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Abstract Our research presents the first record of Tubas-
traea tagusensis (Wells, Notes on Indo-Pacific sclerac-
tinian corals. Part 9. New corals from the Galapagos
Islands, 1982) in the Gulf of Mexico. Specimens of
Tubastraea were collected from various artificial reefs.
Morphological analyses of these specimens show that there
are three distinct lineages of Tubastraea that have
remained cryptic due to similar morphology in the field:
Tubastraea coccinea (Lesson, 1829), T. tagusensis, and a
third clade containing a mix of characters of the former
two. These results based on morphology are corroborated
by phylogenetic and haplotype analyses using a partial
sequence of the mitochondrial genes ATP8 and cyto-
chrome oxidase I (mtCOI). The negative effects on natural
habitats by invasive species of Tubastraea have been
documented worldwide. Therefore, it is imperative to
implement management policies that will help prevent the
expansion of these species into natural habitats in the Gulf
of Mexico. The essential first step is accurate identification
to determine possible sources, vectors, and current expan-
sion rates. We present a clear set of morphological
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characters and a genetic marker to help distinguish between
these three cryptic lineages.
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Introduction

One of the leading causes of biodiversity loss is the pro-
liferation of invasive species. The threat and negative
impacts of invasive species on local fauna have been
documented in marine environments across the world (e.g.,
Cariton and Geller 1993; Secord 2003; Hollebone and Hay
2007; de Caralt and Cebrian 2013; Carlos-Junior et al.
2015; Sammarco et al. 2015; Miranda et al. 2016). One of
the most rapidly expanding invasive species in the Gulf of
Mexico (GOM) and Western Atlantic is the scleractinian,
orange cup coral, Tubastraea coccinea (e.g., Sammarco
et al. 2004, 2010; Sampaio et al. 2012; Riul et al. 2013;
Costa et al. 2014; da Silva et al. 2014; Precht et al. 2014;
Sammarco et al. 2015; Batista et al. 2017; Capel et al.
2017). Present distribution of 7. coccinea in the GOM
suggests ships and oil and gas platforms as vectors for this
invasive species (Fenner 2001; Sammarco et al. 2004;
Sammarco 2007; Precht et al. 2014). In fact, artificial
structures seem to be the preferred habitat for 7. coccinea,
which shows minimal presence on natural reefs in the
GOM (Precht et al. 2014). A second invasive species of
this genus, Tubastraea micranthus (Ehrenberg, 1834), was
discovered in 2006 in the northern GOM (Sammarco et al.
2010). It is not as widespread as T. coccninea, but there are
indications that it is expanding at a considerable rate in the
northern GOM (Sammarco et al. 2014). The expanding
populations of these two invasive species are of great
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concern because of their potential for spreading from pre-
dominantly artificial habitats to natural reefs and banks.

Tubastraea species have successfully spread around the
world, resulting in negative impacts to the environment and
economy of the invaded region (Creed et al. 2017).
Determining the most appropriate course of action to
manage such invasions requires that we understand three
key points: (1) Where did the invasive species originate?
(2) How were they transported?, and (3) How are they
spreading within the invaded region? These questions can
be answered by looking at the geographical and temporal
patterns of when an invasive species was first reported at a
particular site and by studying genetic connectivity and
phylogeography of the invasive species (i.e., Creed et al.
2017). These methods rely on accurate taxonomic identi-
fication of specimens. The misidentification of specimens
could lead to erroneous conclusions and implementation of
management policies that are ineffective and result in
further damage to the environment and economy of the
invaded region. In this research, we present evidence that
Tubastraea tagusensis is a thriving invasive of the Gulf of
Mexico. We show clear morphological differences between
T. tagusensis and T. coccinea collected in the GOM, cor-
roborated by genetic analyses of the mitochondrial gene
cytochrome oxidase I (mtCOI).

Methods
Specimen collection

Specimens of Tubastraea spp. were collected by UTRGV
divers at depths from 20 to 40 m. A total of 33 specimens
were collected from artificial reefs (Fig. 1, Supplementary
Table 1). Most came from the High Island oil field (28
specimens), the rest from Galveston-A-125 reef (2 speci-
mens), East Breaks-110 Reef (2 specimens), and Texas
Clipper (1 specimen). All specimens were preserved in
ethanol in the field and subsequently stored in a — 20
freezer.

