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Abstract Indo-Pacific lionfish (Pterois volitans and P.
miles) recently invaded Western Atlantic waters, rap-
idly spreading through the Caribbean and Gulf of Mexico
(GoM). Previous genetic analyses using the mitochon-
drial d-loop determined that populations in the Western
North Atlantic (NA) region have up to nine haplotypes,
whereas Caribbean populations contain four of the North
Atlantic haplotypes. The genetic composition of GoM
populations, reported here for the first time, could lend
insight into the pathway of dispersal into the GoM and
better understanding of the biogeography of this recent
invader. Here, we determined the genetic composition of
lionfish throughout the GoM and compared haplotype
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composition to Caribbean and North Atlantic regions. We
found that GoM samples contained only three d-loop hap-
lotypes that are common in the Caribbean and North Atlan-
tic. The genetic structure differed significantly among the
three regions (AMOVA: @ = 0.062; p = 0.001), but we
found no differences between locations within regions
(AMOVA: @y~ = 0.005; p = 0.092). The composition
of GoM samples most closely matches the composition
of Caribbean samples indicating that Caribbean popula-
tions are the likely source of the GoM populations. As
each region was successively invaded, a drop in haplotype
diversity and changes in haplotype frequencies occurred
indicating dispersal limitation across basin boundaries and
founder effects within each basin. The lack of differentia-
tion within regions indicates rapid population growth and
unfettered dispersal within basins after initial colonization.
We find no evidence of secondary invasions within sam-
ples. With well-established populations, the probability of
detecting a secondary invasion is minuscule.

Introduction

Two lionfishes, the Pacific red lionfish (Pterois volitans)
and the devil firefish (P. miles), have established alien, inva-
sive populations in the Western Atlantic Ocean as a result
of releases from the ornamental pet trade (Hamner et al.
2007; Betancur et al. 2011). Lionfishes are believed to have
first established populations in Miami, Florida, USA, and
after a lag period, quickly established populations along
the eastern seaboard of the USA. The Bahamas were exclu-
sively colonized by P. volitans in 2004 (Freshwater et al.
2009), and the spread of lionfish has rapidly accelerated
with their establishment throughout much of the Carib-
bean Sea by 2009 (Betancur et al. 2011). Most recently, P.
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volitans has spread to the Gulf of Mexico (GoM) (Betan-
cur et al. 2011) and south of the Amazon outflow in Brazil
(Ferreira et al. 2015).

Studying the genetic composition of these recently
established lionfish can give insight into the genetic rela-
tionships among populations, the routes of invasion into
new areas, the restrictions to gene flow and range expan-
sion. Several studies have now investigated the population
genetics of P. volitans in several locations in the invaded
range and have discovered nine unique haplotypes in the
mitochondrial control region d-loop (Freshwater et al.
2009; Betancur et al. 2011; Toledo-Hernandez 2014; But-
terfield et al. 2015). To date, there have been 37 d-loop
haplotypes discovered for P. volitans from the native range
in Indonesia and the Philippines (Freshwater et al. 2009),
indicating that a founder effect has occurred in the invaded
range. None of the nine haplotypes observed in the invaded
range have been found in populations in the native range.
Samples from North Atlantic populations, consisting of
North Carolina, Bermuda and Bahamas combined, con-
tain all nine haplotypes (HO1-09, Betancur et al. 2011). By
comparison, the Caribbean population samples contain a
subset of four haplotypes, which are all found in the North
Atlantic (HO1-HO04, Butterfield et al. 2015). The composi-
tion of the GoM lionfish is still unknown.

There is ample evidence to believe that lionfish will
exhibit gene flow restrictions between the Caribbean and
the GoM, and even within the GoM. Despite the capabil-
ity of invasive lionfish to spread widely, it is also clear that
there are semipermeable barriers to dispersal, as evidenced
by the genetic founder effects that occurred as the lionfish
invaded the Caribbean (Betancur et al. 2011). Similar dis-
persal restrictions could exist for the GoM. Additionally,
several species exhibit genetic structure across the south-
ern tip of Florida from the GoM to the Atlantic (Gold and
Richardson 1998). Florida is not a strict barrier for all spe-
cies; however, some species exhibit considerable levels of
shared genetic identity between the Atlantic and GoM, a
signature indicative of contemporary gene flow (Gold and
Richardson 1998). Within the northern GoM, there are also
observed biogeographic breaks near Mobile Bay, Alabama,
and the outflow of the Mississippi River (Portnoy and
Gold 2012). Alternatively, there may have been second-
ary introductions that could drive genetic discontinuities
among locations, as is suggested for the Caribbean (But-
terfield et al. 2015). Investigation of the genetic structure of
GoM lionfish in comparison with those in other parts of the
Atlantic will advance our understanding of gene flow and
dispersal in the Western Atlantic region and the most likely
invasion routes.

