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Abstract Invasive Indo-Pacific red lionfish (Pter-
ois volitans) have become well-established residents
within reef communities across the western Atlantic
Ocean where they pose substantial threats to native
fish communities and reef ecosystems. Species-
specific identification of prey is necessary to eluci-
date predator—prey interactions, but can be chal-
lenging with traditional visual identification
methods given prey are often highly digested, thus
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not identifiable visually. To supplement visual diet
analysis of lionfish (n = 934) sampled in the
northern Gulf of Mexico, we applied DNA barcod-
ing to identify otherwise unidentifiable fish prey
(n = 696) via amplification of the cytochrome
¢ oxidase subunit I (COI) of the mitochondrial
genome. Barcoding nearly doubled the number of
identifiable fish prey, thereby greatly enhancing our
ability to describe lionfish diet. Thirty-three fish
prey species were identified via barcoding, twenty-
four of which were not previously detected by
traditional methods. Some exploited reef fishes were
newly reported (e.g., red snapper, Lutjanus cam-
pechanus) or found to constitute higher proportions
of lionfish diet than previously reported (e.g.,
vermilion snapper, Rhomboplites aurorubens). Bar-
coding added a significant amount of new dietary
information, and we observed the highest prey
diversity reported to date for invasive lionfish.
Potential cannibalism on juveniles also was identi-
fied via DNA barcoding, with the highest incidence
corresponding to high lionfish densities, thus sug-
gesting density-dependent prey demand may have
driven this response. Overall, DNA barcoding
greatly enhanced our ability to describe invasive
lionfish diet in this study, suggesting that even
studies with relatively large diet sample sizes could
benefit from barcoding analysis.
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Introduction

Indo-Pacific red lionfish, Pterois volitans (Linnaeus,
1758) (hereafter lionfish) are piscivorous scorpionfish
that have exhibited an unprecedented invasion in the
western Atlantic Ocean over the past 30 years (Whit-
field et al. 2002; Schofield 2010). While invasions by
marine predators are atypical, lionfish have exhibited
an invasion so extensive and rapid in this region that
they are considered to be the most successful marine
fish invader to date (Morris and Akins 2009; Green
etal. 2011). Lionfish (Family: Scorpaenidae) were first
introduced into the waters off southeastern Florida in
the late 1980s (Schofield 2010), then spread through-
out the US South Atlantic Bight (SAB) in the 1990s,
and the Caribbean Sea in the 2000s (Whitfield et al.
2002; Schofield 2010). The Gulf of Mexico (GOM) is
the most recently invaded basin, where lionfish were
first reported in 2009 off the northern Yucatan
Peninsula, Mexico (Aguilar-Perera and Tuz-Sulub
2010), in the Florida Keys, and along the west Florida
shelf (Schofield 2010). By late 2010, lionfish had been
observed in eastern, northern and western regions of
the GOM (Schofield 2010; Fogg et al. 2013; Dahl and
Patterson 2014; Nuttall et al. 2014). To date, lionfish
have established populations in diverse habitats cov-
ering over 7 million km? across the US southeast
Atlantic coast, Caribbean Sea, and portions of the
GOM (Schofield 2010; Coté et al. 2013a; Schofield
et al. 2014). Throughout their invaded range, lionfish
pose a threat to fisheries resources, native fish
communities, reef ecosystems, and human health
(Morris and Akins 2009, Morris and Whitfield 2009).

Invasive lionfish have been described as generalist
mesopredators that consume a broad range of fish and
invertebrate prey (Morris and Akins 2009; Mufioz
et al. 2011; Dahl and Patterson 2014), including the
juvenile stages of ecologically and economically
important species (Lesser and Slattery 2011). Their
distinction as highly efficient predators has been
attributed to unique predatory behaviors and prey
naiveté (Fishelson 1997; Hornstra et al. 2004; Albins
and Lyons 2012; Cure et al. 2012). These factors,
along with fast growth, early maturity, high fecundity,
and a lack of native predators have resulted in higher
lionfish densities and larger body sizes than are
observed in their native range (Darling et al. 2011;
Hackerott et al. 2013; Dahl and Patterson 2014;
Valdivia et al. 2014).
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Invasions by predators are expected to have the
most damaging impacts on native ecosystems given
that predator—prey dynamics can greatly influence
community assemblages in both terrestrial and marine
systems (Paine 1966; Hixon and Carr 1997; Grosholz
et al. 2000; McDonald et al. 2001; Caut et al. 2008). It
is essential to understand how invasive predators and
native prey interact in a trophic context to effect
change in the structure and function of invaded marine
communities (Rilov 2009). Visual diet (i.e., gut
content) analysis is conventionally used to examine
such trophic relationships (Hyslop 1980), but diges-
tion often results in substantial (>40%) portions of the
stomach contents being unidentifiable (Morris and
Akins 2009; Dahl and Patterson 2014). Unidentifiable
portions of diet represent lost information given that
visually identifiable portions may not fully character-
ize diet. Thus, traditional visual diet analyses may
provide incomplete data on trophic relationships
between invasive and native species. Furthermore,
unidentifiable diet portions are often excluded when
describing taxonomic contributions to diet, which can
heavily bias results if differential digestion rates cause
some species or life stages to become visually
unidentifiable more quickly than others (Hyslop
1980; Collis et al. 2002). More complete diet infor-
mation could also be useful in understanding the
transfer and bioaccumulation of natural toxins, such as
those associated with ciguatera fish poisoning, in
ciguatera-endemic regions of the Caribbean (Robert-
son et al. 2014).

In the case of invasive lionfish, as much as 70% of
prey items observed in their stomachs cannot be
visually identified to species with a dissecting micro-
scope (Valdez-Moreno et al. 2012; Coté et al. 2013b;
Dahl and Patterson 2014). However, molecular tools
can be employed to identify otherwise unidentifiable
prey items. For example, mitochondrial DNA
(mtDNA) barcoding offers an approach to genetically
identify prey based on a target fragment (~ 650 base
pair region) of the cytochrome c oxidase subunit I
(COI) gene (Hebert et al. 2003; Ivanova et al. 2007;
Valdez-Moreno et al. 2012; Co6té et al. 2013b). COI
sequences are species-specific, highly conserved, and
have high reliability and resolution for species iden-
tification in fish, even in partially digested or archived
samples (Carreon-Martinez et al. 2011). Valdez-
Moreno et al. (2012) employed barcoding to examine
invasive lionfish diet in the Mexican Caribbean, while
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Coté et al. (2013b) employed barcoding to examine
lionfish diet diversity (i.e., richness) in The Bahamas.
In both of those studies, barcoding greatly increased
the power of the diet analysis, thus the ability of
researchers to evaluate the trophic ecology and
impacts of lionfish in those systems.

