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ABSTRACT OF THE DISSERTATION

Biodiversity and connectivity in peripheral populations of corals
of the South and Eastern Atlantic
by

Flavia Nunes

Doctor of Philosophy in Oceanography
University of California, San Diego, 2009
Professor Nancy Knowlton, Co-Chair

Professor Richard D. Norris, Co-Chair

The coral reefs of the South and Eastern Atlantic are impoverished in species
diversity and abundance relative to the Caribbean because they occupy areas of
suboptimal conditions for coral growth. Biodiversity and connectivity are important
for the resilience and persistence of reefs, but corals inhabiting the periphery, or limits
of the species range, lack the buffering qualities of ecological redundancy that
accompanies biodiversity and may be isolated from sources of migrants that could
replenish populations in the event of disturbance. Conversely, peripheral populations

may be the site of divergence, local adaptation and speciation as a result of isolation. I

Xvil



explore the contributions of peripheral coral populations in Brazil and West Africa to
preserving and generating biodiversity and their role in maintaining genetic
connectivity across long distances in the Atlantic. Current estimates of coral
biodiversity are confounded by pervasive morphological convergence, potentially
underrating regional endemism. Molecular data presented here suggest that
biodiversity has been underestimated for Mussismilia, a genus endemic to Brazil, and
that the South Atlantic can be the site of species origination, such as for Favia
gravida. Over ecological time scales, high connectivity provides a means for
populations to persist in impacted locations by the influx of migrants from distant
healthy reefs, while over longer time scales, isolation can be a creative mechanism that
promotes diversification. I present the first molecular datasets that examine basin-scale
dispersal in seven species of amphi-Atlantic corals. Isolation among regions is inferred
for all but one species, indicating that coral populations must rely on regional
recruitment to persist, but that local adaptation and future diversification may also take
place. Within regions, however, differences in connectivity appear to be associated
with reproductive mode. Among coral populations of Brazil, connectivity was
greatest for broadcasting species and more restricted for brooding species, suggesting
that aspects of reproduction may aid in dispersal at local scales. Peripheral coral reefs
in the Atlantic are important sanctuaries for a host of endemic corals and other marine
species and should be recognized for their distinctiveness, their role as sites of

diversification, but also protected because of their isolation and vulnerability.
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CHAPTER I

Re-evaluation of the systematics of the endemic corals of Brazil by

molecular data



ABSTRACT

Recent genetic work on various coral genera has shown that morphological
convergence between Atlantic and Pacific corals obscures evolutionary relationships
and inferred levels of endemicity between the regions. Based on DNA sequences from
nuclear and mitochondrial loci that provide higher resolution than those previously
presented, this study shows that relationships within parts of the Atlantic coral fauna
are also in need of substantial revision. The data presented here indicate that (1) the
endemic Brazilian genus Mussismilia is a monophyletic clade, (2) Mussismilia is more
closely related to the Caribbean Faviidae than Mussidae, the family in which it is
currently placed, (3) the Brazilian endemic coral Favia leptophylla is much more
closely related to Mussismilia than other species of Favia and has most likely been
incorrectly placed in the genus Favia and (4) the other endemic Favia species found in
Brazil, Favia gravida, is genetically distinct from Favia fragum, a Caribbean congener
with which it is frequently synonymized. The nuclear data also suggest the possible
presence of a cryptic species within Mussismilia, but additional sampling and

morphological information is required to confirm this finding.



INTRODUCTION

An accurate classification scheme is essential for testing evolutionary
hypotheses about corals, but recent molecular work finds many conflicts with
traditional morphological systematics at the levels of order, suborder, family, genus
and species (Knowlton et al. 1992; Weil and Knowlton 1994; Romano and Palumbi
1996, 1997; Lopez et al. 1999; Romano and Cairns 2000; van Oppen et al. 2001, 2004;
Chen et al. 2002; Fukami et al. 2004a, b; Kerr 2005; Watanabe et al. 2005; Medina et
al. 2006). The reasons for the lack of molecular support for many aspects of
morphologically based taxonomy include morphological convergence, the failure to
use truly homologous morphological characters and phenotypic plasticity (Foster
1979, 1980, 1985; Lasker 1981; Budd et al. 1994; Bruno and Edmunds 1997; Budd
and Klaus 2001; Todd et al. 2001; Gittenberger and Hoeksema 2006; Klaus et al.
2007). It has thus become increasingly evident that current classification schemes are
in need of significant revision. In this study, molecular data were used to improve our
understanding of the phylogenetic standing and relationships of the endemic Brazilian
corals conventionally placed in the families Mussidae (Mussismilia) and Faviidae

(Favia leptophylla and Favia gravida).

Brazilian coral reefs
In the Atlantic Ocean, the highest diversity of corals is found in the Caribbean,

where clear, warm waters provide an ideal habitat for coral growth, but corals are also



found in other parts of the Atlantic such as along the coasts of Brazil, West Africa and
on various Mid-Atlantic islands (Laborel 1969a, b, 1974). In these regions, corals
commonly grow as isolated colonies on what are primarily rocky reefs. Despite less
favorable conditions, corals persist in these regions in low abundance and diversity.
True biogenic coral reefs (those formed by the biological accumulation of organisms
with calcareous skeletons) in the South Atlantic are found only in Brazil, but these
reefs are very different both in species composition and in growth form from
Caribbean reefs. Brazilian reefs are comprised of a low diversity fauna of 15
hermatypic coral species, five of which are endemic to Brazilian waters (F.
leptophylla, Mussismilia braziliensis, Mussismilia harttii, Mussismilia hispida and
Siderastrea stellata) and one which is endemic to the South Atlantic (F. gravida)
(Maida and Ferreira 1997; Castro and Pires 2001). This modest number of species is
likely a result of (1) a narrow continental shelf, which limits the habitat space for
corals and (2) high sedimentation from rivers, which decreases water clarity needed
for photosynthesis (via symbionts) and can potentially smother corals (Ledo and
Ginsburg 1997). Corals are found along ~2,400 km of the coast, ranging from as far
north as Maranhdo State (00°53’S, 044°16°W) to Santa Catarina State in the south
(27°34°S, 048°37°W) (Castro and Pires 2001). Their distribution is bound by the
Amazon River to the north and cool waters to the south, with interruptions in coral
occurrence near large river outflows such as the Sdo Francisco and Doce Rivers,
where high sedimentation rates and low salinity hinder coral growth (Laborel 1969a).

The only true biogenic reefs are found on the Abrolhos Bank, a volcanic platform that



extends 200 km offshore (Ledo and Kikuchi 2000). On the north shore of Brazil, reefs
nearly as diverse those of Abrolhos are found in Parcel Manuel Luiz, but it is not clear
whether these are biogenic reefs because a substantial part of the reef is composed of
rock formations (Rocha and Rosa 2001). The primary reef builders of Brazil are corals
in the endemic genus Mussismilia (Ledo 1996). Extant members of this genus are
restricted to Brazil, with some species such as M. braziliensis being restricted to the
Abrolhos Bank (Laborel 1969b). Reefs built by these species of coral display a unique
growth morphology not seen on other reefs, such as the mushroom-shaped
“chapeirdes”, coral banks formed by the fusion of multiple colonies. Mussismilia is
thought to have a Miocene origin, with fossil specimens of Mussismilia provincialis
being found in the Aquitainian and Burdigalian of France (~23—16 Ma) (Chevalier
1959, 1961) and Mussismilia vindobonensis being found in the Middle Miocene
(Vindobonian) of Spain and France (~16— 11.6 Ma) (Chevalier 1961; age estimates
from Gradstein et al. 2004). Until recently, the fossil record for extant species was
limited to M. hispida from the Pliocene Tamiami Formation of Florida (3.5-3.0 Ma)
(Meeder 1987) and M. harttii from the Pliocene Mao Formation of the Dominican
Republic (4.0-3.4 Ma) (Budd et al. 2001; age estimates from Budd 2000). New
paleontological collections (see NMITA database, Budd et al. 2001, updated 2007)
have revealed occurrences of M. hispida in the Pliocene of Panama (2.2—1.8 Ma, age
estimate from Budd and Klaus 2001) and Mussismilia aff. harttii from deposits in the
Dominican Republic, Curagao and Costa Rica, ranging from the Late Miocene (~8.3

Ma, age estimate from Saunders et al. 1986) to Middle Pleistocene (~400 Ka, age



estimate from Schellmann et al. 2004). The Caribbean fossil occurrences suggest that
the genus Mussismilia was once widely distributed, and only recently has been
restricted to Brazil. The rarity of this genus in earlier fossil collections from Caribbean
deposits may be due in part to the morphological similarity of Mussismilia to other
Caribbean members of the family Mussidae, to which Mussismilia has been
traditionally assigned. However, recent molecular work suggests that its closest
relatives may be members of a new Caribbean clade that contains taxa from both the

Mussidae and Faviidae (Fukami et al. 2004b).

MATERIALS AND METHODS

Sampling and DNA extraction

Coral tissue samples were collected from Brazil and two additional locations in
the Atlantic Ocean for biogeographic comparisons: Panama and the Gulf of Guinea.
The Brazilian endemic corals were collected from the Abrolhos Banks in Bahia State
in 2002. Caribbean and Atlantic coral species were collected in Panama at the Bocas
del Toro Field Station in September of 2005, and in Sdo Tomé Island in the Gulf of
Guinea during February 2006. Fresh tissue was scraped off the surface of a small piece
(~2-5 cm?2) of living coral and put into vials containing CHAOS solution (4 M
guanidine thiocyanate, 0.1% sodium N-lauroyl sarcosine, 10 mM Tris-HCI pHS, 0.1
M 2-mercaptoethanol) (Fukami et al. 2004b). Samples were stored at room

temperature, and can be kept in these conditions for upwards of several months.



Skeletal material was labeled, bleached and dried for morphological identification. For
DNA extraction, equal volumes of coral tissue digested in CHAOS solution and
phenol extraction buffer (100 mM Tris-HCI pH8, 10 mM EDTA, 0.1% sodium
dodecyl sulfate (SDS) were mixed, then added to twice the volume of
phenol:chloroform:isoamyl alcohol (25:24:1). This mixture was vortexed, centrifuged
at high speed and the supernatant recovered. This step was repeated 1-2 more times,
until a clear solution remained. DNA was precipitated with isopropanol and

resuspended in 10 mM Tris-HCI pH 8.0.

Mitochondrial marker

The mitochondrial marker used in this study was the intergenic region (IGR)
between cytochrome oxidase I (cox1) and the formylmethionine transfer RNA gene
(trnM) (referred to in the rest of the text as cox1-trnM IGR). The region was amplified
using a degenerate primer pair, designed based on sequences of the same region in
Montastraea annularis (Fukami et al. 2004a). The primer sequences were as follows:
NcodF 5°-RAG YTG GGC TTC TTT AGA GTG-3" and NcodR 5’-GCT ACT TAC
GGA ATC TCG TTT GA-3’. Internal sequencing primers designed for F. fragum/F.
gravida (FfrNCF) were 5’-CTA CGC GTG GAA ATT GGT TT-3’ and (FfrNCR) 5°-
AAC CTT TTT CCC TCT TTT CAA-3’. Amplification of the region was performed
by polymerase chain reaction (PCR) consisting of 2.5 ul of 10X Buffer, 0.5 ul of
dNTP (200 mM), 1.5 ul of primers (10 mM), 1.25 U Taq (Sigma-Aldrich), 1 ul of

DNA and water to 25 ul. The thermal cycler profile used had an initial denaturation



step at 94°C for 2 min followed by 35 cycles at 94°C/30 s, 48°C/30 s (52°C/30 s for
Favia internal primers), 72°C/2 min, with a final extension step at 72°C for 5 min. A
10-15 wul aliquot of the PCR product was purified for sequencing by adding 0.5 U of
exonuclease 1, 0.5 U of shrimp alkaline phosphatase (SAP) and 1 ul of 10X SAP
buffer, and incubating at 37°C for 60 min. The enzyme was then deactivated by
heating to 80°C for 15 min. A cycle sequencing reaction was performed directly on
PCR products using ET terminators from MegaBase, following the manufacturer’s

protocol.

Nuclear marker

Most sequences of the B-tubulin gene were obtained during a previous study
for which only exon sequences were used in the phylogenetic analysis (the -tubulin
intron was too variable for alignment over a broad range of coral species) (Fukami et
al. 2004b). Since this study focused on a small, closely related group of species, the
more variable B-tubulin intron could be used in addition to the exon thus obtaining
good phylogenetic resolution among closely related taxa. B-tubulin was amplified,
cloned and sequenced according to the published protocol of Fukami et al. (2004b).
Additional samples of F. fragum, F. gravida, F. leptophylla and Montastraea
cavernosa were sequenced directly from PCR products, following the same
amplification protocol of Fukami et al. (2004b) and the same sequencing protocol

described above for the mitochondrial locus. Sequences for forward and reverse



primers were: TubF (5°-GCA TGG GAA CGC TCC TTA TTT-3’) and TubR (5°-

ACA TCT GTT GAG TGA GTT CTG-3).

Molecular phylogenetic analysis

Sequence chromatographs were viewed and edited using Sequencher 4.5. Exon
and intron regions of pB-tubulin (1,000 bp), and 709 bp of the mitochondrial IGR were
used for phylogenetic analysis. Sequences are available online through GenBank
(accession numbers EU303010— EU303116). The sequences were aligned using the
ClustalX v1.83.1 algorithm (Thompson et al. 1997), with Mussa angulosa and
Scolymia spp. as outgroup taxa. For B-tubulin, a second analysis used M. cavernosa as
the outgroup, in order to resolve the relationship of Mussismilia relative to other
Caribbean faviids and mussids. Although M. cavernosa has conventionally been
assigned to the Faviidae, molecular work has shown that this species is quite divergent
from other Atlantic mussids and faviids (Fukami et al. 2004b), suggesting that M.
cavernosa is not closely related to either family and would thus make a suitable
outgroup. The cox1-trnM IGR sequence for M. cavernosa, however, was too divergent
for alignment with ingroup sequences, and could not be used for phylogenetic
analysis. Ten alignments were performed using varying gap opening and extension
penalties to monitor the effect of gaps on phylogenetic interpretation for -tubulin.
Low gap opening penalties produced a greater number of short gaps in the 3’ end of
the intron, whereas default and high gap penalties produced fewer gaps that were

longer in length. Neighbor-joining trees were constructed for all ten alignments, and
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no change in topology was observed except for variations in length of some branches,
particularly the outgroup branch. Because no large gaps were observed in the
mitochondrial marker, this type of analysis was not performed for this locus. Default
gap penalties were employed in the alignment used for further phylogenetic analyses
for both nuclear and mitochondrial markers. Base composition, the number of
transitions (Ti) and transversions (Tv), and pairwise sequence divergence were
calculated using DAMBE (Xia and Xie 2001). Phylogenetic inference was made on
the basis of maximum parsimony (MP), maximum likelihood (ML) and Bayesian
methods. MP analyses used a heuristic search and the tree-bisection-reconnection
branch swapping algorithm, with 1,000 bootstrap replicates in PAUP*v4.0betalO
(Swofford 2002). For ML and Bayesian analyses, the model of sequence evolution
was determined by hierarchical likelihood ratio tests using Modeltest 3.7 (Posada and
Crandall 1998) and MrModeltest 2.2 (Nylander 2002) respectively. ML analyses
conducted using PhyML (Guindon and Gascuel 2003) used the Hasegawa-Kishono-
Yano model (HKY85) (Hasegawa et al. 1985) for both B-tubulin (-InL of best tree =
3536.44) and cox1-trnM IGR (-InL = 2265.65). Transition/transversion (Ti/Tv) ratio,
proportion of invariable sites and gamma distribution parameter (I') were estimated by
PhyML for both loci. The Bayesian analysis used the HKY + I' model for both 3-
tubulin (-InL = 3896.63) and coxI-trnM IGR (-InL = 2330.68) in MrBayes 3.1.2
(Huelsenbeck and Ronquist 2001). Four parallel chains of 2 million generations were
run for B- tubulin and cox1-trnM IGR. Trees were sampled every 100 generations, and

5,000 “burn-in” trees were excluded from the consensus tree (both markers). The
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average standard deviation of split frequencies after two million generations was

0.005579 for p-tubulin and 0.010630 for cox1-trnM IGR.

RESULTS
Data properties
Base frequencies for f3-tubulin and cox1-trnM IGR are shown in Table 1.1.

Table 1.1 Nucleotide frequencies per species for the nuclear gene B-tubulin and the
mitochondrial cox1-trnM intergenic region.