Here, we present the first description of the genetic
composition and diversity of lionfish in the GoM. We com-
pare the patterns of genetic composition and structure to

@ Springer

samples from the Caribbean and North Atlantic. We infer
the most likely route of invasion to the GoM and possi-
ble barriers to gene flow among locations in the GoM and
elsewhere. We discuss the observed biogeographic pat-
terns from studies of the mitochondrial control region in
this species, and we address the hypothesis that there may
have been a secondary introduction of lionfish into the
Caribbean.

Methods
Sampling

Lionfish were collected from nine sample sites in Texas,
Mississippi and Florida. Samples were collected 100 miles
off the Texas coastline at three locations (East Flower Gar-
den Bank, West Flower Garden Bank and Stetson Bank;
Online Resource 1) in the Flower Garden Banks National
Marine Sanctuary (FGBNMS). At the FGBNMS, lion-
fish were collected by permitted divers on SCUBA using
pole spears between 2011 and 2013 under FGBNMS per-
mits (FGBNMS-2009-001, FGBNMS-2011-002, and
FGBNMS-2014-001). Whole fish were frozen aboard the
NOAA R/V MANTA and taken to the laboratory where
tissue samples were taken from the soft dorsal fin. Lion-
fish from Mississippi and West Florida were collected by
divers armed with spears from one oil production platform
(VK-385) offshore and south of Mobile Bay and two small
artificial reef sites offshore northwest Florida and three
sites offshore southwest Florida consisting of natural or
artificial habitat (Online Resource 1). Fishes were kept on
ice, and tissue samples were taken from the pectoral fin by
researchers in the Department of Coastal Sciences at the
University of Southern Mississippi (USM). In addition to
samples from the GoM, samples were also collected from
Tiger Rock, in Bocas del Toro, Panama, to increase the
sample size from Panama previously reported by Butter-
field et al. (2015). The Panamanian samples were collected
by divers on SCUBA using pole spears. The fish were kept
on ice, and tissue samples were taken from the pectoral fin.
All tissues from the FGBNMS were preserved in 95 % eth-
anol; all tissues from USM were preserved in RNAlater. All
samples were shipped to Texas A&M University—Corpus
Christi (TAMUCC) for subsequent processing and analysis.

The frequencies of nine haplotypes were collected from
14 locations in the North Atlantic and Caribbean from pre-
viously published studies (Freshwater et al. 2009; Betancur
et al. 2011; Toledo-Hernandez 2014; Butterfield et al. 2015)
to compare with the GoM samples. The sequences for all P.
volitans haplotypes from the native and invaded range were
collected from GenBank (Freshwater et al. 2009; GenBank
accession numbers FJ516407-FJ516454).
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DNA analysis

Tissue samples were stored at —80 °C until DNA extraction
using Qiagen DNeasy blood and tissue kits (Qiagen, Valen-
cia, California, USA). Double-stranded DNA was quanti-
fied by time-resolved fluorescence using a SpectraMax® M
Series Multi-Mode Microplate Reader (Molecular Devices
LLC, California, USA). A 679 base-pair region of the
mitochondrial control region (d-loop) was amplified from
genomic DNA (5 ng) in 10 pL reactions using the following
PCR conditions: 1x BioMix™ (Bioline, Massachusetts,
USA), which includes 2.5 mM MgCl2; 0.5 mg/iwL Bovine
SerumAlbumin (BSA), and 10 wM each LionA_H (5’-CCA
TCT TAA CAT CTT CAG TG-3') and LionB_L (5'-CAT
ATC AAT ATG ATC TCA GTAC-3') by denaturing DNA at
94 °C for 3 min, followed by 32 cycles of denature for 30 s
at 94 °C, annealing for 30 s at 48 °C, and extension for 45 s
at 72 °C, followed by 5 min extension at 72 °C, and held at
12 °C until placed in the freezer (modified from Freshwa-
ter et al. 2009). PCR products were cleaned using ExoSap-
IT® (Affymetrix, California, USA), fluorescently quantified
and then sequenced following the BigDye Terminator v3.1
Cycle Sequencing Kit protocol using Applied Biosystems
3730x1 genetic analyzer (Life Technologies Corporation,
California, USA) in the TAMUCC Genomics Core Labora-
tory (http://genomics.tamucc.edu). Sequences were aligned
and edited in Genelous 7 (Biomatters, Ltd., Auckland, New
Zealand).