We previously reported results from visual analysis
of lionfish (n = 934) stomach contents sampled in the
northern GOM (nGOM), a region with lionfish
densities among the highest in the western Atlantic
(Dahl and Patterson 2014; Dahl et al. 2016). Despite
the relatively large sample size of that study, the
potential exists that diet estimates were incomplete or
biased given 43% by mass of observed prey could not
be identified visually due to digestion (Dahl and
Patterson 2014). In the current study, we applied DNA
barcoding to identify previously unidentifiable fish
prey items reported by Dahl and Patterson (2014).
Specific objectives of this work were to (1) evaluate
the effectiveness of DNA barcoding to identify
visually unidentifiable lionfish prey, and (2) determine
whether lionfish diet estimates are enhanced when
DNA-barcoded prey items are included in diet
analysis.

Methods
Study location and specimen collection

Lionfish sampling was performed seasonally from
April 2013 through March 2014 on nGOM natural and
artificial reefs ranging in depth from 24 to 35 m
(Fig. 1). Individuals were captured by divers via
spearing immediately posterior to the spinal column
and were placed in a saltwater ice slurry upon
surfacing. Speared lionfish were ranked by size and
randomly sampled to retain every nth fish so that
approximately 100 lionfish per habitat type per season
were sampled for diet analyses. Each lionfish was
weighed (nearest 0.1 g) and measured (nearest mm
total length, TL). All applicable institutional and/or
national guidelines for the care and use of animals
were followed during the course of this study.

Visual gut content analysis

Red lionfish (Pterois volitans) stomachs were
extracted from fish after inspection of esophagus and

gills for regurgitated prey. Stomach contents of each
sampled lionfish were fixed in 100% (200 proof)
ethanol in plastic bags. Preserved prey items were
visually identified to the lowest taxonomic level
possible, counted, and dried for at least 48 h at
70 °C to obtain dry mass (Hoese and Moore 1998;
Kells and Carpenter 2011). Visual identification was
performed either with the naked eye or under an
Olympus SZX12 dissecting microscope. Identifiable
prey taxa were grouped into seven categories: shrimps,
crabs, other benthic invertebrates, pelagic inverte-
brates, reef fishes, non-reef benthic fishes, and pelagic
fishes, while unidentifiable prey items were grouped
into fish and invertebrates. To assess dietary contri-
bution of each visually identified prey category,
percent mass (%M) was computed by dividing the
dry mass of each prey taxa by the total dry mass of all
prey from each individual, including visually uniden-
tified prey. Diet was assessed by habitat type (natural
versus artificial reefs) and lionfish size class (small:
<200 mm TL; medium: 200-250 mm TL; large:

>250 mm TL).

DNA barcoding preparation and analysis

Any prey item that was identified as a fish but could
not be identified to a taxonomic level lower than
family was considered unidentifiable and retained for
DNA barcoding analysis. These prey items were
categorized into two digestion stages, whole fish (i.e.,
most of carcass was present) or fish remains, and
weighed wet to the nearest 0.01 g. Samples were
processed for barcoding by first removing any external
layer of tissue that had been in contact with the lionfish
sample’s stomach wall and/or fluids with sterile
scalpels and forceps, and then a small (approximately
1 mm’®, 15-25 mg) plug of muscle tissue was excised
from each unidentifiable prey item. Tissue samples
were blotted dry and placed in a 1.5 ml sterile
microcentrifuge tube. To prevent cross-contamination
between tissue extractions, tools were rinsed with 70%
ethanol and then flame sterilized. Tissue plugs were
frozen at —80 °C until DNA extraction.

DNA extractions were performed following the
optimized standardized protocols of Handy et al.
(2011) with DNeasy Blood & Tissue Kits (Qiagen,
CA). Tissue was placed in a solution of lysis buffer and
proteinase K and homogenized with sterile disposable
polypropylene pestles (Thermo Fisher Scientific,
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Fig. 1 Natural (circles) and
artificial (triangles) reefs
where red lionfish, P.
volitans, were sampled for
diet analyses. Samples were
acquired with divers during
spring 2013 through winter

+ MB

2014. Water bodies are 10
Mobile Bay (MB), Perdido

Bay (PrB), Pensacola Bay 20
(PB) and Choctawhatchee 30

Bay (CB)

Study -
Region

Gulf of Mexico

1
o

SR I CBix g
r‘;v;
\ @ O 30
L\ ®® o
\& o 30
R/ A 50
~ % 100
' f AA A
20 km A 4 km

MA), and then digested for 1-2 h at 56 °C until lysed.
DNA extractions were quantified on a Nanodrop 1000
spectrophotometer (Thermo Fisher Scientific, MA) for
DNA concentration and purity (i.e., ratio of absor-
bance at 260 and 280 nm) and then visualized on 1%
agarose gels to verify these estimates. Samples with
high DNA yield (>100 ng/ul) were diluted 10X with
ultrapure water.

Amplification of the 650 bp barcode region of the
COI gene was performed with universal M13 tailed
fish primer cocktails C_FishFltland C_FishR1tl
developed by Ivanova et al. (2007) for barcoding
(Table S1). The 20 pl polymerase chain reaction
(PCR) mixes included 10 pl of 10% trehalose, 4.4 pl
ultrapure water, 2 pl 10X PCR buffer, 1 pl 50 mM
MgCl,, 0.2 pl each 10 uM primer cocktail, and 0.1 pl
each of 10 mM dNTPs and Platinum® Taq polymerase
(Thermo Fisher Scientific, MA) and 1.6 ul DNA
template. DNA template concentration ranged from
approximately 1-40 ng/pl. Thermal conditions for
COI PCR amplification included initial denaturation at
95 °C for 2 min, followed by 35 cycles of 94 °C for
40 s, 53.5 °C for 40 s, and 72 °C for 1 min, with a
final extension at 72 °C for 5 min and a hold at 4 °C.
Positive and negative controls were used for each
96-well test-plate of amplification reactions to test for
PCR reaction quality and contamination in reagents.
Template DNA was replaced with ultrapure water in
negative controls, and template DNA extracted from
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Pterois volitans muscle tissue was utilized for positive
controls.