Nucleotide Frequencies

Mitochondrial, coxI-trnM IGR Nuclear, B-tubulin
pA) p©) p(G) p(T) pA) p©) p(G) p(T)
Favia leptophylla 0.2527 0.1843 0.2260 0.3371 0.3075 0.2149 0.1772 0.3004
Mussismilia braziliensis 0.2525 0.1844 0.2241 0.3390 0.3030 0.2162 0.1807 0.3001
Mussismilia harttii 0.2522 0.1837 0.2241 0.3401 0.3064 0.2188 0.1826 0.2924
Mussismilia hispida 0.2511 0.1844 0.2241 0.3404 0.3118 0.2140 0.1760 0.2983
Favia fragum 0.2634 0.1690 0.2321 0.3356 0.3038 0.2181 0.1835 0.2948
Favia gravida 0.2632 0.1696 0.2330 0.3342 0.3040 0.2178 0.1830 0.2953
Diploria clivosa 0.2525 0.1719 0.2405 0.3352 0.3054 0.2177 0.1782 0.2986
Diploria strigosa 0.2532 0.1704 0.2412 0.3352 0.3034 0.2147 0.1795 0.3024
Diploria labyrinthiformis 0.2588 0.1711 0.2348 0.3352 0.3076 0.2200 0.1800 0.2925
Manicina areolata 0.2518 0.1740 0.2348 0.3395 0.3022 0.2199 0.1816 0.2963
Colpophyllia natans 0.2650 0.1816 0.2220 0.3315 0.2940 0.2156 0.1858 0.3046
Mussa angulosa 0.2475 0.1884 0.2361 0.3280 0.2967 0.2188 0.1740 0.3106
Scolymia 0.2438 0.1846 0.2427 0.3290 0.2922 0.2284 0.1797 0.2997
Montastraea cavernosa 0.3070 0.2154 0.1727 0.3049
AVERAGE 0.2544 0.1783 0.2320 0.3354 0.3032 0.2179 0.1796 0.2994

STANDARD DEVIATION 0.0064  0.0072  0.0072  0.0040  0.0055 0.0036  0.0037  0.0051

Although both loci show higher frequencies of A and T (60.3 + 0.6% in -tubulin and
59.0 £ 0.8% cox1-trnM IGR; mean + SD) relative to C and G, these frequencies are
similar between the two loci and vary within a narrow range from taxon to taxon (see

Table 1.1 for standard deviations), indicating that base frequency heterogeneity should
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not bias phylogenetic interpretation. The number of transitions and transversions
between sequence pairs was plotted against genetic distance to test for substitution

saturation (Fig. 1.1).
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Figure 1.1 Test for substitution saturation for a the mitochondrial cox1-trnM intergenic region, and b the
nuclear B-tubulin gene, based on number of transitions (Ti) and transversions (Tv)
plotted against Kimura 2-parameter distance (K80)
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There is no indication of substitution saturation for cox1-trnM IGR, but in f3-tubulin,
the number of transversions is approximately equal to transitions when genetic
distance is between 8 and 10%, and transitions outnumber transversions at genetic
distances greater than 14%. When the outgroup sequence (M. cavernosa) was
excluded from the test, transitions were always more frequent than or equal to
transversions (not shown). This observation indicates that the phylogenetic signal
between closely related taxa is reliable, but that some phylogenetic signal may have
been lost between the ingroup and outgroup taxa. These data quality tests suggest that
the loci used do not contain any biases that may interfere with the phylogenetic signal,

and that they should be suitable for inferring relationships among the species studied.

Phylogenetic analysis

The three methods of inferring phylogeny used in this study yielded similar
topologies for each locus. Consensus trees built with the Bayesian method are shown
in Fig. 1.2 for B-tubulin and cox1-trnM IGR, with posterior probability and bootstrap
support for ML and MP based on 1,000 replicates listed for each branch node
respectively. Both gene trees are largely congruent in their topologies, but -tubulin
had greater phylogenetic resolution than cox1-trnM IGR for the relationships among
the Mussismilia species. For p-tubulin, relationships among the ingroup taxa remain
the same whether the phylogeny was rooted with M. angulosa + Scolymia or M.

cavernosa. Both markers suggest that Mussismilia + F. leptophylla is a monophyletic
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clade with strong node support (100/100/100 in cox1-trnM IGR and 100/89/76 for {3-

tubulin).
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Figure 1.2 Phylogenetic trees of selected Brazilian and Caribbean corals, based on the nuclear g-tubulin
gene and the mitochondrial cox?-trnM intergenic region. Trees shown were inferred by
Bayesian methods. Maximum likelihood (ML) and maximum parsimony (MP) yielded
similar topologies. Posterior probability and bootstrap support (Bayesian/ML/MP) is
reported for each node. Unsupported nodes in the ML or MP analyses are represented by
a dash. Nodes with the same support value for all three methods of phylogenetic
inference are represented by a single number. Species are color-coded by region:

Caribbean (blue), West Africa (green) and Brazil (red)

This clade of Brazilian corals appears to be more closely related to Atlantic faviids
(i.e., F. fragum and Diploria) than Atlantic mussids (M. angulosa and Scolymia) (Fig.

1.2) in B-tubulin. Within the Mussismilia + F. leptophylla clade, the mitochondrial
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locus exhibits 12 polymorphic sites which define seven haplotypes in 19 individuals.
All individuals of M. braziliensis, M. harttii and M. hispida share one of three
haplotypes, none of which is specific to any one species. The remaining four
haplotypes in this clade are found in individuals of F. leptophylla, which is basal to the
group. In contrast, the B-tubulin locus exhibits 84 polymorphic sites (104 if indels are
considered) that define 15 haplotypes in 17 individuals. This marker suggests that F.
leptophylla and M. hispida are sister taxa, each forming a monophyletic clade, and that
M. braziliensis is paraphyletic with respect to M. harttii. Little divergence is observed
between F. fragum and F. gravida at the mitochondrial locus. Only two haplotypes
were found in cox1-trnM IGR for both species combined, with one haplotype being
shared by both F. fragum and F. gravida and the other haplotype being found only in
F. fragum. In the more variable nuclear marker, however, there are seven haplotypes
in 16 individuals, none of which are shared between the two species. In addition, each
of the three regions where samples were taken (Caribbean, Brazil and West Africa) is
represented by unique haplotypes not seen in any of the other regions. Haplotypes
from Brazil and West Africa (conventionally named F. gravida) fall within a well-
supported clade (100/95/96) represented by three haplotypes in ten individuals, while
four haplotypes found in six individuals of F. fragum from the Caribbean are basal to
the F. fragum/F. gravida clade. Average genetic distances (HKY-corrected) were
calculated among sequences of the same individual (intra-individual) and among
sequences of individuals of the same species (intra-specific) for the P-tubulin gene

(Fig. 1.3).
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Figure 1.3 Average genetic distance within individuals (intra-individual) and within species (intra-specific)
for the B-tubulin gene. Solid and dashed horizontal lines represent the overall intra-
specific average and standard deviation of the average, respectively

One individual from the following six species were sequenced for three to five clones:
Colpophyllia natans (sample Cnl a-e), Diploria clivosa (sample Dcl a-c), Diploria
labyrinthiformis (sample Dlab2 a-c), F. leptophylla (B13 a-d), Manicina areolata
(sample Mal a-d) and Scolymia spp. (Scl a, b). Average intra-specific genetic
distances were calculated for species where sequences of multiple individuals were
available: C. natans, D. labyrinthiformis, F. leptophylla, M. braziliensis, M. angulosa

and Scolymia spp. An overall intra-specific average was calculated over these six
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species. Intra-specific averages were also calculated for F. fragum, F. gravida, M.
harttii and M. hispida, but these were not included in the overall average because of
the uncertainty regarding these groupings as actual species (see Sect. “Discussion”),
and so that comparisons could be made between these groupings and the other
recognized species. M. harttii and M. hispida contain haplotypes that are much more
divergent (1.9 &+ 1.4% and 0.9 + 0.6% respectively) (mean = SD) than the overall intra-
specific average (0.14 £ 0.1%). Divergent haplotypes define two clades for each of the
two species, with the average divergence between clades being of 2.8 + 0.1% and 1.4
+ 0.1% for M. harttii and M. hispida respectively. When genetic distance is calculated
for each clade of haplotypes separately, the within-clade divergences fall within the
expected intra-specific variation (Fig. 1.3). The average intra-specific genetic distance
for F. fragum and for F. gravida also falls within the overall intra-specific average, but
the average genetic distance between F. fragum and F. gravida (0.56 = 0.2%) is
greater than the overall intra-specific average (0.14 = 0.1%) (see also Fig. 1.3). In
contrast, limited data suggest that Scolymia does not exhibit any marked divergence

between Caribbean and Brazilian populations.

DISCUSSION
The data presented here show strong support for the monophyly of Mussismilia
at both nuclear and mitochondrial loci (Fig. 1.2). The results of this study also clearly
indicate that F. leptophylla is more closely related to Mussismilia than other members

of Favia. In addition, the nuclear marker used in this study suggests that the
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Mussismilia + F. leptophylla clade is more closely related to Atlantic faviids
(Colpophyllia, Diploria, Manicina and F. fragum) than Atlantic mussids (Mussa and
Scolymia). A published mitochondrial dataset of combined sequences of the
cytochrome b (cytb) and cytochrome oxidase 1 (cox1) genes for this group (Fukami et
al. 2004b) as well as phylogenetic analysis based on morphologic characters (Budd
and Smith 2005) confirm this finding. The analysis with cox1-trnM IGR is ambiguous
regarding the phylogenetic position of Mussismilia + F. leptophylla relative to other
Atlantic mussids because an appropriate outgroup beyond Mussa + Scolymia was not
found. The B-tubulin data provide the first dataset from a nuclear locus to confirm
these patterns of relationships. Both loci presented here have greater resolution than
the previously examined loci of Fukami et al. (2004b).

These molecular findings disagree with traditional morphological taxonomy
for these taxa (Vaughan and Wells 1943; Wells 1956). Although there is some
congruence between the data presented here and new morphological phylogenies for
Atlantic corals (Johnson 1998; Budd and Smith 2005), significant differences are still
observed in phylogenies inferred by molecular versus traditional morphologic data.
The consistency of molecular results from both nuclear and mitochondrial loci
suggests that traditional morphological characters are subject to convergence, and that
phylogenetically informative morphological characters remain to be identified.
Skeletal microstructural features may prove to be an invaluable source of new

morphological characters for coral systematics (Cuif et al. 2003).
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In the case of the Mussidae, it has already been shown that Pacific and Atlantic
mussids are not closely related, but that Atlantic mussids and faviids are (Fukami et al.
2004b). Mussids are primarily distinguished from faviids by the size of corallites and
septal teeth and the number of fan systems of trabeculae (Vaughan and Wells 1943),
with members of both families falling along a spectrum of corallite and teeth
dimensions (for example, corallites are 1.5 — 10 mm in diameter for faviids and 10 —
15 mm or greater for mussids). The dimensions of these characters, however, may not
be useful for discriminating between the Atlantic representatives of these two families.
Thus the finding that Mussismilia is more closely related to Atlantic faviids suggests
that the Family definitions need to be re-evaluated.

In the case of F. leptophylla, its distinctiveness with respect to other Favia has
been noted by earlier researchers, e.g., Laborel (1969b), who noted that “F.
leptophylla semble nettement separée des autres especes du genre”. However, due to
its similarity to the Caribbean fossil species F. macdonaldi and the presence of
features considered characteristic of Favia (Laborel 1969b), F. leptophylla was placed
in this genus. Several morphological characters are shared by F. leptophylla and
Mussismilia but not by F. leptophylla and F. fragum: parathecal wall structure,
absence of paliform lobes, paddle-shaped septal teeth (Budd and Smith 2005). These
characters support the close relationship between F. leptophylla and Mussismilia
inferred by molecular data. The genus Favia clearly needs major taxonomic revision.
The results of this study show that the two Brazilian species are not closely related to

each other, a finding that is supported by morphological phylogenetic data (Johnson
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1998; Budd and Smith 2005) and other work suggests that neither are closely related
to Pacific Favia (Fukami et al. 2004b).

Within the Mussismilia + F. leptophylla clade, only F. leptophylla had distinct
mitochondrial haplotypes (four in total). The three Mussismilia species combined are
represented by only three haplotypes, and all of the three species share haplotypes
with at least one other species. There is significant morphological disparity defining
the three taxa, suggesting that they are likely separate species, but this relationship is
not clearly observed at the mitochondrial locus. This may reflect ancestral
polymorphisms (Avise et al. 1990) shared among the Mussismilia species and the fact
that mitochondrial genes show little genetic variation in corals (Shearer et al. 2002). 3-
tubulin, on the other hand, contains more polymorphic sites within this clade and as a
result provides greater phylogenetic resolution than the mitochondrial marker. The
data support the genetic distinctiveness of the four described taxa. Moreover, the data
suggest the possibility of at least one unrecognized cryptic species. This is supported
by the distinctiveness of the two M. hartii clades in B-tubulin (2.8 £ 0.1% divergence,
mean + SD, greater than the divergence between species of different genera in several
examples, for the same locus), and the fact that the same two individuals (B6 and BS)
are distinctive at both loci. M. hispida also contains two subclades in the B-tubulin
tree, but different individuals define nuclear and mitochondrial clades. Additional data
supporting these clades are needed to confirm the presence of cryptic species,

however.
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The results of this study support recognition of the South Atlantic endemic
coral, F. gravida as a discrete species. Overlap in morphological characters has led
some researchers to synonymize this species with F. fragum (Veron and Stafford-
Smith 2000). The main morphological feature used to separate the two species is the
level of meandrinization in the former species relative to the latter (Laborel 1969b).
Studies of skeletal variation in F. gravida indicate that the species exhibits significant
phenotypic plasticity in several morphological characters used for taxonomy: (1)
meandrinization of the exotheca, (2) the size of the calyx (or valleys, for the meandoid
forms) (Laborel 1969b) and (3) number of septa per cm (Santos et al. 2004) The
variability in morphology of F. gravida has been correlated with environmental
conditions, with higher meandrinization occurring in areas of greater sedimentation
(Laborel 1969b). These data raise the possibility that F. gravida and F. fragum could
be merely ecomorphs, with the less meandroid forms being characteristic of less turbid
waters found in the Caribbean and more meandroid forms inhabiting the more turbid
waters of Brazil and West Africa. The molecular data presented here, however, argue
against this possibility. Data from the variable PB-tubulin marker show that the
divergence between F. gravida and F. fragum is greater than the intra-specific
variation seen in individuals of other coral species in this study, and no haplotypes are
shared between the two species, suggesting that these two morphological species are
distinct. Although the mitochondrial marker used in this study suggests very little
divergence between F. fragum and F. gravida, there is growing evidence that the

mitochondrial genome in highly conserved in many coral species (van Oppen et al.
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1999; Shearer et al. 2002; Hellberg 2006). Although the p-tubulin data provide
convincing evidence for the separation of these two species, this conclusion must be
taken with caution as it is based on only one molecular marker. Further molecular
studies of additional variable loci may help to elucidate the relationship between these
two closely related taxa. The data presented here further suggest population
subdivision within F. gravida. Although divergences between haplotypes are small,
individuals of F. gravida from Brazil do not share haplotypes with individuals of F.
gravida from West Africa. Larger sample sizes are needed to fully assess the level of
gene flow between the two regions, but this preliminary dataset suggests restricted
gene flow across the Atlantic for this coral species.

Re-assessment of the systematics of Brazilian endemic corals has revealed that
while some endemic species may represent relicts from the Caribbean (such as M.
hispida and M. harttii, which have fossil occurrences in the Caribbean), other
endemics may have originated in the South Atlantic. The data presented here suggest
that F. fragum and F. gravida are closely related, but sufficiently distinct to warrant
differentiation. The absence of F. fragum in the South Atlantic (and reciprocally, the
absence of F. gravida in the Caribbean) and the position of F. gravida relative to F.
fragum in the B-tubulin phylogeny suggest allopatric speciation of F. gravida from F.
fragum. 1t is possible that geographic isolation may have played a role in the
speciation of the remaining Brazilian endemic not studied here, S. stellata, or the

diversiffication of the genus Mussismilia. Additional studies are needed to resolve
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whether allopatric speciation or range reductions and local extinctions are responsible
for the high proportion of endemic species in Brazil.