Statistical analyses

Exact tests (Raymond and Rousset 1995) were used to
identify differences in haplotype frequencies among the
nine sample sites within locations in the GoM using ARLE-
QuIN 3.5 (1,000,000 Markov chain steps and 100,000 burn-
in steps). There were no significant differences in haplotype
frequencies among samples (e.g., EFGB, WFGB, Stetson
Bank) within locations (e.g., EFGB, WFGB, Stetson Bank
in Texas); therefore, samples within locations were pooled
within four locations (Texas, Mississippi, N. Florida, S.
Florida).

Genetic differentiation among regions (N. Atlantic, Car-
ibbean, GoM) and among locations within regions was
tested with an analysis of molecular variance (AMOVA,
Excoffier et al. 1992) using a simple pairwise genetic dis-
tance model in ARLEQUIN 3.5. Pairwise @ estimates for all
regions and pairwise @g. for all locations within regions
were estimated, and significance was tested using 10,000
permutations. Differences in haplotype frequencies among
locations were tested as described above.

Migrate (Beerli and Palczewski 2010) was used to infer
migrations rates, but convergence among replicated runs
could not be obtained. It should also be noted that given

the recent invasion and non-equilibrium status of alien lion-
fish populations, the assumptions of the Migrate model are
violated. For these reasons, we do not present the Migrate
results.

Results

Three haplotypes were identified in 188 samples from the
Gulf of Mexico as belonging to P. volitans; all three hap-
lotypes were observed at each location (Online Resource
2, and Fig. 1). We found no individuals with P. miles hap-
lotypes. The three GoM haplotypes (HO1, HO2 and HO4;
sensu Freshwater et al. 2009) are a subset of the four haplo-
types sampled in the Caribbean Sea, which are themselves
a subset of the nine haplotypes in the North Atlantic. The
most frequently observed haplotype in the GoM was HO02
(60.1 %) followed by HO1 (27.7 %), and the least frequent
was HO4 (12.2 %). The frequencies of HOl and HO2 are
similar to the Caribbean region but differ markedly from
the North Atlantic (Online Resource 2, and Fig. 1). Hap-
lotype HO4 was more frequent in the GoM samples than in
both the Caribbean and North Atlantic samples. Addition-
ally, three haplotypes (HO1, HO2, HO4) were found among
the 46 samples from Bocas del Toro, Panama; the rare HO3
was not found in these samples.

AMOVA results indicated that a significant amount of
genetic variation is explained by differences among regions
(@cr = 0.062; p = 0.001), and to a lesser extent among
locations within regions (@4 = 0.005; p = 0.092; Table 1).
Using orthogonal a priori contrasts within the AMOVA
model to dissect the genetic structuring among regions,
the N. Atlantic was significantly differentiated from the
other regions investigated (@ = 0.075; p = 0.0022) and the
GoM was very weakly differentiated from the Caribbean
(@ = 0.0098; p = 0.060).

Pairwise @gp estimates and exact tests revealed signifi-
cant differences among samples in each of the different
regions, but no differences among samples within regions
were detected (p < 0.0072, FDR = 0.05, Online Resource
3). Additionally, the sample from Panama (this study and
Butterfield et al. 2015) was not found to differ significantly
with any location within the Caribbean region as was previ-
ously reported by Butterfield et al. (2015).

Discussion

The new data presented here support the hypothesis that
the lionfish invaded the GoM from populations in the
Caribbean, and there may be slight gene flow restrictions
between the Caribbean and GoM. Pterois volitans invaded
the GoM from Caribbean populations which, themselves,
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Fig. 1 Map of the sample locations from this study; Butterfield et al.
(2015); Toledo-Hernandez (2014); Betancur-R et al. (2011) and;
Freshwater et al. (2009). Pie charts indicate the proportions of haplo-
type frequencies within each sample. Solid lines indicate location of a

strong dispersal restriction between; a North Atlantic and Caribbean
and, b North Atlantic and Gulf of Mexico. Dashed line indicates loca-
tion of a weak dispersal restriction between ¢ Caribbean and Gulf of
Mexico

Table 1 AMOVA results testing for genetic structure among regions and among sites nested within regions

Source of variation Degrees of freedom Sum of squares

Mean squared error

Covariance components F statistics P

Region 2 54.54
Site (region) 15 19.63
Error 1230 1249
Total 1247 1323

273

0.067 0.062 0.001
1.31 0.005 0.005 0.092
1.02 1.015

originated in the North Atlantic. Betancur et al. (2011) con-
cluded that the Caribbean was colonized from the N. Atlan-
tic, and the Caribbean was colonized by lionfish before the
GoM (Schofield 2009). The GoM lionfish were most genet-
ically similar to the Caribbean, in that both regions lacked
the rare haplotypes HOS—H09 which have been previously
found in the North Atlantic region. The GoM was also sub-
stantially genetically differentiated from N. Atlantic. The
most parsimonious conclusion is that there is no detectable
direct gene flow to the GoM from the North Atlantic.

