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Abstract: The Caribbean coral Montastraea annularis has recently been proposed to be a complex of at least
three sibling species. To test the validity of this proposal, we sequenced the ITS region of the nuclear ribosomal
RNA gene family (ITS-1, 5.8S, and ITS-2), and a portion of the mitochondrial DNA gene cytochrome ¢ oxidase
subunit I (COI) from the three proposed species (M. annularis, M. faveolata, and M. franksi) from Florida reefs.
The ITS fragment was 665 nucleotides long and had 19 variable sites, of which 6 were parsimony-informative
sites. None of these sites was fixed within the proposed species. The COI fragment was 658 nucleotides long
with only two sites variable in one individual. Thus, under both the biological species concept and the
phylogenetic species concept, the molecular evidence gathered in this study indicates the Montastraea annularis
species complex to be a single evolutionary entity as opposed to three distinct species. The three proposed
Montastraea species can interbreed, ruling out prezygotic barriers to gene flow (biological species concept), and

the criterion of monophyly is not satisfied if hybridization is occurring among taxa (phylogenetic species

concept).
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INTRODUCTION

The increasingly frequent recognition of sibling species
complexes in the marine realm is a major problem con-
fronting ecologists, physiologists, and evolutionary biolo-
gists (Knowlton, 1993, Knowlton and Jackson, 1994). The
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Montastraea annularis species complex is a good example of
this problem. These species are important reef-building cor-
als on Caribbean reefs and have been intensively investi-
gated. However, it is still unclear how many species this
group actually comprises. Studies of a Panamanian popu-
lation of these corals yielded low congruence between mor-
photypes of an array of characters (genetic [allozymes], eco-
logic, behavioral [aggressive behavior], and morphometric)
(Knowlton et al., 1992), while temporal separation of
spawning events and hybridization experiments yielded few
larvae (Knowlton et al., 1997). These results were inter-
preted to support the designation of at least three sibling
species (Weil and Knowlton, 1994).
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Similar studies (allozymes, behavior, and morphomet-
rics) of Curagao corals, however, were interpreted as indi-
cating that all morphotypes belonged to the same species
because no fixed allelic differences were found at nine loci
(Van Veghel and Bak, 1993). Throughout the Caribbean,
the three species are morphologically distinct, but many
intermediate morphologies are common as well (Figure 1 in
Szmant et al., 1997). Furthermore, the proposed species
occur sympatrically, species spawn on the same nights at
slightly different but overlapping times, and hybridization
studies with Florida corals have shown that all possible
crosses can yield high levels of fertilization under laboratory
conditions (Szmant et al., 1997). For a more detailed sum-
mary of the differences between Caribbean Montastraea
species, see Table 1 in Szmant et al. (1997).

The inability to unambiguously differentiate Mon-
tastraea species throughout their geographic and depth
ranges leads to the need to develop molecular markers with
greater resolution than protein electrophoresis (Knowlton
et al,, 1997). From a preliminary survey of different types of
nuclear and mitochondrial markers by Lopez and Knowlton
(1997), only two AFLP primers appeared as potential diag-
nostic markers for M. faveolata versus M. franksi.

One of the best-characterized regions of DNA for phy-
logenetic inference is the ribosomal DNA multigene family
(Hillis and Dixon, 1991). In eukaryotes the nuclear ribo-
somal small subunit gene (18S) is separated from the 5.8S
gene by one internal transcribed spacer (ITS-1), and a sec-
ond internal transcribed spacer (ITS-2) separates the 5.8S
gene from the large subunit gene (28S). Ribosomal genes
and spacers evolve at different evolutionary rates (Hillis and
Dixon, 1991), making this gene family a suitable candidate
for phylogenetic analysis at many systematic levels. Both
18S genes (Bridge et al.,, 1994) and 28S genes (Chen et al.,
1995; Odorico and Miller, 1997a) have been used for
higher-level systematics of Cnidarians. The ITS regions have
higher rates of evolution because they have fewer functional
constraints than the ribosomal genes, making them useful
for lower-level taxonomic comparisons. The ITS regions
have been successfully used in Cnidarians (Beauchamp and
Powers, 1996; Chen et al., 1996) and corals in particular
(Odorico and Miller, 1997b), as well as in other taxa to
study relationships at the population level (Vogler and De-
Salle, 1994; Caporale et al., 1997) and species level (Fritz et
al., 1994; Tang et al., 1996).