Atlantic species with Pacific congeners have most likely been incorrectly
classified at the genus level hindering evaluation of their evolution and conservation.
For example, the results of this study suggest that F. leptophylla belongs to the genus
Mussismilia, a genus that is consequently more diverse than previously thought (four
species instead of three). Conversely, the genus Favia has only two representatives in
the Atlantic (F. fragum and F. gravida) and Pacific Favia (19 species) will not
ultimately be classified in this genus, leading to a drop in its diversity. Previous work
suggests that Atlantic mussids and faviids form a distinct clade that most likely
represents a single Atlantic coral family (Fukami et al. 2004b; Budd and Smith 2005).
Inconsistencies between morphological and molecular classification schemes impede
our ability to make accurate estimates of diversity and endemism at the species, genus
and family level. The resulting difficulty in assessing taxonomic diversity of clades
may have important repercussions for conservation when high priority is given to

areas with the greatest number of species or evolutionary distinctness.
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ABSTRACT
Limited dispersal and connectivity in marine organisms can have negative fitness
effects in populations that are small and isolated, but reduced genetic exchange may
also promote the potential for local adaptation. Here, we compare the levels of genetic
diversity and connectivity in the coral Montastraea cavernosa among both central and
peripheral populations throughout its range in the Atlantic. Genetic data from one
mitochondrial and two nuclear loci in 191 individuals show that M. cavernosa is
subdivided into three genetically distinct regions in the Atlantic: Caribbean-North
Atlantic, Western South Atlantic (Brazil) and Eastern Tropical Atlantic (West Africa).
Within each region, populations have similar allele frequencies and levels of genetic
diversity; indeed, no significant differentiation was found between populations
separated by as much as 3,000 km, suggesting that this coral species has the ability to
disperse over large distances. Gene flow within regions does not, however, translate
into connectivity across the entire Atlantic. Instead, substantial differences in allele
frequencies across regions suggest that genetic exchange is infrequent between the
Caribbean, Brazil and West Africa. Furthermore, markedly lower levels of genetic
diversity are observed in the Brazilian and West African populations. Genetic
diversity and connectivity may contribute to the resilience of a coral population to
disturbance. Isolated peripheral populations may be more vulnerable to human
impacts, disease or climate change relative to those in the genetically diverse

Caribbean-North Atlantic region.
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INTRODUCTION

The Caribbean has extensive reef development, but most Atlantic reefs outside
of the Caribbean are not biogenic in origin. Rather, these are rocky reefs sparsely
colonized by corals and other benthic invertebrates. These peripheral rocky reefs also
have lower coral abundance and fewer coral species than the Caribbean, but host a rich
endemic fauna of marine organisms (Floeter et al. 2008; Jones 1994; Rios 1994;
Rosenberg 1993), including two endemic genera of corals (Laborel 1969b, 1974).
Several coral species have a wide distribution across the Atlantic, extending well
beyond the Caribbean to the peripheral reefs of the southern and eastern Atlantic. It is
unclear, however, whether these broad distributions reflect continued genetic
exchange between geographically distant populations. Understanding how peripheral
populations are connected to one another and to more central populations can shed
light on how distantly corals are capable of dispersing and what types of barriers limit
dispersal in the Atlantic. Furthermore, peripheral populations may exhibit lower
genetic diversity as a consequence of smaller effective populations sizes and isolation
(although exceptions exist, see the review by Eckert et al. 2008). Because genetic
variation is the raw material that allows populations to evolve in response to changing
environments, reduced genetic diversity may increase a population’s vulnerability to
disturbances. Here we provide the first molecular dataset from a coral species
spanning Caribbean and several peripheral reefs in the Atlantic in order to determine

the level of genetic diversity and connectivity among these populations.
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Genetic exchange in sessile organisms like corals is achieved primarily by
larval dispersal. The extent of transport varies depending on larval longevity and
behavior, and ocean circulation. Some coral species are able to maintain competent
larvae for 50-100 days after fertilization (Graham et al. 2008; Richmond 1987), but
average larval lifetime can be quite variable across different species (Nishikawa&
Sakai 2005), being as short as 10 days for some (Goffredo& Zaccanti 2004).
Nutritional reserves and the presence of zooxanthellae can affect potential larval
lifetime (Harii et al. 2002; Isomura& Nishihira 2001), and substantial mortality as a
result of predation by reef fish during coral spawning (Pratchett et al. 2001) can
reduce the number of dispersing larvae. Ocean currents aid dispersal by carrying
larvae downstream and limit dispersal upstream or across strong currents, but making
predictions about larval dispersal patterns based solely on currents can be difficult.
Large-scale patterns of ocean circulation are averages that do not represent all possible
paths for dispersal. Swimming behavior allows larvae to orient and follow settlement
cues (Raimondi& Morse 2000), and vertical migration can lead larvae to leave one
current and enter another. Low water temperatures or low salinity may pose
impermeable barriers to dispersal; the latter can shorten the planktonic period by
decreasing the larvae’s selectivity for suitable substrate (Vermeij et al. 2006).
Complex meso-scale circulation and local eddies also play a role, and simulation
studies have shown that local retention of larvae can be very high (Cowen et al. 2000;

Cowen et al. 2006; James et al. 2002).
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Because of the logistic challenges in tracking or simulating larval movement,
molecular methods are often used to infer connectivity on coral reefs. However,
studies of connectivity in corals are relatively scarce relative to other reef inhabitants,
despite their importance as foundation species on reefs. This is in part due to
difficulty in finding molecular markers that contain sufficient intraspecific variation.
Mitochondrial DNA in corals and other anthozoans, unlike most other organisms,
evolves at a much slower rate and is usually invariant at the level of species (Shearer
et al. 2002). Despite the low levels of variation in the mitochondrial genome, nuclear
variation has been found in corals (Hellberg 2006). Allozymes have been employed
successfully in studies of population differentiation in Indo-Pacific corals (Ayre&
Dufty 1994; Stoddart 1984), and more recently, efforts have been made to develop
microsatellite markers for Caribbean coral species (Baums et al. 2005a; Severance et
al. 2004; Shearer& Coffroth 2004). For this study, sequence data from one
mitochondrial and two nuclear loci were used to estimate levels of genetic diversity
and population differentiation in a common and widespread Caribbean coral.

The coral Montastraea cavernosa is an abundant reef builder in the Caribbean,
being found throughout the region, from Panama to Florida, east to the islands of the
Lesser Antilles, and as far north as Bermuda (32°18'N, 64°46' W), in the north
Atlantic. This species is also widespread in the South Atlantic, being common along
the coast of Brazil from Cabedelo, Paraiba (6° 57'S, 34° 49'W) to Vitoria, Espirito
Santo (20° 21'S, 40° 16'W) (Laborel 1969a). M. cavernosa has also been reported in

the offshore island of Fernando de Noronha (Laborel 1969a) as well as Parcel Manuel
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Luiz (Moura et al. 1999), an offshore reef located 500 km east of the Amazon outflow.
Although this species was previously unknown off the north coast of Brazil, we
discovered abundant colonies on the offshore reef of Pedra da Risca do Meio (3° 34'S,
38° 24'W) at depths of ~25m. M. cavernosa is also one of the most common coral
species in the islands of Sdo Tomé, Principe and Annobon in the Gulf of Guinea, West
Africa, but it has not been reported along the West African mainland nor in the Cape
Verde islands further north (Laborel 1974).

M. cavernosa is a gonochoric broadcast spawning species with an annual cycle
of gametogenesis (Szmant 1991). Spawning takes place approximately one week after
the full moon in August and September, and in some locations in October as well
(Acosta& Zea 1997). Oogenesis takes place annually except for 1-2 months after
spawning, whereas spermatogenesis occurs from April to August. Zooxanthellae are
not present in the eggs and must be acquired from the water column de novo. M.
cavernosa produces larger eggs than Montastraea annularis, another abundant reef-
builder in the Caribbean, although recent phylogenetic analyses indicate that they are
not closely related (Fukami et al. 2004b; Fukami et al. 2008). The larger eggs of M.
cavernosa may increase larval survival time and dispersal capability (Acosta& Zea

1997), as well as increase survivorship after settlement.
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MATERIALS AND METHODS

Study sites and sample collection

Tissue samples of M. cavernosa were collected from eight sites spanning the
Atlantic Ocean: three sites within the Caribbean (Belize, Panama and Puerto Rico),
one site in the North Atlantic (Bermuda), three sites in the Western South Atlantic
(Abrolhos, Jodo Pessoa and Fortaleza, Brazil) and one site in the Eastern Tropical
Atlantic (Sdo Tomé & Principe, Gulf of Guinea). A hammer and chisel were used to
break a small piece (~ 2 — 5 cm?) off the coral, taking care to minimize damage to the
overall colony. Fresh tissue was scraped off the living surface and put into vials
containing guanidine thiocyanate solution (4M guanidine thiocyanate, 0.1% N-lauroyl
sarcosin sodium, 10 mM Tris pH8, 0.1M 2-mercaptoethanol). Samples were stored at
room temperature, and can be kept in these conditions for upwards of several months.

Skeletal vouchers for each sample were labeled, bleached and dried.

DNA extraction, amplification and sequencing

For DNA extraction, equal volumes of coral tissue digested in guanidine
thiocyanate solution and phenol extraction buffer (PEB; 100 mM Tris-HCI pH 8.0, 10
mM EDTA, 0.1% SDS) were mixed, then added to twice the volume of
phenol:chloroform:isoamyl alcohol (25:24:1). This mixture was vortexed, centrifuged
at high speed, and the supernatant recovered. DNA was precipitated with 100%

isopropanol and resuspended in 10mM Tris-HCI pH 8.0.
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The mitochondrial marker used in this study was the intergenic region (IGR)
between cytochrome oxidase I (cox/) and the methionine transfer RNA gene (referred
to as coxI-trnM IGR hereafter). This region was chosen because it was found to be
one of the longest and most variable intergenic regions in the mitochondrial genome of
the M. annularis species complex (Fukami& Knowlton 2005). The region was
amplified using primers published in Fukami et al. (2004a).

Two nuclear markers were used in this study. pS-tubulin has previously been
used for coral phylogenetics (Fukami et al. 2004b; Nunes et al. 2008) and to
differentiate cryptic species of corals (Lopez& Knowlton 1997). In M. cavernosa,
amplification of the p-tubulin gene yields two bands, one at ~1000 bp (B-tubl) and
another at 750 bp (p-tub2). Both bands were purified and sequenced, revealing two
gene products with the same partial amino acid sequence but different intron lengths,
most likely the result of a duplication. S-fubl has an intron of 611 bp, whereas f-tub2
has an intron of 284 bp. The two markers were tested for linkage disequilibrium using
Arlequin v. 3.11 (Excoffier et al. 2005), and although linkage was detected among a
subset of nucleotide sites within each locus, no significant linkage was found across
the two markers (data not shown). Therefore, these two markers were assumed to be
independent loci. S-tubl and B-tub2 were amplified simultaneously, using published
primers (Lopez& Knowlton 1997).

Amplification of all three markers was performed by polymerase chain
reaction (PCR) consisting of 5 pL of 10X Buffer (containing 100 mM Tris-HCI, pH

8.3, 500 mM KCI,15 mM MgCl, and 0.01% gelatin), 2 puL of primers (10uM), 1 pL of
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dNTP (200mM), 1 U Taq polymerase (Sigma-Aldrich), 1-2 pL of template and water
to 50 pL. The thermal cycler profile used had an initial denaturation step at 94°C for 2
min, followed by 35 cycles of 94°C/45sec, 54°C/45sec for coxI-trnM IGR or
58°C/45sec for f-tubl and f-tub2, 72°C/Imin 30sec, with a final extension step at
72°C for 5 min.

For the mitochondrial locus, a 10-15pL aliquot of the PCR product was
purified for sequencing by adding 0.5 U of exonuclease 1, 0.5 U of shrimp alkaline
phosphatase (SAP, New England Biolabs) and 1 pL of 10x SAP buffer, and
incubating at 37°C for 60 min. The enzymes were deactivated by heating to 80°C for
15 min. In order to purify the PCR products of the two nuclear markers, p-tubland p-
tub2, a 40uL aliquot was run through a 1% agarose gel prepared with Tris-acetate
EDTA (TAE). Each fragment was excised from the gel and purified using the
Qiaquick Gel Extraction Kit (Qiagen) according the manufacturer’s protocol.

Sequencing of all loci was performed directly on purified PCR products for

both forward and reverse directions on an ABI 3130xI1 genetic analyzer with the ABI
BigDye Terminator v3.1 chemistry (Applied Biosystems). Cycle sequencing reactions

were purified with Sephadex G-50 (Sigma). Sequence chromatographs were viewed

and edited using Sequencher v4.5 software (Gene Codes Corp). For p-tubl, indels
were observed at sites 812, 881 and three adjacent indels at sites 450, 451 and 452. In
the case of individuals heterozygous for two or more indels, an internal sequencing
primer was designed to obtain sequence data between indels (btubintR: 5'- TCA GCT

GGT ACT CGT TGT CG -3'). For p-tub2, only one indel was found, at site 451.
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Heterozygous alleles were identified by double peaks observed in sequences from both

directions.

Three of heterozygous individuals from each nuclear locus was cloned using
the pGEM-T Vector system (Promega) (f-tubl = samples E05, P24, and P570; S-tub2
= samples E08, E24 and M01). Sequences from 6-8 clones per individual were used
as input data along with homozygous direct sequences (n = 64 for f-tubl and n = 73
for B-tub2) to reconstruct haplotypes for heterozygous individuals using PHASE v
2.1.1 (Stephens& Scheet 2005; Stephens et al. 2001). For B-tubl, the five indel sites
and an additional four sites (sites 301, 438, 524 and 881) containing multiple mutations
(>2 phases) were excluded from the analysis. No sites were excluded for f-rub2. The
algorithm was run three times for 100 iterations with ten thinning interval steps and
100 burn in steps. The best pairs of haplotypes for each individual resulting from the
run with the highest average value for the goodness of fit were used for each nuclear
locus. Posterior probabilities of >0.90 were observed for 97.7% and 95.0% of base

calls for B-tubl and B-tub?2 respectively.

Data analysis

A statistical parsimony network was constructed for each locus using TCS
v1.21 (Clement et al. 2000) after sequences had been aligned using Clustal X v1.83.1
(Thompson et al. 1997). Recombination in the two nuclear loci was inferred as
reticulations in the haplotype network and tested by the four-gamete test in DnaSP

(Librado & Rozas 2009). Six loops (1-3 mutations in length) were observed in S-tubl
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and five loops (1-2 mutations in length) in S-tub2. For clarity, loops were omitted
from the haplotype network and only internal branches are shown. For p-tubl and p-
tub2, 10.4% and 5.0% of pairwise comparisons contained all four gametic types,
respectively. As a result, analyses using a coalescent framework (that assume no
recombination) were not attempted.

A pie chart of the haplotype frequencies for each population was plotted on a
map of the Atlantic Ocean for each locus. Due to the high number of haplotypes
encountered in the two nuclear loci, pie segments represented the haplotype
frequencies of the three most common haplotypes and the following haplotype
frequency classes: (1) haplotypes belonging to the most common haplotype clade
(Clade A for ptubl or Clade C Prub2, see results section), (2) haplotypes belonging to
the less common haplotype clade (Clade B for Stubl or Clade D for S-tub2) and (3)
private alleles (haplotypes that were restricted to a geographical region). Haplotypes
were labeled by numbers preceded by the letters J (representing haplotype clades) for
pB-tubl, by the letter L for frub2, and by the letter M for coxI-trnM IGR.

The number of haplotypes (H) and segregating sites (s) were tallied per
population and overall for each locus. Genetic diversity for each population was
measured by the gene diversity (%), nucleotide diversity (m), and average nucleotide
changes (k). Gene diversity is defined as the probability that two randomly chosen
haplotypes are different in the sample, whereas nucleotide diversity is the probability
that two randomly chosen homologous sites are different. Population genetic structure

was inferred by analysis of molecular variance (AMOVA) in Arlequin v. 3.11
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(Excoffier et al. 2005). Hierarchical AMOVA was used to estimate levels of genetic
differentiation among populations (D), between groups of populations or regions
(®.), and between populations within regions (Ps). Regions used in the analysis
were Brazil (Abrolhos, Jodo Pessoa and Fortaleza), the Gulf of Guinea (Sao Tomé
Island), the Caribbean (Panamd, Belize and Puerto Rico) and the North Atlantic
(Bermuda). A second scenario was tested where the Caribbean and North Atlantic
groups were merged to form a single region (greater Caribbean). AMOVA was
conducted independently for all three loci. Pairwise ¢sr values were calculated to
estimate differentiation between populations. Both AMOVA and ¢sr calculations
used pairwise distances among sequences. Deviations from Hardy-Weinberg
equilibrium (HWE), in the form of heterozygote excesses or deficits, were calculated
using exact tests in Genepop (Raymond& Rousset 1995). Statistics for neutral
sequence evolution (Tajima’s D and Fu’s Fs) and linkage disequilibrium among and

within loci were tested using Arlequin v3.11.

Divergent mitochondrial haplotypes

Three highly divergent mitochondrial haplotypes were observed in a small
number of individuals from Belize and Panamd. In order to determine the origin of
these divergent mitochondrial haplotypes, the following tests were performed: (1) To
determine if the divergent mitochondrial haplotypes represented a cryptic species
within M. cavernosa, nuclear sequence data (Sfubl and ftub2) were obtained for these

individuals to test whether divergence was observed in the nuclear genome of these
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individuals as well. (2) To assess whether the divergent mitochondrial haplotypes
were introgressed from another species, sequences of the flanking and more conserved
gene, cytochrome oxidase 1 (cox/), were obtained from four individuals carrying the
divergent mitochondrial haplotypes and four individuals carrying the typical M.
cavernosa haplotype for coxI-trnM IGR. Because coxI has been used to infer
phylogenetic relationships in corals, the sequences obtained from our samples could
be compared against the Genbank database and used for species identification in the
case of introgression from another species. (3) To determine if the divergent
mitochondrial haplotypes resulted from a pseudogene that was amplified
simultaneously with cox/-trnM IGR, four individuals carrying the divergent allele and
four individuals carrying the typical alleles were cloned using the pGEM-T cloning
vector system. Ten clones were sequenced per individual in order to detect if multiple

regions were being amplified following our protocol.