PCR products were visualized on 1% agarose gels
and positive reactions were identified by a clear band
aligned to the 650 bp fragment of the TrackIt™ 1 Kb
Plus DNA ladder (Thermo Fisher Scientific, MA). All
positive PCR products, along with positive and
negative controls, were sent to Beckman Coulter
Genomics (Danvers, MA) where they underwent PCR
cleanup and bidirectional sequencing using M13F and
M13R primers (Online Resource 1).

Barcoding sequence analysis

The COI barcode sequences of unidentified prey items
were analyzed to assess length and quality using
Geneious (version 8.1.6; Kearse et al. 2012). Forward
and reverse sequences were trimmed to remove ambigu-
ous and/or low quality bases and remnant primer from
amplification or sequencing reactions and then aligned
using ClustalW to produce consensus sequences.
Sequences were then visualized and edited in Geneious
to resolve less reliable base calls. Final contigs were
ranked by length as long (>500 bp), medium
(300-500 bp) and short (<300 bp). Long and medium
ranked sequences were submitted to nucleotide BLAST
searches through the NCBI GenBank database to
classify unidentified prey item sequences to the closest
match in the COI database. BLAST searches returned
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the closest ten sequences in the reference databases
based on values of sequence similarity (i.e., % identity),
E-value (i.e., number of expected hits by chance) and
grade (i.e., percentage combining % identity, E-value
and query coverage). The species-level identification
function of the Barcode of Life Database was used to
resolve any potential database gaps in GenBank (BOLD,
www.boldsystems.org; Ratnasingham and Hebert
2007). Collection and sequence data are available from
GenBank and Gulf of Mexico Research Initiative
Information and Data Cooperative (http://www.ncbi.
nlm.nih.gov/; Dahl and Patterson 2017).

We adopted three criteria to establish accurate fish
identification from BLAST results. A species match was
identified for long sequences with >99% grade. A genus
level match was identified for long sequences with a
95-99% grade. Finally, a family level match was
identified by either long sequences with <95% grade
or medium sequences with >95% grade. Sequences with
genus and family level identifications from BLAST were
also submitted into the BOLD ID function which
assigned species level identification based on <1%
sequence divergence and genus level identification
based on <3% divergence with a reference sequence.
Classification to genus and/or family level was necessary
in some cases due to incomplete taxonomic coverage of
GOM fishes in the reference databases. Sequences of
<300 bp were not included in further analyses. These
criteria for sequence inclusion were considered to be
conservative given recent studies have utilized COI
sequences as short as 100 bp if they had a high (90%)
probability of being accurately assigned to species level
(Meusnier et al. 2008; Valentini et al. 2009).

To improve sequence quality or verify the accuracy
of the extraction and barcoding process, replicates were
performed by extracting new tissue plugs and repeating
the entire DNA barcoding process. This was performed
for all samples that had poor sequence quality from the
original sequencing and also had sufficient tissue mass
remaining. Replicates were also randomly chosen
among a subset of samples that had high initial quality,
as well as among those that returned species of interest
(e.g., new or exploited species) as the closest COI
match.

Incorporating barcode information into diet

To incorporate new species identified by barcoding
into existing %M estimates of lionfish diet, wet masses

of unidentified prey items were converted to simulated
original dry masses using the digestion stage (i.e.,
whole fish or fish remains) and a wet-dry mass
conversion factor from visually identified fish prey.
Prey identified by barcoding were then sorted into the
original prey categories for further analysis (Dahl and
Patterson 2017). The proportion of visually unidenti-
fiable fish prey that was not able to be resolved through
barcoding remained in the unidentifiable fish category.

Sample-based prey taxa accumulation curves were
computed in Primer (v6; Clarke and Gorley 2006) to
assess diet richness in nGOM lionfish as a function of
sample size, and whether estimates of prey diversity
changed when DNA barcoded prey were added. The
order in which samples were successively incorpo-
rated was randomly resampled by permutation (999
permutations) to satisfy the assumption of random
sample order. Given the number of individuals
(n = 934) was equal between methods, the shapes of
the curves (i.e., rate of species accumulation, asymp-
tote reached) and 95% confidence intervals (i.e.,
overlapping or not) could be compared between
methods to assess whether DNA barcoding added
significant information to diet estimates (Colwell et al.
2004). Curves were computed for lowest taxonomic
level of unique prey taxa as well as higher order
identification (i.e., fish family and invertebrate infra-
order) to examine trends in diet diversity.

Results

Lionfish (n = 934) examined in this study ranged in
size from 67 to 377 mm TL and were collected from
natural and artificial reefs over the course of one year
(mean n = 117 fish per treatment combination). With
traditional visual diet identification, 1485 (64.8% by
number; 57% by mass) prey items were identified in
lionfish stomach samples, while 807 (35.2% by
number; 43% by mass) were not visually identifiable.
Unidentified fish prey items (n = 696) were processed
for barcoding as described above, but unidentified
invertebrate prey items (n = 73 items) were not
barcoded.

DNA extracts from the 696 visually unidentified
fish prey items yielded 575 (82.6%) readable
sequences that could be identified to species, genus
or family levels. Mean length (+SD) of barcode
sequences identified to species was 627 £ 26 bp
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(Online Resource 2). Mean length of barcode
sequences identified to genus and family level were
622 + 24 and 455 £ 115 bp, respectively. Among
readable COI sequences, 444 (77.2%) were positively
identified to species level (63.8% of total visually
unidentified fish prey items). The remaining 131
sequences were identified to either genus (n = 73)
or family level (n = 58) based our classification
criteria. With the addition of barcoding the number
of identifiable fish prey nearly doubled (932 vs. 499
prey items), resulting in 78.0% of total fish prey being
identified. Whole fish prey had a slightly higher
probability (85%) of being identified using barcoding
than more highly digested fish remains (79%). As
many as five unique species were identified by DNA
barcoding from a single lionfish stomach. For all test
plates, positive controls produced a COI barcode with
a correct species match. Negative controls did not
produce any COI barcodes, indicating satisfactory
quality control across all test plates.