Mitochondrial DNA markers have also proved useful
for questions in systematics and historical biogeography
(Avise et al., 1987). A higher rate of evolution compared to

with that of nuclear DNA and its maternal inheritance make
this molecule suitable for population-level and species-level
comparisons (Brown, 1983). Sequence analysis of the mi-
tochondrial cytochrome c¢ oxidase subunit I (COI) has re-
vealed genetic structure in populations of marine inverte-
brates such as copepods (Burton and Lee, 1994) and sea
urchins (Palumbi, 1996). COI sequences have also been
used to resolve phylogenetic relationships among closely
related species of sea urchins (Bermingham and Lessios,
1993; Palumbi, 1996) and gastropod mollusks (Harasewych
et al., 1997).

Because processes such as lineage sorting result in dif-
ferences between a gene genealogy and organismal phylog-
enies (Avise and Ball, 1990), we have employed sequences
from two different genome regions that evolve at different
rates to investigate the validity of the subdivision of the
Montastraea annularis taxon into three separate species.
One of the sequences we used is the ITS region of the
nuclear ribosomal DNA gene family. The second marker is
a portion of the mitochondrial cytochrome ¢ oxidase sub-
unit I (COI) gene.

MATERIALS AND METHODS

Sample Collection

Portions of colonies of the three proposed species of Mon-
tastraea were collected from Florida reefs (Key Largo), and
placed in separate containers with filtered seawater to
spawn. Additional samples of spawn were collected by sus-
pending collecting nets over individual colonies in situ 2 to
3 hours before spawning (Szmant et al., 1997). Gamete
bundles were selected with Pasteur pipettes from the spawn
of individual colonies and placed into 1-ml microcentrifuge
tubes (Table 1). Gametes were chosen as the source of DNA
because they are not yet infected by the symbiotic algae
(zooxanthellae) typical of adult coral tissues. Samples were
frozen at —20°C until used for DNA extraction. In addition,
tissue samples were collected from one colony from each of
the three Montastraea species from Puerto Rico, and one
colony of M. cavernosa from Florida.

DNA Isolation

Total DNA was isolated by standard sodium dodecyl sulfate
(SDS)/proteinase K digestion (Sambrook et al., 1989). Egg
masses were gently homogenized in a microfuge tube in 700
ul of 1x NET buffer (150 mM NaCl, 10 mM Tris-HCI [pH
8.0], 10 mM EDTA) with 1% SDS and 100 pg/ml proteinase
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Table 1. Samples Sequenced for the Three Montastraea Species, Collection Information, and GenBank Accession Numbers

GenBank accession no.

Species Sample ID* Collection site/datet ITS COI
M. annularis 14 KLDR/8-28-94 AF013728 AF013737%
16 KLDR/8-28-94 AF013729 AF013737%
17 KLDR/8-28-94 AF013730 NS
18 (C) KLDR/8-28-94 U59907% NS
9 KLDR/8-28-94 AF013731 AF013737%
1195 AR/8-16-95 U59903 AF013737%
1295 (B) AR/8-16-95 AF013727% AF013737%
1395 AR/8-16-95 U59904 AF013737%
IPR (B) ER/3-20-92 AF013727% NS
M. faveolata 11195 AR/8-16-95 AF013732 AF013737%
11295 (B) AR/8-16-95 AF013727% AF013738
111 (C) LG/8-27-94 U59907% NS
FII2 KLDR/8-28-94 U59905 AF013737%
FII5 (A) KLDR/8-28-94 U59906% AF013737%
ITA (A) ER/3-20-92 U59906+ NS
118 KLDR/8-28-94 AF013733 NS
M. franksi FIII5 (C) KLDR/8-28-94 U59907+ NS
FIII6 (B) KLDR/8-28-94 AF013727% AF013737%
11195 (C) AR/8-16-95 U59907% AF013737%
11395 (C) AR/8-16-95 U59907+ AF013737%
KL KL/6-24-93 AF013734 NS
IITPR ER/3-20-92 AF013735 NS
M. cavernosa MCWL2 AR/6-11-92 NS AF013736

*Samples that shared the same alleles (identical sequence) for the ITS region are indicated by letters (A,B,C). The only sample with nucleotide difference

for the COI region was 11295.

‘tSample collection sites: AR indicates Alina’s reef, Biscayne National Park, Fla.; ER, Enrique Reef, La Parguera, Puerto Rico; KL, unnamed reef, Key Largo,

Fla.; LG, Little Grecian, Fla.; KLDR, Key Largo Dry Rocks, Fla.

fIdentical sequences with same accession number. NS indicates not sequenced.