RESULTS
A total of 191 individuals from eight populations were genotyped for this study
(Sequences have been deposited in Genbank, accession numbers FJ854573-
FJ854692). Sequence lengths for the three loci were 834 bp for cox-trnM IGR , 961
bp for ftubl and 612 bp for Prub2. Overall, populations did not show a significant
departure from neutrality (p > 0.05), but negative Tajima’s D values were observed in
Ptubl for Abrolhos (D = -1.85, p = 0.015) and Fortaleza (D = -1.43, p = 0.048), and

negative Fu’s Fs values were observed in Belize for both prubl (Fs = -14.82, p=
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0.002) and prub2 (Fs = -5.455, p=0.053). Significant heterozygote deficits were
observed in the Jodo Pessoa population for the fSrubl locus (p = 0.014) and in the Gulf
of Guinea population for Srub2 (p = 0.013). For all other populations, no significant
heterozygote excesses or deficits were observed for either locus. Results for HWE

and neutrality tests for the three loci are shown in Table 1.

Divergent mitochondrial haplotypes

A total of nine individuals from two Caribbean populations were found to have
highly divergent mitochondrial haplotypes (Belize, n=7 and Panamd, n=2), which
differed from the common haplotypes by 40 base substitutions. These polymorphisms
were distributed throughout the sequence and no indels were observed. All
individuals carrying a divergent mitochondrial haplotype were genotyped as having
typical M. cavernosa alleles at both nuclear loci. Because there does not appear to be
divergence in the nuclear genome separating these individuals from the rest of the
population, it is unlikely that they represent a cryptic species.

Sequences of the cox/ gene were obtained for eight individuals from Panama
and Belize. All eight individuals had identical cox/ sequences, typical of M. cavernosa
as identified by BLAST (Altschul et al. 1997), irrespective of whether they carried the
typical coxI-trnM IGR haplotype or the rare divergent coxI-trnM IGR haplotype.
Since all individuals can be identified as M. cavernosa based on coxl, and given that
the mitochondrial genome does not recombine, it is unlikely that the divergent

mitochondrial haplotypes were introgressed from another species.
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Ten clones were sequenced per individual out of a sample of eight individuals
to check for the presence of a pseudogene that could be amplified simultaneously with
coxI-trnM IGR. Of the eight cloned individuals, every individual had only one
sequence for all ten clones, suggesting that these divergent haplotypes are not derived
from a pseudogene.

Although none of the above tests have conclusively determined the origin of
the divergent sequences, the results make it unlikely that these sequences represent a
cryptic species, an introgressed allele or a pseudogene. Therefore, the divergent

sequences were kept in the analyses and treated as regular alleles.

Haplotype distribution

Statistical parsimony networks for haplotypes from each locus are shown in
Fig. 2.1 a-c. Over all sampling locations, 74 haplotypes were observed in S-tubl, 40
haplotypes were observed in p-fub? and six haplotypes were observed in the
mitochondrial cox-trnM IGR.

The p-tubl network was divided into two clades of haplotypes (Clades A and
B), which were separated by at least nine mutations (Fig. 2.1.a). Individuals
heterozygous for alleles belonging to each of the two clades were observed in all
populations, except for the Gulf of Guinea population, where all observed haplotypes
were from Clade A. Six haplotypes (J1, J3,J7,J9, J12 and J13) were shared between
Caribbean and Brazilian populations, whereas only two haplotypes (J2 and J5) were

shared between populations in Brazil and the Gulf of Guinea. No shared haplotypes
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A. B-tubulin 1 Haplotype Network

Clade A Clade B

.

!

B. p-tubulin 2 Haplotype Network

% E Clade C Clade D

C. cox1-trnM IGR Haplotype Network

40 polymorphic sites /j)
[ ] Caribbean
[] Brazil
Il Gulf of Guinea

Figure 2.1 Parsimony haplotype network for A. S-tubulin 1 B. B-tubulin 2 and C. mitochondrial cox1-trnM
IGR. Haplotypes observed in the Caribbean, Brazil and Gulf of Guinea are shown as
white, grey and black circles, respectively. The size of each circle reflects the frequency
that a haplotype is observed. Notches symbolize intermediate haplotypes not sampled.
For the mitochondrial locus, the number of steps between common and divergent
haplotype clades could not be estimated by TCS. Instead, the number of polymorphic
sites between haplotypes is indicated.
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were found between the Gulf of Guinea and the Caribbean. Sixty-six of 74 haplotypes
were endemic to one of the three major regions (Caribbean, Brazil or Gulf of Guinea)
and differed by only a few mutations from the more common haplotypes. Forty-four
haplotypes (59%) were observed only once.

The haplotype network for (-fub2 was also separated into two haplotypes
clades (Clades C and D) that were at least four mutations apart (Fig. 2.1.b).
Individuals heterozygous for the two clades were found in all populations. Two
common haplotypes (L1 and L4) were found in all populations across the Atlantic,
whereas another haplotype (L2) was shared between the Caribbean and Brazil. All
other haplotypes were regionally restricted, although these differed by at most three
mutations from haplotypes found in an adjacent region, and 22 haplotypes (55%) were
observed only once.

In the mitochondrial marker (Fig. 2.1.c), most Caribbean individuals shared
one common haplotype (M2) whereas all South Atlantic individuals shared another
common haplotype (M1), which differed from the common Caribbean haplotype by
one mutation. The other mitochondrial haplotypes (M3-M6) were observed only in
Belize and Panama and three (M4-M6) differed from the common haplotypes at 40
nucleotide sites. Three haplotypes (50%) were observed only once. The results of
additional tests that were performed to identify the origin of the divergent haplotypes

are summarized in the preceding section.
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Haplotype frequencies

A map of haplotype frequencies for each population and for each locus is
shown in Fig. 2.2. For both nuclear loci, Caribbean and North Atlantic populations
(Belize, Panama, Puerto Rico and Bermuda) had similar haplotype frequencies, as did
populations along the coast of Brazil (Abrolhos, Jodo Pessoa and Fortaleza).
Populations in different regions (Caribbean-North Atlantic vs. Brazil vs. Gulf of
Guinea), however, differed in their haplotype frequencies. For example, the frequency
of the most common S-tub! allele (J1) in the Brazilian populations ranged from 0.71 —
0.75, but in the Caribbean, the frequency of this allele ranged only from 0.08 — 0.10,
and was absent in Puerto Rico. = The most common Stubl haplotype in the Gulf of
Guinea (J5, p = 0.86) was present in the Brazilian populations, but at a much lower
frequency (p = 0.04 — 0.05), and was absent from all Caribbean populations. A similar
pattern in haplotype frequencies was observed for p-tub2. For the mitochondrial
locus, South Atlantic populations all shared the same haplotype (M1), whereas
Caribbean populations, including Bermuda, shared another common haplotype (M2).
Haplotype M3 was observed only once in Bermuda. In the Caribbean, three divergent
haplotypes were present at low frequencies in Belize (M4 and M6 p = 0.026 each; M5,

p=0.103) and Panama (M5, p = 0.105).
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Figure 2.2 Haplotype frequency pie charts for each of the eight sampled populations. Data for each locus
is presented in a separate panel: A. 8-tub1 B. §-tub2 and C. mitochondrial cox1-trnM IGR.
Because of the high number of alleles in g-tub1 and S-tub2, haplotype frequencies were
binned by haplotype Clade (Clades A and B for 8-tub? and Clades C and D for 8-tub2);
private alleles for each population are shown as a single category, regardless of Clade.
The frequencies of selected common haplotypes are also shown to emphasize the
differences among populations. Haplotype frequencies are similar within regions, but are

strikingly different from region to region.
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Genetic diversity patterns

Molecular diversity indices for each marker and for each of the populations are
shown in Table 1. For all loci, diversity indices were similar between the Caribbean
and North Atlantic populations. The Caribbean-North Atlantic sites showed greater
levels of molecular diversity than the populations from Brazil and Gulf of Guinea. For
example, nucleotide diversity () in S-tubl ranged from 0.008 + 0.004 in Bermuda to
0.010 £ 0.005 in Panama4, but in Brazil, z ranged from 0.002 + 0.002 to 0.004 + 0.002
and in the Gulf of Guinea, m= 0.001 £+ 0.001. Nucleotide diversity was an order of
magnitude greater in the most diverse site (Belize) relative to the least diverse site
(Gulf of Guinea). A similar pattern was observed for gene diversity (4), average
nucleotide changes (k), and number of haplotypes and segregating sites for both
nuclear loci, with greater genetic diversity in the Caribbean relative to the South
Atlantic populations, and with the Gulf of Guinea populations consistently being the
least diverse of all (Table 1).

Much lower molecular diversity was observed in the mitochondrial locus
relative to the nuclear loci. Most sampled individuals had one of two most common
haplotypes, with one haplotype being fixed or nearly so in the South Atlantic (M1) and
Caribbean and North Atlantic (M2) populations. As a result, diversity indices were 0
for most locations, except for Belize and Panama, where three divergent haplotypes

occurred at low frequencies.
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Table 2.1. Molecular diversity indices, tests of neutrality and exact tests of heterozygote

deficit (HD) and heterozygote excess (HE) for 3 loci used in the study. Ni;is
the number of sampled individuals, N, is the number of sampled alleles (N. =
2N; for diploid loci, N, = N; for the haploid locus), H is the number of unique
haplotypes observed, s is the number of segregating sites, h is the gene
diversity, st is the average nucleotide diversity and k is the average number
of nucleotide differences. Statistically significant values (o = 0.05) are
highlighted in bold. Values of h, & and k are consistently greater for
Caribbean and North Atlantic populations and lower in peripheral
populations in Brazil and Gulf of Guinea. For the mitochondrial locus,
several diversity indices and tests of neutrality have a value of zero because
only one haplotype was observed among all sampled individuals for those
populations.

b-tubulin 1 = 961 bp Neutrality HWE

N, N, H s h L4 k Tajima's D Fu's Fs HD p-valueHE p-value
CARIBBEAN
Belize 39 78 39 49 0.959 +0.010 0.009 + 0.005 8.43 + 3.94 -0.498 -14.822 0.121 0.984
Panama 20 40 24 42 0.963 + 0.014 0.010 + 0.005 9.33 + 4.38 -0.194 -5.475 0.357 0.726
Puerto Rico 33 66 29 43 0.918 £ 0.025 0.009 + 0.005 8.83 + 4.13 -0.073 -5.565 0.174 0.854
NORTH ATLANTIC
Bermuda 12 24 13 29 0.928 + 0.032 0.008 + 0.004 7.41 + 3.59 -0.174 -1.041 1 0.412
BRAZIL
Abrolhos 10 20 5 16 0.442 +0.133 0.002 + 0.002 2.27 + 1.30 -1.842 1.054 1 0.530
Joao Pessoa 28 56 8 25 0.433 +0.081 0.004 + 0.002 4.04 +2.05 -0.832 2.655 0.014 0.992
Fortaleza 21 42 9 23 0.489 +0.094 0.003 + 0.002 3.05 + 1.62 -1.432 0.078 0.234 0.878

GULF OF GUINEA

Sao Tome Is. 26 52 4 8 0.248 +0.077 0.001 + 0.001 0.98 + 0.67 -1.214 0.846 0.132 0.959
b-tubulin 2 = 612 bp Neutrality HWE

N, N, H s h L4 k Tajima's D Fu's Fs HD p-valueHE p-value
CARIBBEAN
Belize 39 78 23 29 0.910 £ 0.017 0.008 + 0.004 4.78 + 2.36 -0.659 -5.454 0.153 0.811
Panama 18 36 14 19 0.924 + 0.019 0.008 + 0.004 4.84 + 2.42 0.087 -1.871 0.164 0.878
Puerto Rico 36 72 14 24 0.843 +£0.022 0.008 + 0.004 4.74 +2.35 -0.147 0.053 0.758 0.276
NORTH ATLANTIC
Bermuda 12 24 12 18 0.917 + 0.032 0.008 + 0.005 5.01 + 2.52 -0.004 -1.786 0.314 0.736
BRAZIL
Abrolhos 10 20 3 8 0.353 £0.123 0.003 + 0.002 2.05 + 1.20 -0.438 3.300 1 0.692
Joao Pessoa 29 58 6 11 0.488 + 0.076 0.003 + 0.002 1.66 + 0.99 -1.194 0.687 0.230 0.820
Fortaleza 21 42 5 12 0.446 + 0.090 0.003 + 0.002 2.00 + 1.15 -1.121 1.827 0.098 0.952

GULF OF GUINEA

Sao Tome Is. 26 52 3 9 0.405+0.072 0.002 +£+0.001 1.20 +£0.78 -1.100 2.734 0.013 0.997
cox1-trnM IGR = 834 bp Neutrality

N, N, H s h E4 k Tajima's D Fu's Fs
CARIBBEAN
Belize 39 39 5 47 0.323 +£0.093 0.013 £ 0.007 10.8 + 5.04 -0.087 14.381
Panama 19 19 2 40 0.199 +0.112 0.010 £ 0.005 7.95 + 3.87 -1.229 14.208
Puerto Rico 36 36 1 0 0 0 0 0 0
NORTH ATLANTIC
Bermuda 12 12 1 0 0 0 0 0 0
BRAZIL
Abrolhos 10 10 1 O 0 0 0 0 0
Joao Pessoa 29 29 1 0 0 0 0 0 0
Fortaleza 20 20 1 O 0 0 0 0 0
GULF OF GUINEA 0
Sao Tome Is. 26 26 1 O 0 0 0 0 0
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Genetic structure

M. cavernosa exhibited significant structure in populations across the Atlantic
Ocean in both nuclear and mitochondrial loci. Significant genetic structure was
observed between populations (®st = 0.196 — 0.371) and between regions (Pct =
0.187 — 0.367) for all three loci (see Table 2). However, no significant genetic
structure was found among populations within regions for the two nuclear loci (®Psc =
0 — 0.06), and only a small amount of differentiation was present among populations
within regions for the mitochondrial locus (Psc = 0.070). AMOVA values were
similar whether Bermuda was treated as a separate group, or was included in the
Caribbean group (Table 2). Variance components and the percentage of variation
attributed to each hierarchical level for each locus are also shown in Table 2.
Variation within populations accounts for 62.9 — 81.9% of the total observed variation,
while variation among populations accounts for 17.04 —36.72%. Less than 1% of the
variation is attributed to variation among populations within regions for every locus,

suggesting that populations within regions are similar.
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Table 2.2. Hierarchical analysis of molecular variance (AMOVA) was used to estimate
levels of genetic differentiation among populations (Fst), between groups of
populations or regions (Fct), and between populations within regions (Fsc).
The variance components and percentage of variance attributed to each
hierarchical level considered are shown for each locus. Regions used in the
analysis were Brazil (Abrolhos, Jodo Pessoa and Fortaleza), the Gulf of
Guinea (Sao Tomé Island), the Caribbean (Panama, Belize and Puerto Rico)
and the North Atlantic (Bermuda). A second scenario was tested where the
Caribbean and North Atlantic groups were merged to form a single region
(greater Caribbean).

A. AMOVA results, Bermuda is treated as separate group

Mitochondrial DNA Nuclear DNA
Locus cox1-tmM IGR b-tubulin 1 b-tubulin 2
Variance % of Variance % of Variance % of
components  variation components variation components  variation

Within populations 1.517 77.06 2.969 81.90 1.69 65.18
Among populations 0.335 17.04 0.658 18.16 0.90 34.52
Among populations within regions ~ 0.116 5.90 -0.002 -0.06 0.01 0.30
Fixation indices

D, 0.229 0.181 0.348

D 0.170 0.182 0.345

D, 0.071 -0.001 0.005

B. AMOVA results, Bermuda included in Caribbean group

Mitochondrial DNA Nuclear DNA
Locus cox1-tmM IGR b-tubulin 1 b-tubulin 2
Variance % of Variance % of Variance % of
components  variation components variation components  variation

Within populations 1.517 75.64 2.969 80.38 1.692 62.92
Among populations 0.375 18.68 0.724 19.59 0.987 36.72
Among populations within regions ~ 0.114 5.68 0.001 0.03 0.010 0.37
Fixation indices

D 0.244 0.196 0.371

D 0.187 0.196 0.367

D, 0.070 0.000 0.006



53

Pairwise ¢st values for the three markers are shown in Table 3. Over all three
markers, there was no significant differentiation among populations from Belize,
Panamd, Puerto Rico and Bermuda. Likewise, no significant differentiation was found
among populations along the coast of Brazil (Abrolhos, Jodo Pessoa and Fortaleza).
In contrast, populations from Brazil and the Gulf of Guinea showed significant
differentiation against all other sites, except in the mitochondrial marker, where there
was no differentiation between Brazil and the Gulf of Guinea, because the same
haplotype (M1) was found in all individuals for the two regions. For the two nuclear
loci, differentiation between Caribbean and Brazilian populations was moderate,
ranging from 0.060 to 0.164 in Prubl and from 0.127 to 0.294 in Prub2. Strong
differentiation was observed between the Gulf of Guinea and all others populations.
In particular, ¢st values were greatest between the Gulf of Guinea and the Brazilian

populations (0.458 — 0.595 in Brubl and 0.755 — 0.780 in Stub?2).