Dahl and Patterson (2014) previously reported 11
species, 3 genera, 16 families and 8 orders or
infraorders among the visually-identified invertebrate
prey, along with 18 fish prey species from 15 families
(Table 1). Prey diversity increased greatly when DNA
barcoding was incorporated into prey identification,
including 24 species, 19 genera, and 9 families not
previously identified with visual methods (Table 1).
Of these, 30 are novel prey taxa unreported from other
lionfish diet studies (Table 1). Notable species found
in lionfish diet for the first time via DNA barcoding
were red snapper (Lutjanus campechanus), wenchman
(Pristipomoides aquilonaris), roughtongue bass
(Pronotogrammus martinicensis) and red porgy (Pa-
grus pagrus), which are all ecologically or econom-
ically important reef fishes in the region. Potential
cannibalism also was revealed by DNA barcoding,
with red lionfish being the most frequently identified
prey taxon (n = 100 of 696 or 14.4%) via barcoding.
Among red lionfish sequences in the GenBank
database, our sequences matched voucher specimens
from the western and southern Caribbean, and Brazil
(Accession Numbers: KJ739816, KM488633, and
KP641132, respectively) most closely (>99.7% sim-
ilarity). Prey items barcoded as red lionfish occurred in
lionfish of all size classes, but was found to be most
prevalent in medium to large fish size categories.

A subset of prey samples (n = 150) was selected
for duplicate DNA barcoding of new dissections of
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prey tissue. Samples were chosen to represent a range
of species and tissue quality levels, and where further
species verification was deemed essential (e.g., red
lionfish, exploited species) (Online Resource 3).
Duplication of barcoding for the 39 initially short
sequences (<300 bp) and 72 initially poor sequences
(<100 bp) resulted in 67 sequences >300 bp in length
that were sufficient for inclusion in further analyses
(Online Resource 4). Out of 39 duplicates run from
initially short sequences, 30 resulted in similar or
longer length sequences than initial runs (Online
Resource 3). For these samples, all but one returned
identical matches from reference databases, and this
sample was excluded from further analyses (Online
Resource 3, 4). Species identity was confirmed for
duplicate analysis of the prey samples that originally
were barcoded red snapper, as was true for 15 other
species of interest (Online Resource 3, 4).

Species identification was confirmed for the 16
duplicates of samples that originally were barcoded as
Pterois volitans (Online Resource 3,4). It should be
noted that while cannibalism was not documented
visually among the samples collected in this study,
Dahl and Patterson (2014) visually identified 28
partially digested individual prey as family: Scor-
paenidae. Furthermore, subsequent stomach content
analysis of lionfish sampled in the nGOM has
produced clearly identifiable juvenile P. volitans in
the stomachs of larger conspecifics; however, such
observations have been infrequent (Fig. 5).

Differences in diet among size classes, habitats and
seasons were apparent from visually identified prey,
with piscivory increasing with fish size. Diet breadth
was greatest on artificial reefs due in part to consump-
tion of non-reef associated fishes, and invertebrates
contributing increasingly to diet in winter (Fig. 2a).
Dahl and Patterson (2014) originally characterized
nGOM lionfish diet based on visually identified prey
only, thus excluding unidentified prey. When visually
unidentified prey are included in estimates of diet
percentages by prey category, changes in mean %M
were apparent, especially with respect to contributions
of invertebrate prey relative to fish prey (Fig. 2b).
Percent mass contribution of invertebrates to lionfish
diet considering only visually-identified prey was
6.8% on natural reefs and 17.0% on artificial reefs.
With the addition of barcoded fish prey these contri-
butions declined to 4.5 and 8.0%, respectively
(Fig. 2c). Prey categorized as unidentified fishes
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Table 1 Fish prey taxa observed in red lionfish (Pterois volitans) stomachs sampled in the northern Gulf of Mexico

Family Taxon Common name Visually Visual + Unidentified Visual + DNA
Identified Barcoding
NR% AR % NR % AR % NR % AR %
mass mass mass mass mass mass
Reef fishes
Antennariidae* Fowlerichthys radiosus* Singlespot frogfish 0 0 0 0 0 0.13
Apogonidae Apogon affinis* Bigtooth cardinalfish 0 0 0 0 0.55 0.03
Apogon aurolineatus* Bridle cardinalfish 0 0 0 0 1.94 0.04
Apogon maculatus Flamefish 0 0 0 0 1.81 0.32
Apogon pseudomaculatus Twospotted 10.35 0. 8.46 0. 6.18 0.12
cardinalfish
Apogon sp. Cardinalfish 0 0 0 0 0.83 0.63
Astrapogon sp. Cardinalfish 0 0 0 0 0.56 0
Phaeoptyx pigmentaria Dusky cardinalfish 0 0 0 0 0.06 0
Blenniidae Parablennius marmoreus* Seaweed blenny 0 0 0 0 0.59 0
Blenniidae Blennies 7.35 0. 6.01 0. 4.5 0.07
Chlorophthalmidae*  Chlorophthalmidae Greeneyes 0 0 0 0 0.01 0
Gobiidae Coryphopterus sp. Goby 0 0 0 0 0.93 0
Microgobius carri* Seminole goby 0 0 0 0 0 0.10
Gobiidae Gobies 4.08 0. 3.33 0. 2.70 0.23
Haemulidae Haemulon aurolineatum Tomtate 0.48 0 0.40 0 0.70 0.37
Labridae Halichoeres bathyphilus Greenband wrasse 11.11 0 9.09 0 6.63 0
Halichoeres bivattatus Slippery dick 1.82 1. 1.49 1.3 1.09 0.71
Halichoeres sp. Wrasse 0 0 0 0 0.95 0
Labridae Wrasses 1.19 0. 0.97 0.05 3.43 0.02
Lutjanidae Lutjanus campechanus* Red snapper 0 0 0 0 0.02 0.10
Pristipomoides aquilonaris* Wenchman 0 0 0 0 0.07 3.32
Rhomboplites aurorubens Vermilion snapper 0.78 1049  0.64 8. 0.84 15.94
Lutjanidae Snappers 0 0 0 0 0 0.07
Microdesmidae* Ptereleotris calliura* Blue dartfish 0 0 0 0 0.11 0
Moncanthidae Monacanthus sp. Filefish 0.09 0 0.07 0 0.05 0
Pomacentridae Chromis enchrysurus Yellowtail reeffish 0.77 0 0.63 0 0.49 0.08
Chromis scotti Purple chromis 1452 0 11.87 0 8.67 0
Chromis sp. Damselfish 0 0 0 0 2.01 0
Pomacentridae Damselfishes 1447 0. 11.83 0. 8.98 0.10
Stegastes fuscus Dusky damselfish 9.10 0 7.44 0 5.43 0
Stegastes variabilis Cocoa damselfish 0 0 0 0 0.06 0.03
Scorpaenidae Pterois volitans Red lionfish 0 0 0 0 5.36 4.38
Scorpaena brasiliensis* Barbfish 0 0 0 0.19 0
Scorpaenidae Scorpionfishes 2.38 1.95 0.74 1.94 1.09
Serranidae Centropristis ocyurus Bank seabass 7.86 6.42 8.86 6.25
Centropristis sp. Seabass 0 0 0 0.06
Pronotogrammus Roughtongue bass 0 0 0 0.04
martinicensis*
Serraniculus sp.* Pygmy sea bass 0 0 0.75 0.07
Serranus subligarius Belted sandfish 0.27 0.22 0.16 0
Serranidae Groupers 2.82 2.30 3.02 0.26
Sparidae* Pagrus pagrus* Red porgy 0 0 0 0.01
Total reef-fishes 89.46 73.12 80.45 34.59
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Table 1 continued