K, and incubated at 65°C for 1 to 2 hours. Nucleic acids
were isolated by standard phenol:chloroform (3:1) extrac-
tions until the interface was clear, followed by a chloro-
form:isoamyl alcohol (24:1) extraction and precipitation by
the addition of Na-acetate to 300 mM and 2.5 to 3 vol of
absolute ethanol. Total DNA was resuspended in TE (10
mM Tris-HCI [pH 8.0], 1 mM EDTA) and RNase (50 pg/ul)
treated at 37°C, followed by a chloroform:isoamyl (24:1)
extraction and ethanol precipitation. The DNA samples
were resuspended in TE.

PCR Amplification and Sequencing

Amplifications were performed in a 25-pl volume of a so-
lution containing approximately 50 ng of DNA, 1x poly-
merase chain reaction (PCR) buffer, 200 uM of each dNTP,

1.5 mM MgCL, 0.5 uM of each primer, 1.25 units of Taq
(Perkin-Elmer/Cetus). The conditions used were a denatur-
ing step of 2 minutes at 94°C, followed by 30 cycles of 30
seconds at 94°C, 30 seconds at 55°C, and 30 seconds at
72°C, with a final extension step of 5 minutes at 72°C. The
primers used for the ITS fragment were the universal prim-
ers for the entire nuclear ribosomal I'TS region (White et al.,
1990): ITS-4 (5'-TCCTCCGCTTATTGATATGC-3") and ITS-5 (5'-
GGAAGTAAAAGTCGTAACAAGG-3"), located on the 18S and 28S
flanking regions, respectively. The primers used for the mi-
tochondrial COI fragment were the universal primers: LCO
1490 (5'-GGTCAACAAATCATAAAGATATTGG-3") and HCO 2198:
(5'-TAAACTTCAGGGTGACCAAAAAATCA-3") developed by Fol-
mer et al. (1994). Double-stranded PCR products were pu-
rified with the Gene Clean Kit (Bio 101 Company).
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The COI primers were end-labeled with y->*P (NEN
Dupont), and samples were cycle-sequenced with both
primers using the A Taq sequencing kit (U.S. Biochemical).
Internal primers were designed to obtain the full length of
the sequence in both directions. Sequence samples were run
on a 6% polyacrylamide gel.

Most of the ITS PCR products were sequenced manu-
ally following the same procedure as for the COI fragments,
also using internal primers. Access to a LiCor automated
sequencer was available in the final stages of the project.
The remainder of the ITS samples were cloned into a TA
plasmid vector and sequenced with dye-labeled M13 for-
ward and reverse primers using the Sequitherm cycle-
sequencing kit (Epicentre Technology). The latter sequenc-
ing products were run on a 4% acrylamide denaturing gel in
the LiCor automated sequencer (see footnotes in Table 2).

Data Analysis

DNA sequences from both strands were proofread and
aligned manually. The ITS aligned sequences were imported
into PAUP release 3.1.1. (D. Swofford, 1993) for parsimony
analysis. A heuristic search was performed with 10 random
additions and TBR branch swapping using midpoint root-
ing. Consistency index (CI) was calculated as a measure of
fit between the data and the reported topologies. Because
more than one tree was found, a 50% majority rule strict
consensus was reported (Figure 1).

Montastraea cavernosa COI sequences could be aligned
with the rest of the Montastraea samples, but no further
phylogenetic analysis was possible owing to the lack of poly-
morphisms within the M. annularis species complex.

RESULTS

The two ITS primers used amplified a 665-bp fragment that
included the ITS-1, the 5.8S gene, and the ITS-2. A total of
22 samples were sequenced (M. annularis, n = 9; M. faveo-
lata, n = 7; M. franksi, n = 6; Table 1). Attempts to amplify
this fragment for a specimen of M. cavernosa were not suc-
cessful. The sequence analysis also included the ITS se-
quence for a specimen of M. franksi from Panama (acces-
sion number U60605; Lopez and Knowlton, 1997). The
base composition for the ITS region was 21% A, 27% C,
29% G, and 23% T. This region exhibited 19 variable sites,
of which 6 were parsimony-informative sites (Table 2).
None of these six sites was diagnostic for any of the three

M. annularis (IPR)
M. annularis (1295)
M. annularis (1395)
M. annularis (I9)
M. faveolata (118)
M. faveolata (I1A)
M. faveolata (FII5)
M. annularis (14)
M. annularis (16)
M. annularis (18)
M. faveolata (I11)
M. faveolata (FII2)
M. faveolata (11295)
M franksi (IIT195)
M .franksi (111395)
M. franksi (FIII5)
M. franksi (FIII6)
M.franksi (IIIPR)
M franksi (IIKL)
M franksi-Panama
M. annularis (1195)
M. annularis (17)
M. faveolata (11195)

Figure 1. Strict consensus tree of six most parsimonious trees
based on the ITS data (TL = 27 and CI = 0.815). This tree shows
no sign of phylogenetic structure by species owing to the high
homogeneity of the ITS data set.