DISCUSSION
Divergent mitochondrial haplotypes
The presence of three rare and divergent haplotypes in the cox/-trnM IGR
locus is unexpected given the low intraspecific variation observed in the mitochondrial
genome of corals (Shearer et al. 2002). Several tests were conducted to determine the
origins of these haplotypes, but a conclusive source was not found.
Although the levels of divergence found in the mitochondrial locus may

suggest the presence of a cryptic species, little or no divergence compared to typical
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Table 2.3. Pairwise ®st for each of the three sampled loci. Statistically significant
values (o = 0.05) are highlighted in bold.

Nuclear DNA
Population b-tubulin 1
1 2 3 4 5 6 7 8
1 Abrolhos 0.000
2 Joao Pessoa 0.000 0.000
3 Fortaleza -0.017 -0.010 0.000
4 Belize 0.104 0.084 0.109 0.000
5 Bermuda 0.083 0.060 0.089 -0.010 0.000
6 Panama 0.113 0.102 0.129 -0.004 -0.005 0.000
7 Puerto Rico 0.156 0.137 0.164 0.000 0.007 0.008 0.000
8 Gulf of Guinea 0.595 0.458 0.514 0.303 0.423 0.339 0.343 0.000
Nuclear DNA
Population b-tubulin 2
1 2 3 4 5 6 7 8
1 Abrolhos 0.000
2 Joao Pessoa 0.000 0.000
3 Fortaleza -0.020 -0.016 0.000
4 Belize 0.165 0.221 0.189 0.000
5 Bermuda 0.127 0.218 0.170 -0.011 0.000
6 Panama 0.129 0.182 0.147 -0.001 -0.007 0.000
7 Puerto Rico 0.236 0.294 0.257 0.008 0.021 0.020 0.000
8 Gulf of Guinea 0.755 0.780 0.757 0.427 0.514 0.547 0.444 0.000

Mitochondrial DNA

Population cox1-trmM IGR
1 2 3 4 5 6 7 8
1 Abrolhos 0
2 Joao Pessoa 0 0
3 Fortaleza 0 0 0
4 Belize 0.106 0.183 0.154 0
5 Bermuda 1 1 0.049 0
6 Panama 0.135 0.261 0.211 -0.031 0.021 0
7 Puerto Rico 1 1 1 0.117 0 0.110
8 Gulf of Guinea 0 0 0 0.174 1 0.245 1 0
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M. cavernosa alleles is observed in these individuals at the nuclear loci (0 — 0.15%
divergence for both nuclear loci). Lineage sorting in the mitochondrial genome is
expected to be 4 times greater than at nuclear loci because of its haploid state and
maternal mode of inheritance. Therefore, the 4.8% divergence observed in coxI-trnM
IGR should be accompanied by ~1.2% divergence at the nuclear loci, but this is not
observed in B-tubl or B-tub2. The nuclear data presented here thus do not support the
presence of a cryptic species.

Introgression from another species also appears unlikely. Recent phylogenetic
revisions suggest that M. cavernosa does not appear to have any close relatives in the
Caribbean, its most similar association being Diploastrea heliopora (Fukami et al.
2008; Fukami et al. 2004b), a species found exclusively in the Pacific. M. cavernosa
and Montastraea annularis are divergent at various loci, including the exon of S-
tubulin (Fukami et al. 2008), and most likely do not represent congeneric species.
Nevertheless, sequences of coxI-trnM IGR from M. annularis were compared to
typical and divergent haplotypes of M. cavernosa to determine if this species could be
the source of introgressed alleles. The sequence alignment was very poor owing to
multiple indels and numerous substitutions, indicating that the divergent haplotypes in
M. cavernosa are more similar to typical M. cavernosa haplotypes than to M.
annularis. Sequencing of the adjacent cox!/ gene revealed that individuals with
divergent coxI-trnM IGR had identical cox/ to typical individuals of M. cavernosa.

Given there is no recombination in the mitochondrial genome, the absence of cox/
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from another species in individuals containing the divergent haplotypes conflicts with
an introgression hypothesis.

Amplification of a gene duplication or transfer of a mitochondrial gene to the
nuclear genome (pseudogenes) can in some cases be detected by sequencing multiple
clones of an amplicon. This test did not reveal any evidence of a pseudogene or
duplication of this locus (see Results). Because this is a non-coding region, tests for
differences in selective constraints between a gene and its pseudogene (for example,
comparing synonymous to non-synonymous substitution rates) could not be
conducted. Finally, it is unlikely that these divergent haplotypes have been amplified
from contaminants. The primers used for amplification were developed using coral
mitochondrial genome sequences (Fukami et al. 2004a) and should be specific to
corals. Indeed, the most similar sequences resulting from a BLAST search belong to
other coral species (although genetic differences are so great from any other sequence
found on Genbank, query coverage was only <7%). In addition, independent samples
from Belize and Panamé taken on separate sampling expeditions and by different
scientists yielded identical haplotypes in six individuals (MS5). Although the
possibility of a contaminant cannot be eliminated, it appears to be unlikely.

The inclusion of divergent mitochondrial haplotypes in the analysis does not
greatly alter the interpretation of the patterns of genetic diversity and connectivity.
Differentiation between Caribbean and the South Atlantic is supported whether or not
the divergent haplotypes are included. In terms of genetic diversity, however,

exclusion of the divergent haplotypes would reduce molecular diversity indices in all
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populations to zero. Such low levels of variation render this locus effectively
uninformative, and patterns of genetic diversity would then primarily rely on the

nuclear loci.

Gene flow between regions of the Atlantic

This is the first study to look at differentiation among coral populations
spanning both sides of the Atlantic. The nuclear data reveal significant structure
among populations of M. cavernosa spanning three regions separated by 4,000 -
10,000 km in the Atlantic Ocean — the Caribbean, Brazil and Eastern Atlantic. The
mitochondrial locus supports a Caribbean and South Atlantic split, but the locus is
invariant in Brazilian and African populations (all individuals carry a M1 haplotype).
As a result, the mitochondrial locus is not informative regarding gene flow among
populations of Brazil and West Africa. These data suggest that there are significant
barriers to gene flow for this species across its distributional range, perhaps due to the
freshwater plume of the Amazon and Orinoco Rivers and the vast expanses of open-
ocean separating areas with suitable habitat. Given that M. cavernosa appears to be
able to maintain gene flow over greater distances within the Caribbean than other
corals of this region (see following section), these barriers may be effective for
Atlantic corals in general, although further studies are needed to test this prediction.

Restricted gene flow between broad regions in the Atlantic has also been
observed in other marine species. Strong differentiation was found between Caribbean

and Brazilian populations of the sea urchin Tripneustes ventricosus (Lessios et al.
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2003) (Fst = 0.73 — 0.82), with multiple diagnostic mutations separating the eastern
and western Atlantic populations. In other cases, differentiation among regions is so
strong that species that were once thought to be amphi-Atlantic, such as the sponge
Chondrilla nucula (Klautau et al. 1999) and the blenny Ophioblennius atlanticus
(Muss et al. 2001), are currently being reconsidered as allopatric cryptic species.
Nevertheless, barriers of dispersal are not equally effective for all Atlantic reef
organisms, even within related groups. In the sea urchins Eucidaris tribuloides and
Diadema antillarium, no significant differentiation was found between populations in
the Caribbean and Brazil, but moderate to strong differentiation was observed between
East and West Atlantic populations (Lessios et al. 2001; Lessios ef al. 1999). The
opposite trend, however, was found for Echinometra lucunter (McCartney et al.
2000). Likewise, levels of connectivity in sponges across the Atlantic are variable
(Worheide et al. 2005). Reef-associated fish can be either panmictic, highly
differentiated across their range, or show some intermediate level of connectivity. In
certain species, the Amazon freshwater outflow appears to be the strongest barrier to
gene flow (Acanthurus bahianus (Rocha et al. 2002)), whereas the large distances
separating the Eastern and Western Atlantic appear to play a more critical role for
other species, such as the goldspot goby, (Rocha et al. 2005). Overall, pelagic larval
duration does not appear to be a good predictor for patterns of differentiation in reef
fish (Bowen et al. 2006). Rather, it appears that ecology, such as adult habitat
preferences (Rocha ef al. 2002), and historical events play a more important role in

determining patterns of connectivity in Atlantic reef fish. The incongruent patterns
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observed among sea urchin species also do not correlate with dispersal potential, since
four of the studied species have similar larval duration but different levels of genetic

differentiation across the Atlantic.

Gene flow within regions of the Atlantic

In contrast to high levels of differentiation observed in M. cavernosa between
regions of the Atlantic, high levels of gene flow are observed within those regions,
even at large spatial scales. Notably, the oceanographic isolation of Bermuda from the
Caribbean does not appear to have resulted in significant differentiation in populations
of M. cavernosa. Similarly, there do not appear to be significant barriers to gene flow
among three M. cavernosa populations spanning 2,000 km of coast in Brazil.

Our findings of low population differentiation within the Caribbean are in
agreement with results for Montastraea faveolata (Severance& Karl 2006), where
little differentiation was observed between populations spanning as much as 2,000 km,
but differ from several other studies that have found significant structure among
Caribbean coral populations. Differentiation between eastern and western Caribbean
corals has been found in Acropora palmata (Baums et al. 2005b) and Acropora
cervicornis (Vollmer& Palumbi 2007), and fine scale intraspecific differentiation has
also been observed in Agaricia agaricites (Brazeau et al. 2005) and in some members
of the Montastraea annularis complex (Severance& Karl 2006). The discrepancy
between our findings and previous work on Caribbean corals may in part be a result of

limited sampling of populations of M. cavernosa within the Caribbean. Our only
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sampling location in the eastern Caribbean was Puerto Rico. In the case of Acropora
palmata, the Puerto Rico population was an intermediate between the eastern and
western Caribbean (Baums et al. 2005b). However, the finding that Bermuda was not
differentiated with respect to the three Caribbean populations suggests that M.
cavernosa may be able to disperse more widely than other Caribbean corals.

Much like the Caribbean, there appears to be continued gene flow between
populations of M. cavernosa along the coast of Brazil. This suggests that although the
Amazon and Orinoco Rivers pose a major barrier to gene flow between Brazil and the
Caribbean, other large rivers within Brazil, such as the Sao Francisco River, are not
impassable for larvae of M. cavernosa. High levels of gene flow have also been
inferred for populations of other marine invertebrates in Brazil such as the urchin
Diadema antillarium (Lessios et al. 2001) and the shrimps Farfanteperanaeus
brasiliensis and Litopenaeus schmitti (Gusmao et al. 2005). However, not all marine
invertebrates are capable of dispersing as widely along the Brazilian coast.
Populations of both Siderastrea stellata and Siderastrea radians were found to have
high levels of gene flow along the northeast coast (spanning 350 km), but displayed
distinct differences between several northeast and southeast populations (separated by
a minimum of 1,200 km) (Neves et al. 2008). Greater levels of differentiation in these
two corals species compared to M. cavernosa may result from their different
reproductive modes; M. cavernosa is a broadcast spawner, whereas S. stellata and S.
radians brood larvae that are typically ready to settle within 48 hours (Neves et al.

2008). Lower dispersal capability has also been observed in several species of shrimp
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(Gusmao et al. 2006; Maggioni et al. 2003), oysters (Lazoski 2004) and reef fish
(Freitas et al. 2003), with significant structure being found along the coast of Brazil.
In sum, M. cavernosa appears to be able to disperse more widely than several other
marine invertebrates along the same stretch of Brazilian coastline, in agreement with

our findings for the Caribbean-North American populations.

Levels of genetic diversity

Genetic diversity, measured by haplotype diversity (%), nucleotide diversity (1)
and average nucleotide changes (k), was found to be greater in the Panama, Belize,
Puerto Rico and Bermuda, relative to the peripheral populations in Brazil and the
eastern Atlantic (see Table 1). Reduced genetic diversity in a peripheral population
can result from a small founding population or from small effective size due to genetic
drift or inbreeding depression. A combination of these factors is likely at work in the
isolated coral populations of M. cavernosa in Brazil and the Gulf of Guinea (which
has no known neighboring populations along the African mainland and consistently
showed the lowest levels of genetic diversity). Evidence for low genetic diversity in
isolated, peripheral populations of corals occurs elsewhere. For example, on Lord
Howe Island, the southernmost reef in the Pacific located 700 km from the Great
Barrier Reef, four of five studied species, which included both brooders and
broadcasters with widely varying geographic ranges, showed reduced genetic diversity

(Ayre& Hughes 2004). Nevertheless, the high genetic diversity observed for corals in
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Bermuda shows that geographic distance alone does not automatically result in
isolation and loss of variability.

Depressed levels of genetic diversity can have significant fitness effects
resulting in loss of resilience for marine populations. For example, grass beds
consisting of single genotypes of the eelgrass Zostera marina experienced greater
mortality and slower growth rates during an episode of intense heat and supported a
less diverse associated invertebrate fauna compared to those composed of multiple
genotypes (Reusch et al. 2005). These findings suggest that genetic diversity may
contribute to a species’ ability to cope with disturbances, and that the genetic diversity
of foundation species, like the eelgrass, may have broad reaching impacts that effect
the entire ecosystem, not just the species itself.

The effects of reduced genetic diversity on the resilience of coral populations
remain untested, but other evidence suggests that there may be benefits to genetic
diversity. A recent study has found that 3 out of 49 surveyed genotypes of the coral
Acropora cervicornis were resistant to white band disease in Panamad (Vollmer &
Kline 2008). Similarly, Montastraea annularis is sometimes able to sustain only
partial bleaching because it harbors a diversity of zooxanthellae strains (Rowan et al.
1997), some of which have increased thermal tolerance (Baker 2004; Tchernov et al.
2004; van Oppen et al. 2009), improving its ability to survive under stressful
conditions. Thus the lack of diversity in peripheral coral populations may suggest that

these populations will be less resilient to future episodes of environmental or
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anthropogenic stress, because they lack the full spectrum of genotypes, some of which
may fare better under disturbance.

Although isolated coral populations in the southern and eastern Atlantic
demonstrate lower levels of genetic diversity, this does not mean they are evolutionary
dead ends that do not merit the attention of conservation efforts. On the contrary,
reduced gene flow combined with a set of different selective pressures in peripheral
populations may play a role in maintaining and generating biological diversity, via
local adaptation or allopatric speciation (Carson & Templeton 1984; Templeton 1980).
In Brazil, coral populations are exposed to a different set of stressors than in the
Caribbean. High rates of sedimentation from the numerous rivers that discharge on
the coast, compounded with high winds that fall upon the nearshore year-round, means
that the clear calm waters which are typical of the Caribbean Sea are rarely found in
Brazil. Different environmental conditions, combined with restricted gene flow may
lead to divergence between regions that can induce local adaptation and given
sufficient time, allopatric speciation. Divergence between the Caribbean coral Favia
fragum and the South Atlantic endemic Favia gravida (Nunes et al. 2008) suggests
that peripheral coral populations can be the site of origination of new species.
Therefore, conservation efforts in these regions should not be ignored.

Different environmental regimes in the South Atlantic may favor the selection
of resistant genotypes to the stressful environments of the peripheral populations.
However, a genotype resistant to a particular set of environmental conditions may no

longer be favored following erratic changes in climate or environment. In a diverse
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population, new genotypes may be favored and increase in frequency, but in
peripheral populations where only a handful of genotypes exist, drastic environmental
change could have devastating results.

The vulnerability of isolated peripheral populations highlights the need for
increased awareness and immediate action for conservation in these regions. Both in
Brazil and on the islands of the S3o Tomé and Principe, a large proportion of the
population depends on reef resources (Pikitch& Doukakis 2005). Reefs in Brazil are
also highly threatened by coral bleaching (Castro & Pires 1999; Migotto 1997), coral
disease (Francini et al. 2008), nutrification of coastal environments (Costa 2007; Costa
et al. 2000; Costa et al. 2008), competition with aggressive exotic species (Creed
2006; Paula& Creed 2004, 2005) and other human impacts (Ledo& Kikuchi 2005;
Ledo et al. 1994). But due to difficult access and lower research effort in these areas,
conservation in these regions often fall by the wayside. Funding for continued research

and conservation in these areas are urgently needed.
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Supplementary Table 2.1 (continued)
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Supplementary Table 2.1 (continued)
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Supplementary Table 2.1 (continued)
BRAZIL CARIBBEAN NORTH WEST
ATLANTIC  AFRICA

Jodo Puerto Séo
Haplotype Abrolhos Pessoa Fortaleza Belize Panama Rico Bermuda Tomé
cox1-tmM IGR
M1 10 29 20 0 0 0 0 26
M2 0 0 0 32 17 36 12 0
M3 0 0 0 1 0 0 0 0
M4 0 0 0 1 0 0 0 0
M5 0 0 0 4 2 0 0 0
M6 0 0 0 1 0 0 0 0
Total 10 29 20 39 19 36 12 26
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Supplementary Table 2.2. Genotype over all loci for each sampled individual. Haplotype
sequences can be found on Genbank (accession numbers FJ854573-

FJ854692).