Family Taxon Common name Visually Visual + Unidentified Visual + DNA
Identified Barcoding
NR% AR % NR % AR % NR % AR %
mass mass  mass mass mass mass
Non-reef fishes
Bothidae* Bothus robinsi* Twospot flounder 0 0 0 0 0 0.07
Bothidae Left-eye flounders 0 0 0 0 0 0.02
Dactyloscopidae* Dactyloscopidae Sand stargazers 0 0 0 0 0 0.17
Labridae Xyrichtys novacula Pearly razorfish 0 5.76 0 4.45 0 4.24
Opistognathidae* Opistognathus robinsi* Spotfin jawfish 0 0 0 0 0.05 0
Opistognathidae Jawfishes 0 0 0 0 1.37 3.52
Paralichthyidae Cyclopsetta fimbriata* Spotfin flounder 0 0 0 0 0 0.07
Paralichthys albigutta Gulf flounder 0 0.14 0 0.10 0 0.06
Syacium papillosum* Dusky flounder 0 0 0 0 0.30 0.26
Syacium sp. Large-tooth flounder 0 0 0 0 0.45 0
Paralichthyidae Large-tooth flounders ~ 0.57 2.78 0.47 2.15 0.49 1.18
Pleuronectidae Pleuronectidae Righteye flounders 0 0.05 0 0.04 0 0.02
Serranidae Diplectrum formosum Sand perch 0 6.19 0 4.79 0.77 5.24
Diplectrum sp. Sand perch 0 3.60 0 2.79 0 1.72
Synodontidae Saurida brasiliensis* Brazilian lizardfish 0 0 0 0 0 0.05
Synodus macrostigmus* Largespot lizardfish 0 0 0 0 0.08 0
Synodus poeyi* Offshore lizardfish 0 0 0 0 0.25 9.53
Synodus synodus Diamond lizardfish 0 1.28 0 0.99 0 0.61
Synodontidae Lizardfishes 1.61 2222 132 17.19 224 9.43
Triglidae Bellator brachychir Shortfin searobin 0 0.27 0 0.21 0 0.11
Bellator militaris* Horned searobin 0 0 0 0 0 0.02
Prionotus sp. Searobins 0 0.08 0 0.07 0 0.04
Triglidae Searobins 0.30 0.44 0.24 0.34 0.25 1.15
Uranoscopidae* Uranoscopidae Stargazers 0 0 0 0 0 0.29
Total non-reef fishes 2.48 42.81 2.03 33.12 6.24 37.79
Pelagic fishes
Carangidae Decapterus punctatus Mackerel scad 0 3.43 0 2.66 0.34 4.63
Decapterus sp. Scad 0 3.62 0 2.80 0 1.54
Trachurus lathami Rough scad 0 7.64 0 591 0 491
Carangidae Jacks 1.27 1.59 1.04 1.23 0.76 0.68
Dussumieriidae* Etrumeus teres* Round herring 0 0 0 0 0 0.17
Total pelagic fishes 1.27 16.28  1.04 12.6 1.10 11.92
Benthic invertebrates 1.31 1.14 1.07 0.88 0.78 0.48
Pelagic invertebrates 0.08 4.65 0.07 3.60 0.05 1.97
Shrimps 421 7.97 3.44 6.16 2.51 3.38
Crabs 1.19 3.19 0.98 2.46 0.71 1.35
Unidentified invertebrates - - 0.20 0.30 0.47 0.80
Unidentified fishes - - 18.05 22.34 7.68 7.72
Total prey mass 100 100 100.0 100.0 100.0 100.0

The overall percent diet by mass is given for natural reef (NR) and artificial (AR) samples. Asterisks (*) indicate novel prey taxa
identified by DNA barcoding in this study. See Dahl and Patterson (2014) for invertebrate prey taxa
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(Fig. 2b) was reduced from >40% of diet by mass to
~7% after DNA barcoding (Fig. 2c; Table 1). The
importance of fishes to the diet of lionfish was more
pronounced in lionfish collected from natural reef
habitat; however, the trend of increased foraging on
invertebrates in winter was observed in both habitats
(Fig. 2c; Table 1). Prey identified as reef-associated
fish was greatest in spring and summer seasons on
artificial reefs, due to large numbers of vermilion
snapper (~ 16% diet by mass) identified via barcoding
(Fig. 2c; Table 1). An ontogenetic shift toward pis-
civory with increasing lionfish size remained apparent
with the addition of barcoded prey, where juvenile
lionfish consume more invertebrates by mass across all
seasons (Fig. 2c).

Prey exhibited a wide range in estimated dry mass,
from 0.01 to 11.20 g, with a mean (£SD) of 0.72 +
1.1 g (Fig. 3). Mean (£SD) mass (0.71 £ 1.46 g) of
fish prey that remained unidentified following barcod-
ing was similar to the mean of the overall distribution.
Masses of prey identified to family were larger on
average (mean + SD = 1.0 &+ 1.59 g) than of either
species- or genus-level (mean £ SD = 0.68 & 0.84
and 0.64 £ 0.57 g, respectively) identification. High
prevalence of relatively large jawfishes (family: Opis-
tognathidae) and seabasses (family: Serranidae) that
could be identified only to family with barcoding
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explains this trend. The size of fish prey that were
barcoded as lionfish (i.e., potential cannibalism) was
much smaller than the majority of the samples that
underwent barcoding. Half of the prey samples identi-
fied by barcoding as P. volitans had a mass <0.25 g and
>90% were under 1 g. Vermilion snapper were simi-
larly small in size, with nearly 80% of samples identified
via barcoding being under 1 g in mass.