It is likely that any gene flow between the GoM and
North Atlantic regions would be strongly unbalanced, with
GoM larvae dispersing into the North Atlantic region. If P
volitans were to invade the GoM from the North Atlantic,

@ Springer

their weakly motile larvae would have to swim against the
Florida Current, in the Straits of Florida. Pterois volitans is
a reef-associated species, the adults of which show particu-
larly strong site fidelity and a low movement rate (Akins
et al. 2014); therefore, range expansion likely results from
larval dispersal. It is apparent from our data that lionfish
are not dispersing into the GoM from the North Atlantic
along the Florida shelf.

Similar to invasive lionfish, a variety of native species
exhibit population genetic discontinuities at the southern
tip of Florida including hermit crabs (Young et al. 2002),
a loliginid squid (Herke and Foltz 2002) and estuarine
dependent fishes (Gold and Richardson 1998). However,
some species including a different loliginid squid (Herke
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and Foltz 2002), reef-associated fishes (Gold and Richard-
son 1998; Karlsson et al. 2009) and pelagic fishes (Gold
and Richardson 1998; Broughton et al. 2002) do not show a
hard genetic break here. The life histories of the species and
historical gene flow may explain why gene flow appears
restricted for some species and not others (Gold and Rich-
ardson 1998). Indeed, the “historical” demography of the
invasive lionfish is largely responsible for the observed pat-
tern of genetic structure and diversity, where the location of
the original introduction has much higher genetic diversity
than locations colonized much later.

A weak genetic founder effect is evident in the GoM
lionfish samples indicating that there is a gene flow restric-
tion between the GoM and Caribbean. Despite extensive
sampling, the GoM samples lacked the rare haplotype HO3
which is present in three locations in the Caribbean. There
were also differences in the frequencies of the three hap-
lotypes that were shared among the regions (i.e., genetic
structure). There has been relatively little work comparing
populations of organisms between the Caribbean and the
northern GoM. This is probably due, in part, to major dif-
ferences in the fish fauna between the two regions. How-
ever, one study on blacktip sharks (Carcharhinus limbatus)
showed evidence of reduced gene flow between Caribbean
and GoM populations (Keeney et al. 2005). Blacktip sharks
have very different life histories than teleostean fishes
like P. volitans. The sharks do not have dispersive pelagic
larvae; in fact, small-bodied sharks like this are typically
restricted to the continental shelf, and adults (often males)
will disperse along the coastline. More studies will be nec-
essary to better understand the nature of larval dispersal
and gene flow restrictions between the Caribbean and GoM
for marine organisms.

Interpretation through a population genetic lens

The haplotype frequencies presented here indicate not only
the locations of potential gene flow restrictions, and they
are also indicative of rapid population growth. In interpret-
ing the haplotype frequencies of a recent invasion of alien
species, such as P. volitans, it is critical to realize that the
system is not at equilibrium with respect to migration,
mutation and genetic drift. Genes are flowing from the
North Atlantic (nine haplotypes) into the Caribbean, and
yet only four of the nine haplotypes have been observed in
the Caribbean. A similar scenario is playing out between
the Gulf of Mexico and the Caribbean. This pattern can be
understood in the context of the genetic bottlenecks asso-
ciated with founder effect, subsequent genetic drift, rapid
population expansion and too little time for the system to
reach equilibrium.

During a founder event, a subset of a population colo-
nizes a new area, and these events are classically defined

by a reduction in genetic diversity and changes in allele fre-
quency, which are determined by the number of founding
individuals and random chance. Genetic drift, the process
by which haplotype frequencies fluctuate randomly from
generation to generation, is mathematically defined in the
Wright—Fisher Model (Wright 1937; Fisher and Ford 1950;
Crow and Kimura 1970). Following this model, genetic
drift and thus the rate at which allele frequencies change,
is extremely rapid in small populations and slow in large
populations. Founding populations of lionfish in the Car-
ibbean and Gulf of Mexico were likely to harbor a subset
of the genetic diversity in the colonizing population and
likely experienced accelerated genetic drift. Rapid growth
of the founding population would reduce genetic drift and
the proportion of migrants, thereby establishing a genetic
discontinuity, and thus explaining the present pattern of
genetic structure in lionfish.