Abrolhos p-tub1 B-tub2 cox1-trnM
B009 Jo1 J02 LO1 L02 M1
B010 Jo1 Jo1 L02 L02 M1
BO11 Jo1 Jo1 L02 L02 M1
B034 Jo1 Jo1 L02 L02 M1
B035 Jo1 J02 LO1 L02 M1
B065 Jo1 Jo3 L02 L03 M1
B066 Jo1 Jo1 L02 L02 M1
B076 Jo1 Jo1 L02 L02 M1
B077 Jo1 Jo4 L02 L02 M1
B078 Jo1 J05 LO1 L02 M1

Jodo Pessoa B-tub1 B-tub2 cox1-trnM
B154 Jo1 Jo1 L02 L02 M1
B158 Jo1 Jo1 L02 L02 M1
B166 Jo1 Jo1 L02 L02 M1
B168 Jo1 Jo1 L02 L02 M1
B171 Jo1 Jo1 L02 L02 M1
B195 Jo1 Jo1 L02 L02 M1
B201 Jo1 Jo1 L02 L02 M1
B204 Jo1 Jo1 L02 L02 M1
B212 J06 Jo7 L03 L04 M1
B213 J06 J02 LO1 L02 M1
B214 Jos J06 L02 L03 M1
B215 Jo1 Jo1 L02 L02 M1

B216 JO1 Jo6  L02  LO5 M1



Supplementary Table 2.2 (continued)

Jodo Pessoa p-tub1 B-tub2 cox1-trnM
B217 JO1 JO1 L02 L02 M1
B218 Jo1 Jo1 L02 L02 M1
B219 Jo1 Jo1 L02 L02 M1
B222 JO1 JO1 L02 L02 M1
B234 J09 J09 L03 L03 M1
B235 Jo1 J05 LO1 L02 M1
B236 Jo1 Jo7 L02 L04 M1
B237 L03 L04 M1
B279 Jo1 Jo1 L02 L06 M1
B290 Jo1 Jo1 L02 L06 M1
B292 Jo1 Jo1 L02 L06 M1
B303 Jo1 Jo1 L02 L02 M1
B312 Jo1 J05 LO1 L02 M1
B314 Jo1 Jo1 L02 L02 M1
B316 J10 J06 LO1 L03 M1
B320 Jo1 Jo1 L02 L02 M1

Fortaleza p-tub1 B-tub2 cox1-trnM
B322 J05 Jog LO1 L02 M1
B323 Jo7 J11 L04 L04 M1
B324 Jo1 Jo1 L02 L02 M1
B328 Jo1 Jo1 L02 L02 M1
B329 Jo1 Jo1 L02 L02 M1
B331 Jo1 Jo1 L02 L02 M1
B335 Jo1 J12 L07 L02 M1
B337 Jo1 Jo1 L02 L02 M1
B339 Jo1 Jo1 L02 L02 M1
B340 Jo1 Jo1 L02 L02 M1
B341 Jo1 Jo1 L02 L02 M1
B342 Jo1 J05 LO1 L02 M1
B344 J06 Jo7 L03 L04 M1
B346 Jo1 Jo1 L02 L02 M1
B348 Jo1 J02 LO1 L02 M1
B351 Jo1 Jo1 L02 L02 M1
B352 Jo1 Jo1 L02 L02 M1
B353 Jo1 J13 L02 L03
B354 Jo1 Jo1 L02 L02 M1
B356 Jo1 J06 L02 L03 M1
B357 Jo1 J06 L02 L03 M1
Belize b-tub1 b-tub2 cox1-trnM

EO01 J12 J12 LO1 L08 M2
E02 J14 J15 LO1 L09 M2
EO03 J16 J17 LO1 L09 M2
E04 J09 J18 L09 L09 M3
EO05 J19 J20 LO1 L10 M2
E06 J21 J12 LO1 LO1 M2
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Supplementary Table 2.2 (continued)

Belize p-tub1 B-tub2 cox1-trnM
EQ7 J21 J14 L11 L12 M4
E08 J22 J23 L13 L14 M2
E09 J24 J25 LO1 L15 M2
E10 J15 J26 L16 L09 M5
E11 J27 J28 LO1 L09 M2
E12 J15 J03 L16 L09 M2
E13 J12 J29 LO1 L17 M2
E14 J30 J31 L18 L15 M2
E15 JO1 J30 L18 L02 M2
E16 J09 J32 L04 L19 M2
E17 JO1 J33 L16 L15 M2
E18 J28 J26 L10 L09 M2
E19 J34 J35 L09 L12 M5
E20 J12 J12 LO1 L17 M2
E21 JO1 JO1 LO1 L02 M2
E22 JO1 J12 L02 L20 M2
E23 J12 J36 LO1 L21 M2
E24 J13 J15 L22 L16 M2
E25 JO1 J37 L02 L02 M2
E26 JO1 JO1 L02 L02 M2
E27 J14 J38 L09 L04 M2
E28 J12 J39 L02 L23 M2
E29 J40 J41 L09 L09 M5
E30 J28 J28 L10 L09 M2
E31 J28 J26 L10 L24 M2
E32 J14 J42 L10 L04 M2
E33 J15 J25 L09 L25 M2
E35 J21 J14 LO1 L04 M6
E36 J15 J15 L16 L16 M2
E37 J43 J44 L26 L15 M2
E38 J32 J45 L09 L12 M2
E39 J43 J46 L09 L14 M2
E40 J15 J47 L17 L27 M5

Bermuda b-tub1 b-tub2 cox1-trnM
MO01 J48 J49 LO1 L02 M2
M02 J28 J50 L18 L10 M2
M03 J12 J28 L10 L17 M2
M04 J15 J51 L16 L09 M2
MO05 J13 J15 L22 L14 M2
M06 J24 J15 LO1 L16 M2
M07 J15 J28 L10 L16 M2
M08 J09 J25 L09 L09 M2
M09 J09 J25 L09 L09 M2
M10 JO1 J28 L02 L10 M2
M11 JO1 J12 L28 L02 M2
M13 Jo7 J15 L29 L04 M2
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Supplementary Table 2.2 (continued)

Panama b-tub1 b-tub2 cox1-trnM
P09 J25 J52 L15 L12 M2
P14 J25 J53 L15 L12 M2
P24 Jo7 J54 L04 L17 M2
P31 JO1 J55 LO1 L02 M2
P32 J21 J55 LO1 L02 M2
P33 JO1 J56 L09 L25 M2
P34 J28 J57 L10 L15 M2
P35 J12 J28 M2
P36 J47 J30 L18 L09 M2
P37 J28 J32 L10 L30 M5

P561 J12 J32 L01 L31 M2
P562 J21 J42 L32 L10 M2
P563 J28 J58 M2
P564 JO1 J13 L02 L02 M2
P565 J14 J26 L09 L09 M5
P566 J12 J16 LO1 LO1 M2
P567 J48 J16 LO1 L02 M2
P568 J32 J32 L15 L04 M2
P569 J12 J28 L33 L04

P570 J24 J59 L10 L17 M2

Puerto Rico b-tub1 b-tub2 cox1-trnM

RO1 J47 J28 L10 L04 M2
R02 J60 J61 LO1 L16 M2
R0O3 L16 L04 M2
R04 J62 J63 L10 L04 M2
R05 J15 J15 L16 L34 M2
R06 J12 J15 LO1 L35 M2
RO7 J15 J15 L16 L16 M2
R08 J64 Jo7 L09 L04 M2
R09 J65 J47 L04 L04 M2
R10 J16 J15 L01 L16 M2
R11 J21 J66 L16 L04 M2
R12 J67 J32 L10 L04 M2
R13 Jo7 J15 L29 L04 M2
R14 J15 J15 L16 L16 M2
R15 J28 J68 L10 L09 M2
R16 J16 J47 LO1 L04 M2
R17 J15 J28 L10 L16 M2
R18 J14 J69 L36 L04 M2
R19 J70 J64 L09 L37 M2
R20 J15 J42 L10 L16 M2
R21 J47 J28 L10 L04 M2
R22 J32 J52 L04 L38 M2
R23 J09 J09 L09 L04 M2
R24 J09 J25 L09 L15 M2
R25 J15 J15 L16 L16 M2
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Supplementary Table 2.2 (continued)

Puerto Rico p-tub1 B-tub2 cox1-trnM
R26 J21 Ja7 L04 L12 M2
R27 J24 J71 LO1 L04 M2
R28 L09 L09 M2
R29 L16 L09 M2
R31 Jo7 J28 L36 L10 M2
R32 Jo7 J15 L16 L04 M2
R33 J12 J15 LO1 L39 M2
R34 J15 J61 L10 L09 M2
R35 Jo7 J72 L04 L12 M2
R37 J26 J73 L16 L04 M2
R39 J24 J15 LO1 L16 M2

Sdo Tomé b-tub1 b-tub2 cox1-trnM
ST001 J05 J05 L40 L40 M1
ST002 J05 J05 LO1 L40 M1
ST003 J05 J05 LO1 LO1 M1
ST004 J05 J02 LO1 LO1 M1
ST028 J05 J05 LO1 L40 M1
ST068 J74 J74 L04 L04 M1
ST069 J05 J05 LO1 L40 M1
ST109 J05 J10 LO1 L40 M1
ST110 J05 J05 LO1 LO1 M1
ST111 J05 J05 LO1 LO1 M1
ST112 J05 J02 LO1 LO1 M1
ST146 J05 J05 LO1 LO1 M1
ST147 J05 J05 LO1 LO1 M1
ST180 J05 J05 LO1 LO1 M1
ST181 J05 J05 LO1 L40 M1
ST250 J05 J05 LO1 LO1 M1
ST252 J05 J05 LO1 LO1 M1
ST253 J05 J74 LO1 L04 M1
ST254 J05 J05 LO1 LO1 M1
ST255 J05 J05 LO1 LO1 M1
ST287 J05 J05 LO1 LO1 M1
ST326 J05 J05 LO1 LO1 M1
ST333 J05 J74 LO1 LO1 M1
ST339 J05 J05 LO1 LO1 M1
ST353 J05 J05 LO1 L40 M1
ST358 J05 J05 L40 L40 M1
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CHAPTER III

Long-distance dispersal and connectivity in amphi-Atlantic corals at

regional and basin scales
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ABSTRACT

Among Atlantic scleractinian corals, species diversity is highest in the
Caribbean, but low diversity and high endemism is observed in various peripheral
populations in central and eastern Atlantic islands and along the coasts of Brazil and
West Africa. The degree of connectivity between distantly separated populations is of
interest because it provides insight into processes at both evolutionary and ecological
scales, such as speciation, recruitment dynamics and the persistence of coral
populations. To assess dispersal ability in broadly distributed coral species of the
Atlantic, DNA sequence data from two nuclear markers were obtained in six coral
species spanning their distributional range. At basin-wide scales, significant
differentiation was generally observed among populations in the Caribbean, Brazil and
West Africa. Concordance of patterns in connectivity among co-distributed taxa
suggests that extrinsic barriers, such as the Amazon freshwater plume or long stretches
of open ocean, restrict dispersal of coral larvae from region to region. Within regions,
dispersal ability appears to be influenced by aspects of reproduction and life history.
Two broadcasting species, S. siderea and M. cavernosa, were able to maintain gene
flow among populations separated by as much as 1,200 km along the coast of Brazil.
In contrast, brooding species, such as F. gravida and S. radians had more restricted

gene flow along the Brazilian margin.
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INTRODUCTION

The ability to disperse over long distances and maintain connectivity over large
geographical areas has important repercussions for the population dynamics of a
species. Over ecological time scales, connectivity contributes to the persistence of
populations, as the influx of migrants from neighboring healthy ecosystems can buffer
mortality due to local disturbances. Large populations are expected to preserve more
genetic variety than smaller populations which are susceptible to loss of genetic
diversity through the effects of genetic drift. Populations interconnected by regular
dispersal and gene flow can behave as large populations and bypass the negative
effects of drift. On the other hand, population fragmentation can promote local
adaptation and the origination of new species over evolutionary time scales,
contributing to the overall diversity of a region. Peripheral populations, those found
towards the edges of a species range, are more likely to have reduced number of
individuals and lower genetic diversity because they are isolated from the central core
and because they are found at the environmental limits of the species range.
Understanding connectivity with respect to peripheral populations can provide insight
into (1) how these populations are able to persist despite withstanding suboptimal
conditions and (2) whether they can contribute evolutionary novelty and
distinctiveness to the overall population.

Many marine organisms have broad geographical distributions, but it is unclear
whether these distributions reflect the ability to maintain frequent long-distance

dispersal or if populations are fragmented across their range. In the Atlantic, the most
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extensive and diverse tropical reef ecosystems are found in the Caribbean Sea, but
reefs with low overall species richness yet high endemism are also found along the
coast of Brazil, on mid-Atlantic islands and in West Africa. Species whose
distribution spans the Atlantic provide an interesting natural experiment to explore
basin-scale dispersal in benthic marine organisms and the role of peripheral
populations in the evolution of biodiversity.

Dispersal in benthic marine organisms can be achieved in various ways.
Long-lived pelagic larvae are capable of traversing up to thousands of kilometers
either by feeding in the water column or by relying on nutritional resources imparted
by the parents. Rafting also provides the means of long distance dispersal, since larvae
that settle and survive on floating debris can colonize distant locations through
transport by oceanic currents. Habitat preferences also play a role, and species able to
survive in a wide range of environments or whose habitat is large and continuous may
maintain dispersal over long distances despite shorter larval durations, because
dispersal can be achieved as a series of smaller steps. Oceanographic currents can
either aid or prevent dispersal of larvae. Physical properties of water masses affect
larval survival, and depending on the species, larval dispersal may be limited by
temperature, salinity or nutrient content. Dispersal can also be limited by the absence
of suitable substrate for settlement because successful recruitment is dependent not
only on the larva’s ability to reach a destination, but also its ability to settle and
become established. Comparative studies across species with different reproductive

strategies and life histories can be important in helping to clarify which characteristics
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contribute to successful long-distance dispersal, and whether dispersal is limited by
intrinsic characteristics of a single species or extrinsic barriers affecting multiple
species. An example of such a barrier is observed as concordant breaks in gene flow
observed for co-distributed organisms between the Gulf of Mexico and Atlantic Coast
of the United States suggests that a major geographic barrier for dispersal exists for a
number of marine, coastal and terrestrial species (reviewed in (Avise 2000).

Corals support biodiversity in the oceans by providing the substrate and
architecture for a host of other marine species. Understanding the processes that limit
or promote dispersal in coral species can provide insight into how and why
populations persist and evolve. Although connectivity and dispersal have been
explored for a number of co-distributed Pacific corals (Ayres and Hughes, 2000;
Ayres and Hughes 2004), basin-scale connectivity among Atlantic corals has only
been explored among populations of one species, Montastraea cavernosa. For this
coral, significant differentiation is found between populations in the Caribbean, Brazil
and West Africa, despite this species’ ability to maintain connectivity across 3,000 km
within the Greater Caribbean, including Bermuda in the North Atlantic (Nunes et al.,
in press). This suggests that important barriers to dispersal may separate coral
populations from different biogeographic regions of the Atlantic, but it is unclear
whether these findings can be generalized to all corals, or whether they are specific to
the dispersal ability of M. cavernosa. Comparative studies across multiple coral

species over similar spatial scales can help elucidate this problem.
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Corals exhibit a variety of reproductive strategies, making them an interesting
group for evaluating the role of reproductive traits in determining dispersal potential.
Corals reproduce sexually either by internal fertilization and brooding of larvae or by
external fertilization of broadcast gametes followed by development in the water
column, and they may also raft and reproduce by fragmentation, although fragments
are not expected to travel far and so are unlikely to be important to long-distance
dispersal. Various traits aid long-distance dispersal, such as larval longevity, delayed
time to competency, and reproductive output. Prolonged longevity allows larvae to be
transported greater distances, and the nutritional resources available to the larva will
affect its ability to remain alive. Large eggs, such as those observed for many
broadcasting species (Soong 1991; Szmant 1986), or larvae harboring zooxanthellae at
the time of release, such as for many brooded species, may have improved chances of
survival, as the nutrients provided by the egg or the symbionts can enhance survival.
Coral larval longevity can reach upwards of two to three months for some species
(Graham et al. 2008; Richmond 1987), but many larvae will settle in less time, upon
encountering suitable substrate. Brooded larvae are more advanced in their
development when released into the water column, and are competent for settling in
24 — 48 hours (Atoda 1947a, b, 1951). In contrast, broadcast gametes usually require 5
— 7 days to develop in the water column before being capable of settling (Baird 1998;
Harrison& Wallace 1990), increasing the chances of broadcast larvae of being

transported to greater distances.
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Over evolutionary time scales, even a small number of successful long-
distance dispersal events may be enough to maintain gene flow between populations.
Because long-distance dispersal can be a stochastic process, the probability of success
increases with the number of trials, or in the case of coral dispersal, the greater the
number of propagules generated. Estimating the reproductive output of corals is not
straightforward, because the number of larvae produced by a colony varies according
to several factors, including colony size, the number of eggs produced per polyp,
number of reproductive cycles per year, and fertilization success. In particular, the
number of reproductive cycles per year may be an important difference between
brooding versus broadcasting species, since the former are able to produce larvae
through most of the year, while the latter typically have only one to two spawning
events annually. Estimates of the annual volume of eggs produced indicate that the
annual output of larvae may be greater for brooders (Harrison& Wallace 1990). It also
appears that brooders allocate more energy resources to reproduction relative to
broadcasters. Broadcasters typically build massive colonies that can withstand storms
and disturbances, but to build robust skeletons they must allocate more resources
towards growth by spawning once a year. Brooders on the other hand tend to be small
in size and inhabit more disturbed or marginal reef environments, which may make
them more vulnerable to higher rates of mortality. Brooders may offset their high
mortality rates by increasing the amount of energy they allocate to reproduction
(Szmant 1986). Finally, sexuality and sex ratio can also play a role in fertilization

success. Equal sex ratios, self-compatibility and hermaphrodism may improve
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chances of fertilization by maximizing the possibility of successful matings. These
adaptations can be advantageous in locations were colonies are sparse or where
environmental conditions may hinder outcrossing, such as may be expected in
peripheral populations.