Morphological methods

Understanding the morphology of the coral skeleton is a
key component in positive taxon identification. While there
are many structures to consider, the septo-costa was the
main structure used for morphological analysis for speci-
mens of Tubastraea from the GOM. Within each corallite
structure, or coral skeleton, there are thin, vertical rounded
surfaces extending down to the center (columella) in radial
cycles of these septo-costae that are distinct to each species
(AIMS 2013). In some coral species, the septo-costae can
be divided into two separate sections of the corallite by the
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outer wall or theca, where the septa are inside and the
costae are outside (AIMS 2013). The septa are arranged in
cycles of six that continue to multiple by a factor of six the
further into each individual cycle all the way around the
inner corallite and vary in length as well as thickness. For
example, the first septal cycle is the most prominent and
contains six septa, while the second cycle found in the
middle of the first cycle is also composed of six septa.
From here, we continue into the third septal cycle (S3)
found in between septa one (S1) and septa two (S2) with 12
smaller septa making up the third cycle. The pattern con-
tinues with a fourth cycle found between S1 and S3 as well
as S2 and S3 making a total of 24 septa and so on while
getting smaller and smaller the further in (AIMS 2013).
Different coral families vary in septo-costae morphology,
but typically demonstrate two types of patterns, pourtales
plan and Porites (AIMS 2013). T. coccinea and T.
tagusensis belong to the family Dendrophylliidae which
demonstrate a pourtales plan that is more primitive, where
the fourth septal cycle curves in front of the third cycle and
fuses with the next extending fourth septa (AIMS 2013).
This fusion is a definitive attribute of the pourtales plan.
Porites septa cycles have mostly straight septa descending
to the columella without any fusion or fourth cycle
extending past the third (AIMS 2013). Other defining
features to distinguish morphological differences between
T. coccinea and T. tagusensis include corallite diameter,
columella diameter, and fossa length. The fossa is the space
between the columella and the top of the corallite; in other
words, it is the hollow area inside each coral skeleton down
to the columella (de Paula and Creed 2004). The accurate
identification of invasive species is critical for under-
standing their ecology and for the implementation of suc-
cessful management policies. Therefore, in this study we
list a set of clear morphological characteristics to help
distinguish species of Tubastraea in the GOM.

The morphological analyses are largely based on the
work of de Paula and Creed (2004) who reviewed the
descriptions and revisions of Tubastraea species by Cairns
(1991, 1994) and Wells (1982). Their detailed morpho-
logical analyses highlight the key differences between T.
coccinea and T. tagusensis from specimens collected in
Brazil, providing a list of characters that help distinguish
these two species. Based on their work, the following
characters were included in our morphological analyses:
calicular diameter, columella diameter, corallite length,
and fossa length.

Samples were prepared for morphological analyses by
placing each specimen in a container filled with common
household bleach (NaOCl). Submersing each sample in
bleach allowed for the removal of all soft tissues, leaving
only the coral skeleton. All samples were left in bleach
until no tissue remained. Bleaching times ranged from a
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Fig. 1 Circles show the sampling locations of Tubastraea specimens
in the GOM. Circle size corresponds to the number of specimens
collected. Colors correspond to the three lineages: Tubastraea
coccinea in red; Tubastraea tagusensis in purple; and an unidentified

couple of days to a full week. Once the corallite structure
was all that remained, bleach was emptied from each
container and samples were rinsed with deionized water,
then left to dry for 24-48 h. Measurements were taken
from individual polyps in each specimen.

Molecular methods

A small tissue sample was taken from an individual polyp
from each preserved specimen and rehydrated in molecu-
lar-grade water for at least 30 min. Genomic DNA was
extracted by placing the tissue in a 2-ml tube with 100 pl of
Bio-Rad’s Instagene Matrix. The specimens were then
placed in a thermomixer and incubated at 56 °C overnight.
After incubation, samples were heated to 100 °C for 8 min.
Samples were then centrifuged for 1 min at 10,000g. The
supernatant containing the DNA was removed with a pip-
ette and placed in a new 2-ml tube and then stored in a
— 20 °C freezer. Quantification of extracted DNA was
carried out using Thermofisher Scientific’s Qubit fluo-
rometer—set to OD,g9. Samples containing at least
0.1 ng ul~! of DNA were subjected to polymerase chain

Galveston
Reef 125 .