Montastraea species. Three different sequences (identified
as alleles A, B, and C) were each shared by more than one
individual (Table 1). A maximum parsimony analysis
yielded six shortest trees with tree length (TL) of 27 and a
consistency index (CI) of 0.815. The strict consensus of
these trees is presented in Figure 1. This tree shows that
there is no clear genetic separation between these Mon-
tastraea taxa based on the combined ITS and 5.8S se-
quences.

The sequence of the mitochondrial COI fragment (658
bp) was identical for the 13 samples sequenced (M. annu-
laris, n = 6; M. faveolata, n = 4; M. franksi, n = 3), except for
one specimen of M. faveolata (11295) that varied at two
nucleotide sites. Nucleotide sequences were translated into
amino acids using the “invertebrate” mitochondrial genetic
code in MacVector, version 4.1.4. The two nucleotide
changes in 11295 result in two amino acid differences. The
M. cavernosa specimen differed at 16 nucleotide positions,
14 of them third positions, and 2 of them leading to amino
acid changes. The COI nucleotide composition was 22% A,
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Table 2. Variable Sites Within the ITS Regions for all Samples Sequenced.

Nucleotide position*
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*Numbers above each nucleotide correspond to the position in the complete fragment. Three sites were uniquely different in the M. franksi sequence from

Panama.

tSamples cloned into a TA vector.

16% C, 21% G, and 41% T. The sequence divergence was
2.4% between M. cavernosa and all the other Montastraea
specimens except the sample 11295 of M. faveolata (2.7%).
The sequence divergence was 0.02% between 11295 and the
rest of the Montastraea samples. Similar results were ob-
tained for Montastraea sp. samples from other Caribbean
localities (Tonya Snell, manuscript in preparation). In her
study, a portion of the same region of the COI gene (616
bp) was sequenced from seven specimens of M. cavernosa
from the Gulf of Mexico (East Flower Garden Bank, Tex.),
Florida (Bahia Honda and Carysfort Reef), and Bermuda,
one specimen of M. faveolata (East Flower Garden Bank),
and one of M. franksi (Bermuda). The COI sequences for
M. cavernosa and for the two M. annularis group species

were identical to the sequences reported in this study for the
respective species.

DiscussioN

Our results and those of previous studies (Knowlton et al.,
1992; Van Veghel and Bak, 1993) are a good illustration of
how different genetic markers (i.e., allozyme vs. DNA se-
quence) can yield incongruent phylogenetic results for phy-
logenetic relationships among species, especially when di-
vergence may be recent and hybridization may persist after
speciation.

The discovery that neither the ITS nor the COI regions
exhibit any sign of genetic divergence among the three pro-
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posed Montastraea taxa does not support the proposal of
three sibling species based on allozyme, morphologic, and
other markers (Knowlton et al., 1992; Weil and Knowlton,
1994). Our findings are also consistent with the results of
fertilization studies (Knowlton et al., 1997; Szmant et al.,
1997) that show no prezygotic barrier to hybridization.
These DNA data together with the hybridization study can
be interpreted as compelling evidence that the three pro-
posed taxa all belong to the same morphologically variable
Montastraea species.

Nuclear and mitochondrial genes have different coales-
cence times to a common ancestor because of differences in
effective population size and other factors. Nuclear genes
may maintain polymorphism for a longer period of time
because of interbreeding, whereas mtDNA haplotypes can
reach fixation sooner owing to lineage sorting events (Avise,
1994). The ancestral lineages to M. cavernosa and M. an-
nularis appear to have diverged as early as the beginning of
the Miocene about 24 million years ago (Budd, 1991). COI
sequence divergence between species of sea hares from the
genus Aplysia (which also appeared in the Miocene) is ap-
proximately 16% (Medina, 1998) as opposed to 2.4% be-
tween M. cavernosa and M. annularis. Even for species with
more recent divergences such as sea urchins separated by
the Isthmus of Panama (3.5 million years ago), the COI
sequence divergence is greater, being approximately 6%
(Bermingham and Lessios, 1993). Thus for the COI gene the
small sequence divergence (2.4%) between the M. annularis
species complex and M. cavernosa suggests that their shared
ancestor had little or no haplotype diversity at the splitting
time, and that the two substitutions observed in 11295 oc-
curred after divergence.