Species richness and regional endemism varies widely across the Atlantic.
Among the 81 species of reef-building corals found in the Atlantic, 68 species are
found in the Caribbean, 23 in Brazil and 18 in the Eastern Atlantic (Supplementary
Table 3.1). There are 12 species endemic to either Brazil or the Eastern Atlantic (5 in
Brazil and 5 in West Africa, and 2 species found in both regions) whereas 49 species
are endemic to the Caribbean. Twenty species have wide distributions that span two or
more biogeographic regions of the Atlantic, but only 9 are found across all three
regions: Madracis asperula, M. decactis, M. pharensis, Montastraea cavernosa,
Porites astreoides, Siderastrea radians, S. siderea, S. stellata and Tubastraea
coccinea. In addition, Favia fragum (Caribbean and West Africa) and F. gravida
(Brazil and West Africa) are closely related and it is debated whether they should be
synonymized (Veron& Stafford-Smith 2000), although they can be distinguished on
the basis of morphology (Laborel 1969) and genetics (Nunes et al. 2008).

It is important to note that species lists and shared occurrences are a work in
progress, and can change as more information becomes available. The shared
occurrence of some species across biogeographic regions, such as for Meandrina
braziliensis, Siderastrea stellata, or Scolymia cubensis is debated among taxonomists

and biogeographers (for example, Neves et al. 2006). Future work that uses



&9

morphological and molecular data from specimens collected in both regions are
required to confirm occurrences and refine estimates of endemism for each region.
Here we show new genetic data from six coral species and an existing dataset
for an additional species that have a broad geographic distribution across the Atlantic
and span a range of reproductive strategies to determine patterns of connectivity
across corals. Among the sampled species, Favia fragum, Favia gravida, Siderastrea
radians, Siderastrea stellata and Porites astreoides are brooders, while Siderastrea
siderea and Montastraea cavernosa are broadcasters. Most coral species are
hermaphroditic, but M. cavernosa, S. radians and S. stellata are gonochoric, with S.
radians having a sex bias of 1:20 towards females. Colonies of P. astreoides have
been observed to be either hermaphroditic or separate sexes. Genetic data from
random amplified polymorphic DNAs (RAPDs) suggest that F. fragum and P.
astreoides are able to self-fertilize (Brazeau et al. 1998). By sampling corals with a
variety of biological traits and spanning a wide taxonomic range, we hope to eliminate
biases so that our conclusions regarding basin-wide dispersal and connectivity can be

representative for Atlantic corals.

METHODS AND MATERIALS
Coral tissue samples were collected from colonies of six coral species: F.
fragum, F. gravida, S. siderea, S. radians, S. stellata, and P. astreoides. Sampling
took place in Panama in 2005, at various locations on the island of Sdo Tomé in West

Africa in 2006 and in three populations separated by >500 km in Brazil (Abrolhos,
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Jodo Pessoa and Fortaleza) in 2002 and in 2007. Genomic DNA was preserved and
extracted following a protocol described previously (Nunes et al. 2008). Due to the
unusually low levels of genetic variation found in the mitochondrial DNA of corals
(Shearer et al. 2002), only nuclear loci were used. The intron and exon of S-tubulin
and the intron of the Pax-C gene, which have previously been shown to contain
sufficient intraspecific variation in various corals for population studies, were
amplified for all species studied, except for P. astreoides, where only p-tubulin could
be amplified. For P. astreoides, the mitochondrial control region (thought to be one of
the most variable regions of the coral mitochondrial genome) was amplified and
sequenced for 32 individuals from Panama and Brazil, but because all individuals
contained identical nucleotide sequences at this locus, this marker was not used for
further analysis.

Amplification of the two nuclear loci was performed by polymerase chain
reaction using published primer sequences for S-tubulin (Lopez& Knowlton 1997) and
for Pax-C (Van Oppen et al. 2000). The thermal cycler profile had an initial
denaturation step at 94°C for 2min, followed by 38 cycles of 94°C/45sec, 50-
58°C/45sec for p-tubulin or 50-54°C/45sec for Pax-C, 72°C/90sec, with a final
extension step at 72°C for 5 min. An additional forward primer was designed for the
amplification and sequencing of Pax-C for F. fragum (PaxFshl: 5’- GGA GGA GCT
TGC GAA TAA GA -3’). Multiple bands were amplified in P. astreoides and the
Siderastrea species in B-tubulin, and for S. siderea in Pax-C. Bands at ~750bp and

~600 bp were extracted and purified for products of S-tubulin and Pax-C respectively,
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using the Qiaquick Gel Extraction kit. The remaining PCR products were purified
either by gel extraction or by elution through a silica-membrane column using the
appropriate Qiaquick purification system.

Sequencing of all loci was performed directly on purified PCR products for
both forward and reverse directions on an ABI 3130xI1 genetic analyzer with the ABI
BigDye Terminator v3.1 chemistry. Sequence chromatographs were viewed and edited
using the Sequencher v4.5 software (Gene Codes Corp). Heterozygous alleles were
identified by double peaks observed in sequences from both directions. Indels were
observed in the introns of S-tubulin for S. radians (site 549) and S. siderea (site 549),
and in sequences of Pax-C for S. radians (sites 134), F. fragum (site 198) and F.
gravida (site 198). Because only a small number of individuals were heterozygous for
indels within any species and indel positions were straightforward to identify, indel
sites were kept and considered in the analysis. Since the divergence among haplotypes
was small for the two Favia species, both species were analyzed as a single taxonomic
unit. Interestingly, individuals identified in the field as S. stellata contained a
combination of haplotypes typical of S. siderea and S. radians at both loci —
suggesting that S. stellata is the result of hybridization between these two species.
Details on the evidence supporting hybridization between these two species will be
outlined elsewhere. For the purposes of this study, only populations of S. radians and
S. siderea were considered. Haplotypes obtained from S. stellata were included as
part of either a S. radians or S. siderea population, depending on similarity/identity

with haplotypes from those species.
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Haplotypes for heterozygous individuals were reconstructed using PHASE v
2.1.1 (Stephens& Scheet 2005; Stephens et al. 2001). The algorithm was run three
times for 100 iterations with ten thinning interval steps and 100 burn in steps. The best
pairs of haplotypes for each individual resulting from the run with the highest average
value for the goodness of fit were used for each nuclear locus.

Haplotype frequencies per population, molecular diversity indices, tests of
neutrality, analysis of molecular variance (AMOVA) and estimates of population
differentiation were calculated using Arlequin v.3.11 (Excoffier et al. 2005). Analysis
of molecular variance (AMOVA) was used to estimate levels of genetic differentiation
among populations of each coral species. Three separate AMOVAS were used to
estimate differentiation among (1) all populations (®st A1), (2) among the following
regions: Caribbean, Brazil and West Africa (®Pst reg) and (3) among populations
within Brazil (®st sr), the only region for which multiple populations were sampled.
Estimates of ¢st used pairwise distances between haplotypes. Parsimony haplotype
networks were constructed with TCS (Clement et al. 2000). Recombination in the two
nuclear loci was inferred as reticulations in the haplotype network and tested by the
four-gamete test in DnaSP (Librado & Rozas 2009). No loops were observed in the
haplotype networks of F. fragum/F gravida for both loci, or in the network of P.
astreoides for p-tubulin. One loop was observed in the networks of S. radians for
both loci. For S. siderea, no loops were observed in Pax-C, however, numerous loops
were observed in S-tubulin, suggesting that in this locus, several recombination events

have occurred. The four gamete test indicates that only a few recombination events
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have occurred at for each locus for most species (Rm = 0 — 4), except for S-tubulin of
S. siderea, where a minimum of 12 recombination events are inferred. Estimates of
recombination for fS-tubulinl of M. cavernosa have been published elsewhere (Nunes
et al., in press). For clarity, loops were omitted from the haplotype networks and only
internal branches are shown. Due to the evidence of recombination, analyses using a

coalescent framework (which assume no recombination) were not attempted.

RESULTS

A total of 238 individuals across all species were sequenced for S-tubulin and
191 for Pax-C. Sequences have been deposited in Genbank. The number of
individuals, alleles, unique haplotypes and segregating sites per population are shown
in Table 3.1, as are standard molecular diversity indices, tests of neutrality and
deviations from Hardy-Weinberg equilibrium for each species and each locus. Gene
diversity (/), which estimates the probability that two randomly sampled haplotypes in
a population are different, ranged from 0 — 0.862 in Pax-C and 0.235 — 0.986 in S-
tubulin, indicating that while some populations are dominated by a common
haplotype, others have a large diversity of haplotypes. Nucleotide diversity () ranged
from 0.0009 — 0.009 in Pax-C and 0.0003 — 0.0158 in [S-tubulin, and the average
number of differences between haplotypes of a population (k) ranged from 0.32 — 3.29
in Pax-C and 0.23 — 10.5 in S-tubulin. The mean and standard deviation for each

molecular diversity index is shown graphically in Figures 3.1 — 3.3. Populations
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Table 3.1. Molecular diversity indices and tests of neutrality for B-tubulin and Pax-C for
each species. N; is the number of sampled alleles, H is the number of unique
haplotypes observed, s is the number of segregating sites, h is the gene
diversity, st is the average nucleotide diversity and k is the average number
of nucleotide differences.
highlighted in bold.

Statistically significant values (o = 0.05) are

N, H s h P k Tajima's D Fu'sFs

Favia fragum+Favia gravida 454bp

BR1 - Abrolhos 26 2 1 0492+ 0.051 0.0011 £ 0.0011 0.4923 + 0436  1.4372 1.52295

BR2 - Jodo Pessoa 46 2 1 0.394 + 0.063 0.0009 £ 0.0009 0.3942 + 0.375 1.00608 1.40683

CA1 - Panama 32 3 2 0619+ 0.044 0.0016 £ 0.0014 0.7238 + 0.555 1.53512 0.88595

WA1 - Sdo Tome 40 1 O 0 0 0 0 0

S. radians 367 bp

BR1 - Abrolhos 14 2 4 0528 0.064 0.006 0.004 2110 1.250 2.232 4.844
(;).< BR2 - Jodo Pessoa 27 5 8 0.735 0.059 0.009 0.005 3.293 1.748 1.610 2.968
S BR3 - Fortaleza 20 3 5 0.653 0.065 0.006 0.004 2105 1.225 1.511 3.402

CA1 - Panama 21 5 5 0491 0127 0.003 0.002 1210 0.803 -0.213 -0.565

WA1 - Sdo Tome 44 5 8 0571 0.052 0.006 0.004 2229 1.2583 0.896 2.316

S. siderea 366 bp

BR2 - Jodo Pessoa 29 3 4 0.493 0.093 0.003 0.002 1.034 0.710 0.041 1.676

BR3 - Fortaleza 20 5 9 0600 0.101 0.004 0.003 1.542 0.963 -1.348 -0.007

CA1 - Panama 27 8 13 0.863 0.035 0.009 0.005 3.288 1.745 -0.085 0.156

WA1 - Sdo Tome 36 2 3 0.108 0.068 0.001 0.001 0.324 0335 -1.237 0.939

Favia fragum+Favia gravida 939 bp

BR1 - Abrolhos 38 2 1 0235 0.081 0.0003 0.0003 0.2347 0.278 -0.0201 0.45459

BR2 - Jodo Pessoa 52 3 3 0.604 0.034 0.0013 0.0009 119  0.775 1.62298 2.69459

CA1 - Panama 36 4 5 0533 0.088 0.0014 0.001 1.3206 0.842 0.24847 1.34034

WA1 - Sdo Tome 40 3 2 0.65 0.038 0.0008 0.0007 0.7885 0.585 1.27808 1.26004

S. radians 665 bp

BR1 - Abrolhos 6 4 6 0867 0.129 0.005 0.003 3.200 1.918 1.246 0.352

BR2 - Jodo Pessoa 14 4 6 0.495 0.151 0.002 0.001 1.099 0.765 -1.499 -0.214
- BR3 - Fortaleza 14 3 2 0.703 0.062 0.001 0.001 0.879 0.654 1.080 0.586
= |CA1 - Panama 20 8 22 0.837 0.051 0.016  0.008 10.505 4.999 2.631 3.722
8 |WA1 - Sao Tome 40 5 6 0.677 0.042 0.002 0.001 1.363 0.860 -0.090 0.531
&

S. siderea 665 bp

BR1 - Abrolhos 10 7 15 0.933 0.062 0.009 0.005 5778 3.020 0.413  -0.394

BR2 - Jodo Pessoa 38 19 21 0.926 0.028 0.008 0.004 5.266 2.602 0.180  -5.479

BR3 - Fortaleza 24 8 16 0.844 0.044 0.006 0.004 4152 2140 -0.110 0.657

CA1 - Panama 38 32 34 0986 0.011 0.012 0.006 7.933 3.771 -0.130 -21.883

WA1 - Sdo Tome 40 5 5 0.236 0.088 0.001 0.001 0.342 0.346 -1.804 -3.315

P. astreoides 596 bp

BR2 - Jodo Pessoa 42 4 12 0.628 0.041 0.009 0.005 5.087 2518 2.515 8.829
| |CA1-Panama 24 4 10 0.728 0.045 0.008 0.004 4649 2.361 2.455 5.884
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of S. siderea in Sdo Tomé (West Africa) had lower average gene diversity than
populations in the Caribbean and Brazil. Reduced gene diversity was also observed
for F. fragum/F. gravida in West Africa in the Pax-C locus; however, this trend was
not observed in the S-tubulin locus. S. radians and P. astreoides showed overlap in
mean values of gene diversity at both loci (Fig 3.1). Mean values of nucleotide
diversity (7) and average number of differences (k) overlap for nearly all species in
both loci (Fig 3.2 and Fig 3.3), with the exception of populations of S. radians in
Panama, which appear to have greater values of 7 and k in the S-tubulin locus.
Tajima’s D and Fu’s Fs for each population suggest that the loci used are
evolving according to neutral expectations for most populations. Two populations (S.
radians in Jodo Pessoa and S. siderea in Sdo Tomé) had significantly negative values

of Tajima’s D, suggesting deviations from neutral expectations. Negative values of

Figure 3.1 Mean gene diversity (h) per locus for each coral population. Error bars indicate standard

deviations.
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Figure 3.2 Mean nucleotide diversity (;r) per locus for each coral population. Error bars indicate standard
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Fu’s Fs were observed for three populations of S. siderea for the S-tubulin locus, but

only the population of Sdo Tomé also had a significant negative value of Tajima’s D.

Fu’s Fs is sensitive to changes in demography, and large negative values in S. siderea

are indicative of population expansion. Aside from the exceptions mentioned above, it
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appears that both loci are evolving according to neutral expectations for the remaining
populations of the six species.

Significant differentiation among populations was observed for nearly all of
the study species at both loci (Pst ar = 0.126 — 0.781, p < 0.05), except for P.
astreoides (Pst arr, = 0.026, p > 0.05). Differentiation among regions was also found
to be significant across every sampled species (®st reg = 0.067 — 0.767, p < 0.05)
except of P. astreoides (st reg = 0.026, p > 0.05). Furthermore, there was significant
intra-regional differentiation between populations of F. gravida and S. radians of
Brazil (®sy pr = 0.148 — 0.582), but not among populations of S. siderea or M.
cavernosa within Brazil (st g = -0.026 — 0.018, p>0.05) (see Table 3.2).
Significant population differentiation was observed among most pairwise comparisons
(Table 3.3), with only a few exceptions: (1) populations of S. siderea within Brazil
were not differentiated at both loci, (2) no significant differentiation was observed
between populations of P. astreoides in Brazil and the Caribbean and (3) populations
of Abrolhos and Fortaleza (both in Brazil) and Sdo Tomé in S. radians were not
significantly different at Pax-C, most likely because similar allele frequencies were
observed for two common haplotypes (SRP1 and SRP2). Haplotype frequency pie
charts were plotted for each locus and each species on a map to illustrate differences
across populations (Fig. 3.4).