High Island
Reefs

East Breaks

@ Reef 110
€
1 sample
@ 7. coccinea
@ Tubastraea sp.
@ 7. tagusensis
0 km 60 1

Tubastraea sp. in green. These lineages are defined based on
morphological characters and partial sequences of mitochondrial
genes ATP8 and COXI1. Figure prepared with PopArt v 1.7.2

reaction (PCR) to amplify a 980 bp mitochondrial region
that includes the end of ATP8 and the first half of cyto-
chrome oxidase 1. The primers used were designed by Lin
et al. (2011), Cs-F16 (5-TTAGGTTAAAGTAGACC
GTTAGCC) and Cs-R16 (5-ATCCGTTAAAAGCAT
GGTTATGG). Polymerase chain reaction was carried out
in a 25 pl reaction: 12.05 pl PCR water, 2.5 pl Invitro-
gen’s 10X PCR Rxn Buffer, 1.25 pl Invitrogen’s 50 mM
MgCl1-2, 2.0 pl of 10 mM dNTP, 1.0 pl of 10 mM forward
primer (Cs-F16), 1.0 pl of 10 mM reverse primer (Cs-
R16), 0.2 pul Thermo Fisher’s Invitrogen Platinum TAQ
DNA Polymerase, and 5.0 ul DNA. The following ther-
mocycler conditions were employed: 95 °C for 3 min,
followed by 30 cycles of 94 °C for 30 s, 48 °C for 45 s,
72 °C for 1.5 min, followed by 72 °C for 10 min, and then
cooled at 4 °C 0.

PCR products were visualized by agarose-gel elec-
trophoresis followed by staining with 0.2 pg ml~" ethid-
ium bromide. Life Technology’s Invitrogen 1 KB Plus
DNA ladder (1.0 pg pl™") was used with each gel to
determine whether a DNA band of the expected size
(~ 980 bp) was amplified and to verify that other bands
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were not present. The PCR products with a single band
of ~ 980 bp were purified using Sigma Aldrich’s GenE-
Iute PCR cleanup kit. Purified PCR products were
sequenced by Sanger sequencing technique by Eurofins
MWG Operon LLC with the forward and reverse primers.

Bioinformatics

For each specimen, the sequences for the forward and
reverse strands were assembled with the software CLC
Workbench 7.9.1 (CLC Bio, Aarhus, Denmark) using
default settings. Chromatograms were visually inspected
for conflicts between the two strands, and conflicts were
resolved manually. Base quality scores were visually
examined for quality control, and a consensus sequence
was generated from the assembly. These sequences were
used for all phylogenetic analyses along with two
sequences extracted from full mitochondrial genomes
deposited in GenBank (National Center for Biotechnology
Information): one from 7. coccinea (KX024566) and the
other from T. tagusensis (KX024567). Both sequences are
from a study by Capel et al. (2017) from specimens col-
lected in Sao Sebastiao channel, Brazil.

Sequences were aligned with MUSCLE v3.8 (Edgar
2004) using default parameters (Edgar 2004) as imple-
mented by Qiagen’s CLC Main workbench and visually
inspected for consistency. This alignment was used in
phylogenetic analyses using maximum likelihood (ML)
and Bayesian methods. The model of evolution and parti-
tioning scheme was selected using PartitionFinder v1.1.1
(Lanfear et al. 2014) using linked branches and the AICc
criterion. Blocks were defined by the two genes (ATP8 and
COI) and codon position and the spacer (between ATPS
and COI). The ML analyses were performed using RAxXML
v8.0.0 (Stamatakis 2017) with 1000 bootstraps. For the ML
analyses, PartitionFinder selected GTR 4 G for 3 parti-
tions: 1) ATP8_pos2, Spacer, ATP8_pos3, ATP8_posl; 2)
COX1_posl, COX1_pos3; and 3) COX1_pos2.

