variation	  

Aldob1-‐1F:	  GCTCCAGGAAAGGGAATCCTGGC2	  
Aldob1-‐2R:	  CTCGTGGAAGAAGATGATCCCGCC2	  

AldoB2	   nDNA	   Aldolase	  B	   2	   single	  band;	  
no	  variation	  

Aldob2F:	  TCAGGGCATTGTCGTCGG2	  
Aldexon3R:	  CTGTTCCATTTAGACCAGC2	  

Aldob4	   nDNA	   Aldolase	  B	   4	   single	  band;	  
no	  variation	  

Aldo5F:	  GCCAGATATGCCAGCATCTGCC2	  
Aldo3.1R:	  GGGTTCCATCAGGCAGGATCTCTGGC2	  

AldoB5	   nDNA	   Aldolase	  B	   5	  
multiple	  bands;	  
no	  sequence	  

Aldo3F:	  TCCTGCCTGATGGAACCC2	  
Aldo2R:	  CAGGTACACATGGTGGTC2	  

GNRH3*	   nDNA	  
Gonadotropin-‐

releasing	  hormone	  3	   3	  
single	  band;	  
no	  variation	  

GnRH3F:	  GCCCAAACCCAAGAGAGACTTAGACC2	  
GnRH3R:	  TTCGGTCAAAATGACTGGAATCATC2	  

Am2b1	   nDNA	   Alpha	  amylase	   1	   single	  band;	  
no	  variation	  

Am2b1F:	  CCTTCATCTTCCAGGAGGTAC2	  
Am2b2R:	  TTCACCTCCCAGATCAATAAC2	  

Ab2b2	   nDNA	   Alpha	  amylase	   2	   single	  band;	  
no	  variation	  

Am2b2F:	  GGCGATAAGTTGTCTTACACC2	  
Am2b3R:	  AGCCCTCTCCCCAGTTCCTGC2	  

Am2b3	   nDNA	   Alpha	  amylase	   3	  
no	  amplification	  

product	  
Am2b3F:	  TGGAACCGAAACATTGTGAAC2	  
Am2b4R:	  CCCATCCAGTCATTCTGATCC2	  

Tr1	   nDNA	   Alpha	  tropomyosin	   1	   multiple	  bands;	  
no	  sequence	  

Tr1F:	  AGGGAACAGAGGATGAGCTGGAC2	  
Tr1R:	  TCTCAGCTTCCTCCAGCTTGGTG2	  

MHCII	   nDNA	  

Major	  
histocompatibility	  
complex	  class	  II	  

antigen	  

1	   multiple	  bands;	  
no	  sequence	  

Mhc1F:	  ACTCTAATCTGGAGTACATGC2	  
Mhc2R:	  CAGGAGATCTTCTCTCCAGCC2	  
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Table A.2. (continued). 
Locus	   	   Gene	   Intron	  

No.	  
Result	   Primers	  (5’	  –	  3’)	  

H3	   nDNA	   Histone	  3	   	   single	  band;	  
no	  variation	  

H3a-‐L:	  ATGG	  CTCGTACCAAGCAGACVGC3	  
H3b-‐H:	  AT	  ATCCTTRGGCATRATRGTGAC3	  

28S	   nDNA	   28S	  Ribosomal	  
Subunit	  

	   single	  band;	  
no	  variation	  

28SV:	  AAGGTAGCCAAATGCCTCGTCATC4	  
28SJJ:	  AGGTTAGTTTTACCCTACT4	  

TMO*	   nDNA	  
TMO-‐4c4,	  a	  titan-‐

like	  protein	   	  
single	  band;	  
no	  variation	  

TMOF1:	  CCTCCGGCCTTCCTAAAACCTCTC	  5	  
TMOR1:	  CATCGTGCTCCTGGGTGACAAAGT	  5	  

ANT	   nDNA	  
Adenine	  Nucleotide	  
Transporter/	  ADP-‐
ATP	  Translocase	  

	   single	  band;	  
no	  variation	  

ANTF1:	  TGCTTCGTNTACCCVCTKGACTTTGC	  6	  

ANTR1:	  CDGCRGCKTACKACKACGTCAGACC	  6	  
1	  Chow	  and	  Hazama	  1998	  
2	  Hassan	  et	  al.	  2002	  
3	  Colgan	  et	  al.	  1998	  
4	  Hillis	  and	  Dixon	  1991	  
5	  Streelman	  and	  Karl	  1997	  
6	  Jarman	  et	  al.	  2002	  
7	  Ward	  et	  al.	  2005	  
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