The number of unique prey taxa contributing to
visually-identified lionfish diet accumulated rapidly
with increasing numbers of lionfish sampled (Fig. 4a).
At a sample size of 100 individuals, already thirty prey
taxa were observed, which continued to increase
through all 934 individuals, although the curve begins
to reach an asymptote after approximately 800 samples.
When taxa identified with DNA barcoding were
included, that curve did not reach an asymptote
(Fig. 4a). At 100 individuals sampled with DNA
barcoding, the number of prey taxa increased to forty-
seven unique taxa (Fig. 4a). Overall, this represents an
addition of 36 unique prey taxa via DNA barcoding.
Prey richness is significantly different with the addition
of barcoded fish prey given that 95% Cls do not overlap
the curve for visually-identified prey alone. When
curves were fit only to fish family and invertebrate
infraorder, prey richness was significantly higher when
DNA barcoding results were included (Fig. 4b).
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Fig. 4 Species accumulation curves of red lionfish (P. volitans)
prey taxa identified during this study. a Cumulative number of
unique prey identified to species or lowest taxonomic level of
identification, and b fish families and invertebrate infraorders, as
a function of number of lionfish sampled and analyzed with
visual gut content analysis (solid line) or visual identification
plus DNA barcoding (dashed line). Every 5th 95% confidence
interval is plotted to allow comparison of curves between visual
identification and DNA barcoding methods

Discussion

DNA barcoding greatly enhanced the ability to
describe lionfish diet, and together with visual iden-
tification this study reveals the richest diversity of prey
reported to date for this invasive species. At the family
level alone, these diet data nearly double the highest
estimates of prey diversity reported for lionfish
(Morris and Akins 2009; Valdez-Moreno et al. 2012;
Coté et al. 2013b). Including visually identified prey,
we recorded a total of 41 fish species, 37 genera, and
24 families among lionfish prey. DNA barcoding
revealed lionfish diet in the nGOM to be far broader
than previously reported from traditional visual iden-
tification results where we were able to identify 24

species, 19 genera and nine families of fishes that were
previously undetected by visual gut content analysis
(Dahl and Patterson 2014).

Our estimates of prey diversity remain high even
when compared to other studies in which DNA
barcoding was utilized to describe lionfish diet
(Valdez-Moreno et al. 2012; Co6té et al. 2013b).
Valdez-Moreno et al. (2012) reported fish prey from
14 families, 22 genera and 34 species, while Coté et al.
(2013b) reported fish prey from 16 families, 27 genera
and 37 species. While species richness of prey was
comparable among all studies, the diversity of prey
constituting lionfish diet at the level of family and
genus were far greater in the current study. Our study
was conducted outside of the Caribbean, thus prey
communities lionfish encountered were inherently
different than where lionfish diet was previously
explored with DNA barcoding. Coté et al. (2013b)
estimated the occurrence of 90 potential prey fish
species that were small enough (<13 cm) for lionfish
to ingest in the region of The Bahamas in which they
conducted their barcoding diet study. In our study
region, Patterson et al. (2014) reported 91 reef fishes
present on nGOM natural and artificial reefs, but <70
of these species had some life stage present on reefs
which would meet Co6té et al.’s (2013b) 13-cm
threshold. Therefore, the higher diversity of lionfish
prey observed in the current study occurred despite
lower diversity of potential reef fish prey.

Potential cannibalism

DNA barcoding not only increased our ability to
characterize lionfish diet, but also revealed potential
cannibalism in the nGOM, a relatively recently
invaded region. While we can definitely say that
lionfish mitochondrial DNA was associated with
tissue samples isolated from these prey samples in
lionfish stomachs, unequivocal evidence of lionfish
cannibalism does not exist just because some prey
samples were barcoded as lionfish. There are three
possible explanations for lionfish identifications via
DNA barcoding: (1) prey tissue may have been
contaminated with DNA from the consumer lionfish
during initial dissections; (2) prey DNA was degraded
due to digestion to the point that the only viable DNA
present and amplified was that from the consumer
lionfish; or, (3) lionfish DNA was present in prey
tissue because the prey was a cannibalized lionfish.
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A rigorous sample processing protocol was put in
place to guard against contaminating prey tissue
samples with DNA from consumer lionfish, but
contamination cannot be completely discounted as
the source of lionfish DNA in barcoded samples. Great
effort was expended to ensure sterile techniques,
perform positive and negative barcoding controls, and
extract tissue from prey items after removing surface
layers of tissue. Despite these techniques, it remains a
possibility that DNA from the stomach lumen of
consumers could have been shed onto prey fragments
and not removed prior to PCR amplification. However,
the mass of potentially contaminating consumer
lionfish stomach tissue, cells, or DNA would have
been orders of magnitude lower than the mass, hence
DNA, of prey tissue sampled for barcoding. Therefore,
it seems unlikely that contamination alone could have
resulted in the degree to which lionfish DNA was
present in barcoded prey samples, especially given the
techniques utilized in this study.

Amplification of a species’ DNA via PCR is not
only a function of the abundance of that species’ DNA
versus other DNA present in a given sample, but also
the quality of the DNA present (Gonzalez et al. 2012).
While the mass of any consumer lionfish DNA present
in prey tissue dissected for DNA amplification was
likely orders of magnitude lower than the mass of prey
DNA, it is possible that highly digested prey items had
DNA of such poor quality that most of the DNA
capable of being amplified was that of the consumer
lionfish. Clearly, the likelihood of this phenomenon
occurring would increase with more advanced states
of digestion. In future barcoding studies, qualitative
scoring of the degree of prey digestion would be one
way to test whether the incidence of apparent canni-
balism increases with increasing stage of prey
digestion.