Mr. Bayes 3.1 (Ronquist and Huelsenbeck 2003) was
used for the Bayesian analyses. For these analyses, Parti-
tionFinder selected the following models and partitioning
scheme: 1) F81 for ATP8_pos3, ATPS8_posl, Spacer; 2)
F81 for COX1_pos2, ATP8_pos2; 3) HKY for COX1_-
posl; and 4) HKY + G for COX1_pos3. Four chains were
carried out for 1,100,000 generations, sampling every
200th generation. After inspecting the trace files generated
by the Bayesian Markov Chain Monte Carlo (MCMC)
runs, the initial 100,000 of sampled generations were
omitted prior to building the consensus tree. Both phylo-
genies were rooted with Dendrophyllia cribrosa
(JQ290080).

All the sequences recovered from our specimens were
used for haplotype analyses. Haplotypes were defined by
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the software dnaSP v5 (Librado and Rozas 2009) which
generated a haplotype list with gaps and missing sites
considered and invariable sites included. This list was then
used in a haplotype network analysis performed with
PopArt v 1.7.2 (Leigh and Bryant 2015) using a median-
joining network (with an epsilon of zero), which infers
ancestral nodes by iteratively adding median sequence
vectors (Leigh and Bryant 2015). By using inferred
ancestors, the PopArt software deduces relationships
between haplotypes and provides a straightforward, visual
representation of those relationships. The size of the nodes
in the haplotype network is weighted by the frequency of
individuals in each haplotype.

An additional phylogenetic analysis was performed
using all available Tubastraea sequences of mtCOI in
GenBank (24 sequences, supplementary Table 2) and the
haplotype sequences from this study. The same phyloge-
netic methods as described above were used for this
analysis.

Results
Morphology

The samples analyzed exhibited three distinct morpholo-
gies (Fig. 2 and Table 1). Samples A1-9, B8, and B13 have
a typical morphology for T. coccinea. Samples B1-7, B9-
12, B16-17, and B21-24 exhibit morphology typical of T.
tagusensis. The third group, which we will refer to as
Tubastraea clade 2B (based on phylogenetic analyses),
demonstrated a combination of characters from T. coccinea
and T. tagusensis. Tubastraea coccinea demonstrates a
typical pourtales plan with four septal cycles and clear
fusion found on the fourth septa (de Paula and Creed,
2004). Figure 2a illustrates where each septa can be found
in a radial pattern. The fourth cycle can be very thin and
fragile; therefore, not all cycles are represented; however,
S4 is normally present in this species. Figure 2b demon-
strates a distinctive 7. coccinea curved septa cycle at S4
within the corallite indicating plentiful fusion as well as a
large columella in the middle. The diameter of columella
found in the specimens used for this study ranged from
0-11 mm, with an average of 2.3 mm. Corallite diameter
for this species demonstrated an average of 7.47 mm,
ranging from 4.5 to 18.75 mm. Fossa length is shallower in
comparison with 7. tagusensis, demonstrating a range of
1-9 mm, with an average of 3.8 mm. Tubastraea coccinea
total corallite length from the base to the top is usually
rather short with an average length of 6 mm; however, they
ranged from 1 to 17 mm.

Although T. ragusensis does not exhibit any fusion
between septa, it is still indicative of a pourtales plan due to



Coral Reefs (2019) 38:395-403

399

Fig. 2 Septal cycle, septal
fusion, and columella of:
Tubastraea coccinea (a and

b) four septa cycles, S4 fused,
columella large; Tubastraea
tagusensis (¢ and d) three,
sometimes four septa cycles, no
fusion, columella small or
absent; and Tubastraea sp.

(e and f) four septa cycles, S3
and/or S4 fused, columella
large. Photographed by Amelia
McClure

the curvature of its septal cycles as well as an occasional
fourth septa, while three cycles are most often found (de
Paula and Creed, 2004) as seen in Fig. 2c, d). The col-
umella diameter is very small, rarely more than two mil-
limeters and sometimes barely present at all in some
organisms (de Paula and Creed 2004). The observed col-
umella diameter of the samples used here ranged from O to
3.75 mm, with an average of 1.43 mm. Corallite diameter
is normally smaller than that of T. coccinea, our specimens
of T. tagusensis had an average diameter of 6.5 mm, almost
1 mm less than that of specimens of T. coccinea, with a
range of 3—12 mm. Fossa is much deeper in this species,
which consequently means the overall length of the whole
corallite is longer. Fossa length for T. tagusensis was as
much as 15 mm, with an average of 5.2 mm. Corallite

length from the base had a maximum of 29 mm, with an
average of 8.8 mm.