For the ITS region three identical sequences (alleles A,
B, and C) were shared by more than one individual (Table
1). Unfortunately, we were unsuccessful in amplifying the
ITS region for M. cavernosa for outgroup comparison. Al-
leles B and C were found in all three taxa and thus cannot
be diagnostic characters for species under the criteria of
cladistics. Allele A was found in only two M. faveolata
samples, and thus could be species specific. However, given
the small sample size and that five other specimens of M.
faveolata did not have this allele, it is more likely that its
absence from M. annularis and M. franksi is a sampling
artifact.

A 1997 study of the ITS regions from closely related
species of the genus Acropora from the Indo-Pacific revealed
high levels of sequence divergence across taxa (up to 23%)
that permitted distinction between closely related species

(Odorico and Miller, 1997b). However, some ITS sequences
were common to more than one species of Acropora, which
was interpreted as recent interspecific hybridization and
evidence for reticulate evolution. The pattern observed in
Montastraea species contrasts with that of Acropora species,
because in the former both intraspecific and interspecific
sequence divergences are very low, which can be interpreted
as robust evidence of no speciation events in this group.
The results of this study can also be interpreted as
evidence that the two gene fragments utilized do not have
the resolution to address the speciation events in Mon-
tastraea. If the three Montastraea taxa are indeed different
species, then by inference the species divergence must have
taken place very recently, or may be ongoing, there may be
a geographic component to speciation in these taxa (i.e.,
greater genetic divergence in Panama populations), or the
nuclear and mtDNA loci examined here evolve at rates too
slow to detect speciation events in such closely related taxa.

Multiple Evidence Is Not Concordant

The longer two populations have been reproductively sepa-
rated, the greater the chance for genetic divergence and
accumulation of concordant phylogenetic relationships at
multiple loci (Avise and Ball, 1990). Thus short separation
times will not allow for genealogic concordance to develop,
and the probability of inferring the correct organismal tree
of such a group is small. The fossil record indicates that the
M. annularis species complex probably diverged from its
ancestor (likely M. limbata) about 1.7 million years ago
(Budd, 1991; Weil and Knowlton, 1994). This is a relatively
short time for nucleotide substitutions to accumulate, es-
pecially at protein coding or ribosomal RNA coding re-
gions. However, one would expect to find changes at de-
generate sites and introns if lineages have diverged into
reproductively isolated taxa. Hybridization seems to be a
common event in scleractinian corals (Wallace and Willis,
1994; Veron, 1995; Miller and Babcock, 1997; Szmant et al.,
1997; Willis et al., 1997). If introgression due to hybridiza-
tion has occurred after separation (a likely scenario for the
M. annularis complex), most loci will not exhibit genetic
separation or reflect the hierarchical order of divergence
among taxa.

Species Concept: Does One Apply?

There has always been controversy surrounding the defini-
tion of a species; however, two definitions of species are



most popular in the literature: the biological species concept
(BSC) based on reproductive isolation (see Templeton,
1989), and the phylogenetic species concept (PSC) based on
phylogenetic relationships determined by monophyly (see
Cracraft, 1989). The adoption of either one is difficult in
defining species boundaries when reticulate evolution is
suspected.

Under BSC, prezygotic and postzygotic isolating
mechanisms play an important role in the definition of a
species. The three proposed Montastraea species have a
great potential to interbreed as shown in fertilization studies
(Szmant et al., 1997, but see Knowlton et al., 1997), ruling
out prezygotic barriers to gene flow (Mayr, 1963). In sub-
sequent fertilization studies, hybrid larvae successfully
settled and survived for some time (A.M. Szmant, unpub-
lished results), but no hybrid adults have been reared, and
therefore postzygotic isolation mechanisms still need to be
evaluated.

For all versions of PSC, monophyly is a critical condi-
tion for delimiting species boundaries (de Queiroz and
Donoghue, 1990). The concept of monophyly states that (1)
a taxon must comprise an ancestor and all of its descen-
dants and (2) all members should be more closely related to
one another than to any entity outside the taxon (de Quei-
roz and Donoghue, 1990; Graybeal, 1995). These two as-
pects apply to hierarchical relationships above the species
level. However, interbreeding sets a lower limit on the ap-
plication of cladistic analysis due to reticulation (de Queiroz
and Donoghue, 1990; Veron, 1995). Thus, in the case of a
species complex such as Montastraea with hybridization po-
tentially occurring among taxa, the criterion of monophyly
is not satisfied.

Clearly there is conflict between the different types of
evidence used in different areas of the Caribbean to eluci-
date associations within the M. annularis species complex.
However, on the basis of the molecular evidence presented
in this study and under both BSC and PSC, the Montastraea
annularis species complex appears to be a single evolution-
ary entity.
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