The final possibility for why lionfish mitochondrial
DNA was so pervasive among barcoded prey samples
is that at least some of those samples were in fact
cannibalized lionfish. The likelihood of that being the
case might be somewhat diminished by the lack of
direct observation of cannibalized lionfish for samples
examined here. However, we have observed evidence
of lionfish cannibalism in subsequent sampling of
lionfish stomach contents (see Fig. 5), and several
small (<5 cm) prey items were reported as Fam-
ily:Scorpaenidae when lionfish prey items were orig-
inally identified visually (Dahl and Patterson 2014).
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Fig. 5 Examples of prey fish visually identified as P. volitans
from lionfish stomach contents. a A red lionfish prey item
(30 mm in length) visually identified from the stomach contents
of a red lionfish measuring 127 mm TL, collected from an
artificial reef south of Pensacola, FL, and b a red lionfish prey
item (37 mm in length) visually identified from the stomach
contents of a red lionfish measuring 218 mm TL, collected from
an artificial reef south of Mexico Beach, FL

One potential reason for the lack of visual evidence for
cannibalism in the current study could be the size of
lionfish being consumed by larger conspecifics. Prey
samples that were barcoded as lionfish were smaller
than the majority of prey samples identified with
barcoding. This would suggest that any cannibalism
that did occur resulted primarily from larger adults
cannibalizing small, recently settled juveniles, which
is similar to the pattern reported by Valdez-Moreno
et al. (2012). Conversely, these results could also be
explained by tissue of small individuals of other
species being digested so quickly that consumer
lionfish DNA amplified rather than degraded DNA
of non-lionfish prey.

Very little is known about lionfish larval and early
juvenile stages, particularly the size at which lionfish
settle onto reefs following their planktonic larval stage
(Ahrenholz and Morris 2011). The late post-flexion
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larval stage for the species is reported to be between
9.5 and 11 mm standard length (SL) (Imamura and
Yabe 1996), and a newly settled (i.e., not fully
pigmented) juvenile collected in the nGOM was
15 mm SL (Byron et al. 2014). This is similar to the
most often encountered size range for prey samples
that barcoded as P. volitans in this study. The next
largest component of diet revealed by DNA barcoding
was vermilion snapper, and these prey items were also
most likely newly settled recruits given their relatively
small size. Early juvenile prey fishes lose most or all
identifiable characters rapidly (<60 min) after inges-
tion by other fishes (Schooley et al. 2008; Legler et al.
2010). Therefore, predation on these early life stages is
very difficult to detect visually and may be missed
completely without molecular techniques.

While highly useful in identifying species, DNA
barcoding alone cannot conclusively detect cannibal-
ism within a species. Since predator specimens were
not subjected to DNA barcoding, we cannot directly
compare lionfish prey sequence haplotypes to those of
their consumer. However, even if this had been done,
the COI haplotype diversity in nGOM lionfish popu-
lations is likely too low to detect differences between
predator and prey (Hamner et al. 2007; Betancur-R
et al. 2011; Toledo-Hernandez et al. 2014). As stated
above, one of the possible explanations for lionfish
mitochondrial DNA associated with prey tissue sam-
ples is contamination by DNA from consumers, which
then amplified during PCR. Molecular blocking can be
used to prevent amplification of consumer (or other-
wise erroneous) DNA (De Barba et al. 2014), but was
not used here.

Prey samples from 89 adult lionfish barcoded as P.
volitans, which occurred across small, medium, and
large size classes from both natural and artificial reefs.
The frequency of this potential cannibalism increased
from spring to winter and occurred most frequently in
larger adult lionfish. The highest incidence of P.
volitans prey barcodes were observed in winter when
lionfish were at their highest densities and their largest
mean size (Dahl and Patterson 2014). If cannibalism
was in fact occurring, these results would suggest size-
structured and density-dependent cannibalism in
nGOM lionfish. Intraspecific competition for prey
resources has most likely increased with the rapid
population growth observed in invasive lionfish in the
nGOM, with all size classes competing for the same
pool of resources and space on reefs. On nGOM reefs,

fish diversity declines during winter (Dance et al.
2011), which corresponds to a higher proportion of
invertebrates in lionfish diets (Dahl and Patterson
2014). Therefore, the higher incidence of potential
cannibalism during winter may have reflected lower
availability of preferred prey (Rudolf 2008). However,
any inferences drawn about potential cannibalism at
this stage cannot be substantiated given uncertainties
about the likelihood of contamination of prey samples
with consumer lionfish DNA. Genotyping of con-
sumer lionfish and prey samples that barcoded as
lionfish could provide an unequivocal test of whether
cannibalism is occurring in the nGOM, and could also
be employed to quantify the extent to which it occurs
(Koskinen and Piironen 2000; Guichoux et al. 2011).

Trends in diet with unidentified fish resolved

Including prey taxa that were identified via DNA
barcoding among lionfish stomach samples clearly
expands our knowledge of invasive lionfish diet in the
nGOM. However, re-examining visually-identified
prey taxa previously reported highlighted an issue
with how the data were originally presented. In Dahl
and Patterson (2014), percent diet composition by
mass was only reported for taxa that had been visually
identified. However, unidentified fish prey constituted
a larger percentage of the diet than did unidentified
invertebrate prey (by mass, 43% to <1%). Therefore,
by only considering visually identifiable prey when
computing diet composition, the importance of fish, in
general, to lionfish diet was understated. While
lionfish clearly are generalist mesopredators, they
are more piscivorous in the nGOM than was previ-
ously reported (see Fig. 2).