The new clade of Tubastraea exhibits many character-
istics of both T. tagusensis and T. coccinea, especially in
corallite morphology. Figure 2e, f) shows the septal pat-
tern, septal fusion, and columella. They appear to follow
the same pourlates plan indicative of the Dendrophylliidae
family; however, the septo-costae pattern seems less clear.
This species is large and extends further than either T.
tagusensis or T. coccinea from the base to the top of the
corallite with a maximum length of 33.5 mm and an
average of 27 mm. The columella diameter is also very
large varying from 3.5 to 10 mm, with an average of
5.83 mm. Corallite diameter measured as much as
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Table 1 Quantitative and
qualitative characteristics of

T. coccinea

T. tagusensis Tubastraea (clade 2B)

Tubastraea specimens

Sample size (polyps) 95 71 3
Corallite diameter
Range (mm) 4.5-18.8 3.0-12.0 10.0-18.3
Average (mm) 75+ 04 6.5+ 04 13.0 £ 4.2
Columella diameter
Range (mm) 0-11.0 0-3.8 3.5-10.0
Average (mm) 2.1 +03 144+038 58+33
Corallite length
Range (mm) 1.0-17.0 1.0-29.0 23.5-33.5
Average (mm) 6.0 £0.7 8.8 + 1.7 27.0 £52
Fossa length
Range (mm) 1.0-9.0 1.0-15.0 11.0-14.5
Average (mm) 38 +£04 524+08 127 £ 1.6
Corallite projection
Range (mm) 0.75-15 1-15.5 12.5-18.8
Average (mm) 5.03 £ 0.7 5.6 £ 0.97 156 £ 43
Septa cycle S1, S2, S3, S4 S1, S2, S3 (S4 sometimes present) S1, S2, S3, S4
Septa fusion S4 fused No fusion S3 and/or S4 Fused

18.25 mm and a very deep fossa length with an average of
12.67 mm.

Phylogeny

Only 22 specimens yielded DNA and PCR product of high
quality. These 22 sequences along with three sequences
from Genbank, T. coccinea (KX024566), T. tagusensis
(KX024567), and the outgroup Dendrophyllia cribrosa
(JQ290080) were used in a final alignment of 859 base
pairs. The phylogenetic reconstruction using ML and
Bayesian methods shows similar topology (Fig. 3). Two
major clades were recovered. The first diverging clade
(clade 1) included all specimens exhibiting the basic T.
tagusensis morphology along with T. tagusensins sequence
KX024567 with strong support from both ML (97 boot-
strap) and Bayesian (100 posterior probability) methods.
The second clade (clade 2) has strong support from the
Bayesian reconstruction (92 posterior probability) but
weaker support from the ML reconstruction (66 bootstrap).
This second clade is further divided into two sub-clades,
one (clade 2A) containing all specimens exhibiting the
typical T. coccinea morphology along with T. coccinea
sequence KX024566. This sub-clade has strong support
from the ML analyses (71 bootstrap). The Bayesian anal-
yses also recovered this clade, but its support was not
statistically significant (< 50 posterior probability). The
second sub-clade (clade 2B) contains all specimens
exhibiting mixed morphological characteristics of both T.
coccinea and T. tagusensis. This sub-clade has statistically
significant support from the Bayesian methods (54
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posterior probability). The ML method also recovered this
clade but its support was not statistically significant (< 50
bootstrap).

The 22 sequences from our Tubastraea specimens
generated six unique haplotypes (Fig. 3). The sequence for
one representative from each haplotype was entered in
GenBank (accession # MKO077638-MK077643). Each
major lineage had one dominant haplotype, and each had
one specimen with a haplotype that span out from each
dominant haplotype by a single mutation. The dominant
haplotype for Tubastraea clade 2b is most closely related
to T.coccinea, separated by a single mutation; while the
dominant haplotype for 7. tagusensis is separated by four
mutations from that of Tubastraea clade 2b and by five
mutations from that of 7. coccinea. The results from the
haplotype analyses are consistent with the phylogenetic
analyses.