The genetic pattern described here in lionfish has been
more generally described as gene surfing, where certain
genes ride the wave of population expansion and others
may not (Hallatschek et al. 2007; Hallatschek and Nelson
2008; Excoffier and Ray 2008). Whether or not genetic
diversity attenuates with the wave of population expansion
is a function of the ability of founder populations to over-
come Allee effects, grow rapidly with little migration and
thus “pull” the wave forward. Where Allee effects are neg-
ligible, the colonization wave front is pulled, and genetic
diversity can decrease due to founder effect, as observed
among the lionfish populations in geographic regions delin-
eated here. Hallatschek and Nelson (2008) further model
“pushed” colonization waves as those where Allee effects
are great and migration pushes the front forward with neg-
ligible founder effect. While vast tracts of nearshore habi-
tat have been colonized by lionfish without attenuation of
genetic diversity, it seems unlikely that Allee effects are
strong in most of the invaded range except between the
narrow regions of genetic discontinuity, especially given
the rate of advance of the colonization wave over the Car-
ibbean and then the Gulf of Mexico. Perhaps the initial
colonization wave across the North Atlantic region, which
developed over decades, was due at least in part to Allee
effects. We suggest, however, that a tsunami of lionfish
migration propagated through the Caribbean and again in
the Gulf of Mexico, “pushing” all genetic surfers in their
path. The addition of variable migration rates to gene surf-
ing theory is likely a useful one.

An alternative hypothesis that the differences in allele
frequencies among the Caribbean and North Atlantic are
due to secondary introduction sources in the Caribbean is
unsupported (Butterfield et al. 2015). We do not dispute
that alternative introduction sources are possible or even
likely. We do dispute that these secondary sources have
contributed to the present pattern of population genetic
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structure. The seemingly high proportion of the rare HO3
haplotype in five samples from Panama is the primary evi-
dence presented for a secondary introduction (Butterfield
et al. 2015). Our additional 46 samples from Bocas del
Toro revealed that samples from Panama did not appear
to be different from the rest of the Caribbean. Rather, the
vast majority of lionfish in the Caribbean and the GoM are
most likely to have originated solely from the North Atlan-
tic. First, the observed haplotype pattern is consistent with
a genetic bottleneck caused by founder effect and followed
by rapid population growth. Second, a secondary intro-
duction of lionfish in the Caribbean or GoM is extremely
unlikely to have involved the same haplotypes as are
already present in the North Atlantic because lionfish are
far more genetically diverse in their native range and pet
stores than in their non-native range. There are only nine
lionfish haplotypes in the Atlantic Ocean in a sample of
1294 fish, while there are 38 haplotypes in a sample of 70
lionfish collected from sites in West Indonesia and Philip-
pines, obtained from the aquarium trade (Freshwater et al.
2009). Lastly, the timing of the spread of the lionfish to var-
ious locations in the North Atlantic and then finally into the
Caribbean is consistent with a colonization of the Carib-
bean solely from the North Atlantic without any indication
of a second colonization source (Schofield 2009). At this
point of the invasion in the North Atlantic, Caribbean, and
GoM, it will be very difficult for any additional haplotypes
to attain a high enough frequency to be detected in a sam-
ple due to the large size of the population and slow genetic
drift, barring selection for a new haplotype.

Conclusion

Understanding the patterns of genetic differentiation among
populations of P. volitans will help us to better understand
how the invasion is progressing. Identifying barriers to
gene flow in this species can inform our understanding of
biogeography in the regions of study and predict the pos-
sible outcome of future invasions, which can aid marine
managers in their decision making. It is not presently fea-
sible to eradicate P. volitans from its new, invaded range;
however, understanding patterns of gene flow and larval
dispersal can inform control of this species and improve
population models that estimate population growth of P.
volitans in invaded populations (e.g., Morris et al. 2011). P.
volitans has a high dispersal potential and has spread rap-
idly throughout the Caribbean and Gulf of Mexico. A better
understanding of the propensity of this species for disper-
sal, such as the average dispersal distance, the propensity
for self-recruitment and identifying barriers to dispersal,
can help inform whether local control efforts can be effec-
tive in maintaining low densities in critical habitats.
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