With the inclusion of DNA barcoding results,
general conclusions reported earlier about lionfish diet
still hold, but some differences are apparent. Again,
the overall breadth of lionfish diet in the nGOM is
substantially higher than previously reported. Reef-
associated fish prey contributed >10% more (by mass)
to lionfish diet on artificial reefs, which is mostly
attributable to juvenile snappers (e.g., vermilion
snapper, red snapper, wenchman) and potential can-
nibalism on conspecific juveniles. Reef-associated fish
prey on natural reefs declined nearly 10% with the
addition of non reef-associated fishes such as flounders
(family: Bothidae), jawfishes (family: Opistognathi-
dae), and lizardfishes (family: Synodontidae).
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Contribution of pelagic fishes to the diet remained
similar for lionfish captured on natural reefs, but
declined by nearly 5% on artificial reefs. These
differences taken together do not affect the overall
trends that lionfish on natural reefs predominantly
consume reef-associated fishes, and that lionfish on
artificial reefs have broader diets with higher contri-
butions from non reef-associated and pelagic fishes.
Several exploited fish species were identified in
invasive lionfish diet via DNA barcoding, which may
be of particular interest to resource managers. Ver-
milion snapper (Rhomboplites aurorubens) was the
second most commonly barcoded prey species with 98
prey items from 61 adult lionfish, and constituted
nearly 16% of lionfish diet by mass on artificial reefs
across the study. There were 24 lionfish that had
multiple juvenile vermilion snapper identified with
barcoding, and in 7 cases more than three vermilion
snapper juveniles were found in the stomach of an
individual lionfish. Red snapper and red porgy are
other notable fishery species found in lionfish diet for
the first time via DNA barcoding. Predation on
juvenile red snapper by lionfish was not expected
given red snapper typically do not recruit to reef
habitat until their second year of life when they are
>250 mm TL (Patterson et al. 2005; Workman et al.
2002). However, precocious recruitment to adult
habitat is sometimes observed (Bailey et al. 2001).

DNA barcoding efficacy

DNA barcoding was highly effective in identifying
lionfish fish prey that were not identifiable visually.
Our optimized DNA barcoding methodology yielded
>80% efficiency for producing reads with high
enough quality for prey taxon identification. Combin-
ing DNA barcoding with traditional visual identifica-
tion methods resulted in identification of >90% of all
lionfish prey by mass. Furthermore, the addition of fish
prey identified with barcoding resulted in approxi-
mately 250% more fish species identified in diets
relative to visual diet analysis. Digestion level may
have contributed to DNA barcoding success, where
lightly digested whole prey accounted for approxi-
mately 60% of molecular identifications and more
highly digested prey only accounted for approxi-
mately 40%. Validation studies on the reliability of
COI as a taxonomic tool are numerous across a
diversity of taxa (Hebert et al. 2003; Clare et al. 2007;
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Dawnay et al. 2007) including fishes (Ward et al.
2005) and reproducibility of COI barcodes based on
novel DNA extractions and amplification from prey
samples was high in this study.

Higher-level taxonomic identifications (i.e., genus
and family level) from barcoding were necessitated in
part due to poor sequence quality but also incomplete
taxonomic coverage for COI in reference databases.
For example, we visually identified purple reeffish
(Chromis scotti) in the stomachs of lionfish (Dahl and
Patterson 2014), but it was not possible to obtain a
species level match with DNA barcoding in the
GenBank or BOLD databases. Sequences from 24
prey specimens most closely matched Chromis scotti,
however, a verified barcode does not currently exist
for the species given that fewer than three voucher
sequences have been submitted to BOLD (Ratnasing-
ham and Hebert 2007). Thus, these individuals were
classified as Chromis sp. It is highly likely that these
prey were actually C. scotti given high sequence
quality and complete taxonomic coverage of remain-
ing Chromis spp. that occur in the nGOM. Similar
issues with reference database gaps occurred for
genera within the families Apogonidae, Gobiidae,
Labridae, Opistognathidae, Serranidae, and Triglidae.
For example, the presence of a cryptic species of
cardinalfish (Astrapogon sp.) in the nGOM is inferred
by the lack of a species match from taxonomically
complete databases for this genus, which was also
reported by Valdez-Moreno et al. (2012). Ultimately,
this study highlights that gaps exist in COI databases
with respect to nGOM reef fishes. Global barcoding
initiatives (e.g. FISH-BOL, CBOL) that aim to obtain
COI records of all fishes may result in more nGOM
fishes being barcoded in the near future (Ward et al.
2009).

DNA barcoding is often used to study diet in fishes
with sample size limitations as a result of rare
occurrence or logistical challenges in sampling.
However, this method can be applied more broadly
if enough information is gained by its use. Our study
demonstrates that even for a diet study with a
relatively large sample size, for which visual diet
analysis might be expected to have detected most prey
taxa, DNA barcoding added a significant amount of
new dietary information. This was clearly evident
from prey accumulation curves comparing lionfish
prey richness between visual identification and bar-
coding methodologies. Using visual identification, 30
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prey taxa were observed at a sample size of 100, which
is comparable to the richness that C6té et al. (2013b)
observed at a similar sample size using DNA barcod-
ing in The Bahamas. In contrast, we found 47 unique
taxa at a sample size of 100 individuals combining
visual identification with DNA barcoding. Despite the
high proportion of prey identified with DNA barcod-
ing, an asymptote in prey richness was not reached in
this study. The slope of the curve for visually
identified prey noticeably flattened after sampling
400 individuals, but no obvious asymptote was
reached. This is a notable finding given the large
sample size (nearly 1000 fish) and prior studies
indicating diet saturation at ~ 700 individuals (Morris
and Akins 2009).

Lionfish prey diversity appears to be higher in the
nGOM region than in other regions, which was not
evident from visual diet analysis alone. The broad diet
of invasive lionfish diet in the nGOM supports the
inference that lionfish are generalists that will oppor-
tunistically prey on small demersal or benthic species
or early life stages, suites of which differ between
regions of the invaded range (Morris and Akins 2009;
Green et al. 2011; Muiioz et al. 2011; Green and Coté
2014). The diversity of prey identified within lionfish
stomachs in the nGOM indicates they are a substantial
threat to numerous taxa in this region. As lionfish
population size, mean body size, and biomass continue
to increase on both natural and artificial reefs these
interactions could only be expected to intensify (Dahl
et al. 2016; Dahl et al. unpublished data).

Our ability to determine with high resolution
exactly what lionfish are eating on nGOM reefs will
allow for more accurate assessment of direct lionfish
impacts on native reef fish communities of the nGOM
and shed light on potential indirect impacts to other
species. Of particular importance is the detection of
several regionally exploited reef fish species as
lionfish prey, which has important implications for
fishery managers. The diversity of non-reef and reef
fishes alike in lionfish stomach samples may portend
population declines due to increasing lionfish preda-
tion. Furthermore, lionfish predation also may indi-
rectly impact reef fishes that also depend on those
species for food. Lionfish feeding ecology data at
regional scales are important inputs for ecosystem
modeling efforts (e.g., Chagaris et al. 2015; Chagaris
et al. in press). Such efforts are critical to understand-
ing current and predicted future direct and indirect

impacts of lionfish in the nGOM ecosystem, as well as
for simulating potential management strategies to
mitigate these impacts.
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