The six haplotypes generated were used for an addi-
tional phylogenetic analysis with 24 sequences of mtCOI
available in GenBank from various Tubastraea species
from around the world. The 24 sequences included speci-
mens of T. coccinea (6), T. tagusensis (1), T. micranthus
(4), T. aurea (7), and unidentified Tubastrae sp. (6). Most
of these sequences were from a study by Arrigoni et al.
(2014) who targeted a 750 bp region of mtCOI. Our
sequences only overlapped 421 bp of this targeted region.
So our analysis was based on a 421 bp alignment. Both the
maximum likelihood and Bayesian phylogenetic recon-
struction show similar topology (Supplementary Fig. I).
There were only two major clades supported with all other
relationships remaining unresolved. One of the well-
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Fig. 3 Molecular analysis of
Tubastraea based on partial
sequence of mitochondrial
genes ATP8 and COL. Left side
shows phylogenetic
reconstruction using maximum
likelihood and Bayesian
methods. Tree rooted with
Dendrophyllia cribrosa
(JQ290080). Branch labels
correspond to bootstrap support
and posterior probabilities. A
dash (—) indicates support
values < 0.50. Branches are
collapsed, showing the three
major clades of Tubastraea.
Right side shows median-
joining network analysis. The
size of the node reflects the
haplotype frequency. Notches
on each branch represent the
number of nucleotide changes
between haplotypes. The color
of each node represents the
location where the specimen
was collected

97/100
Clade 1

66/92
Clade 2

0.0020

supported clades included our two haplotypes of T.
tagusensis, the T. tagusensis sequence from Brazil, and two
sequences of T. micranthus. The second well-supported
clade contained our two haplotypes of T. coccinea, our two
haplotypes of Tubastrase sp. (clade 2b), three sequences of
T. coccinea, and seven sequences of 7. aurea.

Discussion

Our morphological and genetic analyses show three dis-
tinct groups of Tubastraea. The first group corresponds to
Tubastraea coccinea. These specimens match the mor-
phological descriptions for 7. coccinea (reviewed by de
Paula and Creed 2004) with a large collumella, shallow
fossa, and fused septa. This group is strongly supported by
the phylogenetic and haplotype network analyses (Fig. 3).
The second group belongs to Tubastraea tagusensis. The
morphology of these specimens shows a small collumella,
deep fossa, and independent septa, all distinguishing

|
-/54
Clade 2B

71/-<
Clade 2A

Dendrophyllia cribrosa (JQ290080)

Tubastraea tagusensis
9 specimens and
KX024567

Small collumella
Deep fossa
Septa not fused

Tubastraea sp.
4 specimens

Large collumella
Deep fossa
Septa fused

Tubastraea coccinea
11 specimens and KX024566

Large collumella
Shallow fossa
Septa fused

.High Island Reefs

10 samples .Galveston Reef

() .East Breaks Reef

1 sample Texas Clipper

characteristics of T. tagusensis (reviewed by de Paula and
Creed 2004). This group is also strongly supported by the
phylogenetic and haplotype network analyses (Fig. 3). The
third group of Tubastraea has mixed characteristics; sim-
ilar to T. coccinea, it has a large collumella and fused
septa; but similar to T. fagusensis, it has a deep fossa and
longer corallite length. The characteristics that set this
group apart from both T. coccinea and T. tagusensis are
greater polyp diameter (about two times larger) and greater
polyp length (about three times larger) than either species.
The phylogenetic analyses recovered this group as an
independent, but weakly supported clade. The phylogeny
and haplotype network also shows that this clade is more
closely related to T. coccinea than to T. tagusensis. Whe-
ther this group is a new species of Tubastraea, a subspecies
of T. coccinea, or a hybrid of T. coccinea and T. tagusensis
will require detailed morphological analyses of all Tubas-
traea species combined with a comprehensive phyloge-
netic analyses that in addition to mitochondrial genes also
uses nuclear genes. Arrigoni et al. (2014) did such an
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analysis for species of the family Dendrophylliidae, which
include Tubastraea. Their analysis included four species of
Tubastraea (T. coccinea, T. aurea, T diaphana, and T.
micranthus) along with three additional unidentified spe-
cies of this genus. They targeted two mitochondrial (COI
and IGR) and one nuclear (ITS1) marker. Their results
show that phylogenetic reconstructions based on the
mitochondrial markers leave most relationships unre-
solved, while the nuclear marker provides a more robust
topology. When all three are combined, their phylogeny
shows that all Tubastraea species are monophyletic. We
show similar results of a largely unresolved phylogeny
when using the reduced, overlapping fragment, of COL. A
future analysis that targets all three markers (COI, IGR,
and ITS1) would be useful in determining the phylogenetic
position of this new clade (clade 2b) of Tubastraea from
the GOM. Accurate taxonomy is an essential first step to
understanding the invasion history of Tubastraea species in
the GOM.

Tubastraea coccinea is a coral native to the Indo-Pacific,
and it is believed to have been introduced by ships to the
Western Atlantic Ocean in the early 1900s, with the first
documented specimen identified in 1951 (Cairns 2000). The
expansion of this invasive in the GOM across oil platforms
has been extensively documented (e.g., Sammarco et al.
2004, 2012; Sammarco 2013, 2015; Precht et al. 2014).
Tubastraea tagusensis was first described from the Gala-
pagos Islands in the eastern Pacific (Wells 1982). It is now
considered an invasive species in the Southwestern Atlan-
tic, first described in coastal waters in Brazil by de Paula
and Creed (2004). The expansion of 7. tagusensis in
Brazilian waters and the negative impacts associated with
this invasive species has been the subject of much research
(e.g., de Paula and Creed 2004; da Silva et al. 2014; Carlos-
Junior et al. 2015; Mantelatto et al. 2015; Miranda et al.
2016; Capel et al. 2017; Luz and Kitahara 2017). In Brazil,
T. tagusensis has a larger range and it is more abundant than
its congener 7. coccinea (da Silva et al. 2014), which was
first recorded in Brazilian waters in the late 1990s (Castro
and Pires 2001). We show a similar pattern of dominance by
T. tagusensis in the GOM. Even though our sampling was
limited to thirty-three specimens, these were collected at
random with the majority (55%) belonging to 7. tagusensis.
Tubastraea species have been expanding their range in
Brazil for over a decade where they have displaced native
fauna in natural reefs (da Silva et al. 2014). The GOM
species of Tubastraea are almost exclusively found on
artificial structures, but they have started to expand into
natural habitats. Tubastraea coccinea was first discovered
on a natural bank in the GOM in 2002 at the East Flower
Garden Bank (Sammarco et al. 2004). In 2004, numerous
colonies were found on Geyer Bank, doubling in numbers
by 2007 (Precht et al. 2014). By 2012, T. coccinea had not
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only increased by an order of magnitude on Geyer Bank, but
colonies were also found in West Flower Garden Bank and
Stetson Bank Precht et al. 2014). These natural banks are in
close proximity to the artificial reefs that we sampled in the
High Island oil field. Accurate identification of Tubastraea
species in the GOM is essential for implementing man-
agement policies that will help prevent their expansion into
natural habitats. Understanding the spread of invasive spe-
cies requires the determination of possible sources, vectors,
and current expansion rates. All of which are impossible to
asses when invasive species are misidentified.

Due to the cryptic nature of T. tagusensis in the GOM, it is
not clear whether previous studies of 7. coccinea also
included misidentified specimens of 7. tagusensis. It would
be worthwhile to investigate past collections to determine
whether misidentifications have occurred. This would aid in
establishing the likely date and place of introduction of 7.
tagusensis in the GOM. If previous collections include
specimens that were kept frozen or preserved in ethanol, then
genetics could also be used to aid in this endeavor. If T.
tagusensis has not been reported before from the GOM
because it is truly a new arrival, then our study suggests that it
is expanding at a rapid rate and outcompeting 7. coccinea,
making it a greater threat to native species in the GOM.
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