Statistical parsimony haplotypes for each species and locus are shown in Fig.
3.5. Haplotype networks were typically composed of a small number of haplotypes (H

< 15), although the network for S-tubulin in S. siderea had 60 haplotypes. Every
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Table 3.2. Analysis of molecular variance (AMOVA) was used to estimate levels of
genetic differentiation among all populations (®sr aLL); among the following
regions: Caribbean, Brazil and West Africa (® st reg); and among populations
within Brazil (®st sr), the only region for which multiple populations was
sampled. Statistically significant values (o = 0.05) are highlighted in bold.

Species Locus PstaL Pstrec PstBR

F. fragum+F. gravida Pax-C 0.781 0.767  0.208
g F. fragum+F. gravida  B-tubulin1  0.739 0.642 0.479
-g S. radians Pax-C 0.126 0.067 0.148
= S. radians p-tubulint  0.371  0.296  0.582

P. astreoides p-tubulint  0.026  0.026 N/A
g S. siderea Pax-C 0.252 0.256 -0.026
‘g S. siderea p-tubulint  0.369 0.365 0.018
g M. cavernosa p-tubulint  0.196  0.196 -0.009
- M. cavernosa p-tubulin2  0.371 0.369 -0.013

haplotype network had 1-5 haplotypes that were shared between one or more regions.
Differences between haplotypes from different regions were typically small, on the
order of one to a few mutations. There were a relatively high proportion of private
alleles (those restricted to only a single population) for each locus and species, ranging

from 44% - 87% of the observed haplotypes for a population. The proportion of
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alleles that were observed only once was low at each locus for most species (0 — 27%),

except for S-tubulin in S.siderea, where 72% of haplotypes were observed only once.

Table 3.3.

Pairwise ®st for each of the sampled nuclear loci, for each species.
Statistically significant values (o = 0.05) are highlighted in bold.

B-tubulin Pax-C
F. fragum+ F. gravida F. fragum+ F. gravida
1 2 3 4 1 2 3 4
1 BR1-Abrolhos 0 1 BR1-Abrolhos 0
2 BR2-Joao Pessoa 0.479 0 2 BR2-Joao Pessoa 0.208 O
3 Panama 0.804 0.755 0 3 Panama 0.804 0.809 0
4 STP1-Mainland 0.253 0.309 0.773 0 4 STP1-Mainland 0.610 0.198 0.849 0
5 STP2-Rolas 0.848 0.631 0.802 0.771 5 STP2-Rolas 0.511 0.140 0.801 0
S. radians S. radians
1 2 3 4 1 2 3 4
1 Abrolhos 0 1 Abrolhos 0
2 Joao Pessoa 0.338 0 2 Joao Pessoa 0.193 0
3 Fortaleza 0.463 0.72 0 3 Fortaleza -0.010 0.209 0
4 Panama 0.175 0.358 0.323 0 4 Panama 0.192 0.271 0.095 0
5 Sao Tome 0.277 0.521 0.167 0.393 5 Sao Tome -0.040 0.196 -0.013 0.125
S. siderea S. siderea
1 2 3 4 1 2 3 4
1 Abrolhos 0 1 Joao Pessoa 0
2 Joao Pessoa -0.042 0 2 Fortaleza -0.026 0
3 Fortaleza 0.037 0.039 0 3 Panama 0.253 0.214 0
4 Panama 0.065 0.122 0.160 0 4 Sao Tome 0.087 0.097 0.370 0
5 Sao Tome 0.735 0.597 0.748 0.359
P_astreoides
1 2
1 Joao Pessoa 0
2 Panama 0.026 0
DISCUSSION

Genetic differentiation across regions of the Atlantic

The data collected for six coral species plus an existing dataset for

Montastraea cavernosa (Nunes et al. in press) suggest that significant differentiation

is present between the Caribbean, Brazil and West Africa for most sampled coral

species. Concordance in the pattern of regional isolation occurs at the scale of genes

and species.

Both nuclear markers show consistent patterns in differentiation,



100

suggesting that this is not the result of regional adaptation of particular genes, but
rather reflects a genome-wide pattern. Regional differentiation across multiple species
also suggests that barriers to gene flow between biogeographic regions in the Atlantic
are effective for most corals.

The most likely biogeographic barrier separating Caribbean and Brazilian coral
populations are the deltas and low salinity waters of the Amazon, Orinoco and
numerous rivers along the coast of northern South America. The Amazon is the largest
among them, and accounts for 16% of the annual freshwater discharge into the world’s
oceans (Muller-Karger et al. 1988). Its plume extends 200 — 500km in width (Lentz
1995) and is recognizable 24-32 m below the surface (Nikiema et al. 2007). The
Amazon and Orinoco Rivers attained their current drainage configuration around the
Late Miocene (Hoorn et al. 1995), suggesting that low salinity and high sedimentation
may have been a feature of this coastal region for ~10 Ma. Approximately 2,300 km of
coastline rich in soft sediment bottoms and low salinity coastal waters between
Caribbean and Brazilian reefs may pose substantial barriers to dispersal, because the
substrate near river deltas is inadequate for coral settlement and coral larvae are very
sensitive to the changes in salinity (Vermeij et al. 2006) that these large river plumes
create.

The only species for which no significant differentiation was observed between
Caribbean and Brazilian populations was P. astreoides. For [-tubulin (the only
marker amplified for this species, see Methods), P. astreoides has one common

haplotype that is observed both in Brazil and Panama at similar frequencies, with all
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Figure 3.4 Haplotype frequency pie charts for coral populations across the Atlantic for A. brooders and B.
broadcasters. The three most commonly occurring haplotypes for each species and
locus have been coded with the same color (see legend). Private alleles for each
geographic region have been binned into one category for clarity.
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other haplotypes being unique to each respective population (see Fig 3.5). Sequences
of f-tubulin for P. astreoides have lower variation compared to the other species, and
this level of variation may be insufficient to detect differences among populations. A
common haplotype present in populations of Panamé and Brazil may be an ancestral
haplotype that has been maintained over time in the two populations without
continued gene flow. Additional support from faster-evolving markers such as
microsatellites are required to determine whether continued gene flow is maintained
between the Caribbean and Brazil in this species. Alternatively, P. astreoides, a
brooder, may be able to raft or be more tolerant to freshwater.

Significant regional differentiation was also observed with respect to West
Africa (Table 3.3), suggesting that long distances of open ocean may be impassable
for coral larvae. The easternmost point of Brazil and Sdo Tomé Island are separated
by 4,800 km. Although some mid-Atlantic islands could serve as stepping-stones for
dispersal and could shorten dispersal distances by about one half, it appears that even
these distances are too great to maintain gene flow across the two regions or that the
populations on those islands (such as the St. Peter and Paul rocks) are too small or
ephemeral to be significant in trans-Atlantic dispersal. Interestingly, the population of
M. cavernosa on the island of Bermuda is able to maintain connectivity with
Caribbean populations despite being separated by at least 1,000 km (Nunes ef al. in
press). Presumably the fast-moving currents of the Gulf Stream are able to maintain
the influx of larvae to Bermuda. This suggests that distance may not be the only

important isolating factor for West African coral populations, but that physical
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Figure 3.5 Parsimony haplotype network for A. F. fragum+F. gravida, B. S. radians, C. P. astreoides and D.
S. siderea. Haplotypes observed in the Caribbean, Brazil and Gulf of Guinea are shown as
white, grey and black circles, respectively. The size of each circle reflects the frequency
that a haplotype is observed. Notches symbolize intermediate haplotypes not observed.
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oceanography also plays an important role in the delivery of larvae to or from this
region.

Concordance in patterns of regional connectivity in the Atlantic is not observed
in most other species of marine organisms. Sea urchins, although sharing similar life
histories and pelagic larval duration, show different patterns of differentiation across
the Atlantic. While Caribbean, Brazilian and West African Euciradis tribuloides form

a single panmictic population (Lessios et al. 1999), gene flow is interrupted in other
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species of sea urchins. While E. tribuloides is able to maintain gene flow across the
Amazon outflow, it appears to be a significant barrier to gene flow between
populations of Echinometra lucunter (McCartney et al. 2000), Tripneustes ventricosus
(Lessios et al. 2003) and Diadema antillarum (Lessios et al. 2001). The long distances
that separate the East and West Atlantic also appear to be significant barriers to
dispersal in some urchin species but not in others. Both E. lucunter and E. tribuloides
populations appear to maintain continued exchange between Brazil, the mid-Atlantic
islands and the Gulf of Guinea, while multiple diagnostic mutations separate eastern
and western Atlantic populations of 7. ventricosus, (Lessios et al. 2003) and D.
antillarum (Lessios et al. 2001). The discordant patterns observed among sea urchins
with similar reproductive strategies and larval durations, suggests that barriers to gene
flow in the Atlantic may be permeable depending on aspects other than reproduction
and pelagic larval duration.

Among reef fish, similar discordance has been observed across species. Some
species achieve high gene flow throughout the Atlantic (Myripristis jacobus; (Bowen
et al. 2006), or throughout their range (Halichoeres garnoti; (Rocha 2004), others are
highly differentiated (Muss et al. 2001; Taylor& Hellberg 2003), while some display
intermediate levels of gene flow between these two extremes. Interestingly, broad
adult habitat preferences among surgeonfish of the genus Aulostosomus correlates well
with dispersal ability across the Amazon, suggesting that among reef fish, ecology as

well as reproduction play important roles in dispersal potential (Rocha ef al. 2002).
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The similarities in patterns of connectivity observed among various coral species
suggests that barriers such as the Amazon or stretches of open ocean are likely
impassible for most corals, leading to concordance of patterns. These barriers may be
more permeable, however, for other organisms whose ecology and life history permit
dispersal at greater distances than corals, resulting in more variable patterns of

connectivity observed in other amphi-Atlantic marine organisms.

Genetic differentiation within regions
Although patterns in inter-regional differentiation are concordant among most

coral species, different estimates of gene flow are observed within regions across coral

species, and the extent of gene flow is correlated with reproductive traits. In this
study, multiple populations within a region were sampled only in Brazil. For each
species, 2-3 populations each separated by >600 km across a total of 2,000 km along
the coast of Brazil were sampled for all species except P. astreoides, for which
specimens were only taken in Jodo Pessoa (see Fig 3.4). Strong differentiation
observed at both loci between populations of the brooder, F. gravida in Abrolhos and
Jodo Pessoa (Table 3.2) suggests that little exchange is occurring between populations
of this species along the coast of Brazil. Intermediate levels of differentiation were
observed for the brooder S. radians, where AMOVA suggests that differentiation is
significant between populations within regions for both loci (Table 3.2), but not all
pairwise population comparisons showed significant differentiation (Table 3.3). In

contrast, gene flow appears to be maintained between three populations spanning
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2,000 km of Brazilian coast of the broadcasting corals, S. siderea and M. cavernosa
(Table 3.2).

The two species that are able to maintain gene flow along the coast of Brazil
are both gonochoric broadcasting species, with one reproductive cycle per year. Egg
sizes for broadcasting M. cavernosa and S. siderea are larger than for the brooders F.
gravida and P. astreoides, but only marginally larger than brooding S. radians (Fig
3.6). Estimated mean annual fecundity for the two broadcasters, however, is lower
than for the brooding species (Harrison& Wallace 1990) because, although
broadcasters tend to have large colonies and produce more eggs in a given spawning
event, they do so only once a year, while small colonies of brooders reproduce
throughout the year. The results of this study indicate that broadcasting species that
produce fewer but larger eggs are able to disperse more widely than brooding species
that produce a larger number of small eggs.

The species with the greatest population differentiation, F. gravida is a
hermaphroditic brooder, possibly capable of self-fertilization as is its sibling species F.
fragum (Brazeau et al. 1998). Self-fertilization may ensure reproductive success when
population densities are low and sperm limitation reduces chances of fertilization, but
with the disadvantage that populations may become inbred and dominated by
clonemates. Self-fertilization will also result in apparent reduced gene flow so at least
part of the high differentiation among populations of F. gravida could reflect

inbreeding.
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Some Caribbean coral species are able to maintain gene flow throughout the
Caribbean and Bermuda, such as M. cavernosa (Nunes et al. in review) and M.
faveolata (Severance& Karl 2006), but dispersal within the Caribbean is more
restricted for other species. Among the seven Caribbean corals studied to date, gene
flow is restricted to < 500 km for most species (Vollmer& Palumbi 2007). Acropora
palmata (Baums et al. 2005) and Acropora cervicornis (Vollmer& Palumbi 2007) are
able to disperse widely, but their populations are subdivided between the eastern and
western Caribbean. Gene flow appears to be restricted to even shorter distances for
species such as Agaricia agaricites (Brazeau et al. 2005) and some members of the M.
annularis species complex (Fukami et al. 2004; Severance& Karl 2006). Significant
genetic differentiation was observed among all sampled populations of A. agaricites,
including sites in the Florida Keys separated by only 12 km of open water (Brazeau et
al. 2005). Populations of M. annularis showed significant genetic divergence across
multiple populations (Severance& Karl 2006), including between the Lower Florida
Keys and the Dry Tortugas, which are separated by only ~130 km. All of the
aforementioned Caribbean corals are broadcasters with the exception of 4. agaricites.
In agreement with findings for Brazilian brooders, 4. agaricites in the Caribbean has a
more fragmented population than broadcasting species, although studies on additional
Caribbean brooders are required to confirm the generality of this trend. Among
Caribbean broadcasters, there are no clear explanations for differences in dispersal
ability. Dispersal ability in 4. palmata and A. cervicornis appears to be more restricted

than for M. cavernosa and M. faveolata, even though Caribbean Acropora eggs are at
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least 1.4 times greater in size (Soong 1991). Egg size may not be a good predictor of
dispersal ability, however, as nutritional reserves may be allocated for settlement
rather than survival in the water column. Most striking is the difference in dispersal
ability among closely related species with similar reproductive traits, such as short-
ranging M. annularis and Caribbean-wide M. faveolata (Severance& Karl 2006).

In the Indo-Pacific, trends in dispersal ability show even less association with
reproductive mode. A survey of nine co-distributed species along 1200km of the
Great Barrier Reef showed conflicting patterns between gene flow and reproductive
mode. Among brooders, three species were able to maintain high levels of gene flow,
while two had fragmented populations, and among the broadcasters, two species were
able to maintain gene flow across the region while the other two were not (Ayre&
Hughes 2000). All species showed some level of inbreeding inferred by heterozygote
deficits in all populations. Likewise, reproductive mode was not a good predictor of
connectivity among several coral populations along the GBR and on Lord Howe
Island. Among 5 co-distributed coral species, the brooder Styllophora pistillata,
showed the highest estimate of gene flow while Seriotopora hystrix, another brooder,
had the lowest (Ayre& Hughes 2004).

Another unexpected pattern in connectivity has been observed between two
broadcasting species with very different life history characteristics (Miller& Ayre
2008). Platygyra danalae, which is self-incompatible and has positively buoyant
gametes with planktonic development of larvae and Goniastrea favulus, which

produces negatively buoyant eggs and larvae (Miller& Ayre 2008). Estimates of
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larval longevity are also different for the two species, with planulae of P. danalae
living 124 days and G. favulus 60+ days (Graham et al. 2008). Surprisingly, both
species have similar levels of fine to meso-scale population subdivision, and G.
Sfavulus has higher genetic diversity than the presumably more outcrossed P. danalae.
Determining which life history traits impart greater success in long-distance dispersal
is not straightforward. In Atlantic corals, reproductive mode, and to some extent egg
size, appear to provide an advantage for long-distance dispersal, but this trend is not
observed for corals in the Indo-Pacific, where both brooding and broadcasting species
can either maintain connectivity across long distances or have restricted dispersal. In
the Atlantic, brooders tend to build small colonies that inhabit marginal and disturbed
environments, but in the Indo-Pacific, some brooding colonies can be large and may
be expected to have higher fecundity than Atlantic brooders. These results indicate
that single aspects of coral life history, such as reproductive mode, egg size or larval
longevity, cannot alone predict dispersal ability and that more likely the complex
interactions of multiple factors play a role in determining connectivity. In other
organisms, aspects of reproduction and life history, when taken alone, have at times
also not been good predictors of dispersal ability and connectivity. In reef fish of the
Atlantic, for example, pelagic larval duration is not a good predictor of population
connectivity (Bowen et al. 2000).

While dispersal ability is an important factor for the maintenance of
connectivity, environmental factors may also play an important role in whether

migrants can become established and contribute to gene flow in distant reefs. The
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transport of larvae is the first step to successful long distance migration, but recruits
must also be able to adapt to the environment at a distant location. Interactions with
other organisms can also affect successful recruitment. Areas where there is high
species diversity and abundance have high competition for benthic space, and
incoming migrants must overcome competition. The GBR is oriented along a
latitudinal gradient, which creates a large environmental gradient in seasonality and
other physical factors. Some of the differences in gene flow across species in this
region may be related not only to reproductive mode or dispersal ability, but also to
differences in their ability to adapt to environments at different latitudes, such as a
greater range in seasonality. The Caribbean, on the other hand, has an east-west
orientation within the same band of latitude. Species capable of dispersing widely
within this biogeographic region experience more modest differences in environment
and seasonality, making successful gene flow more dependent on aspects of
reproduction and less affected by environment.  Differences in geographic
configuration and the resulting environmental gradients between the Caribbean and
Indo-Pacific may therefore be reflected on patterns of connectivity in the two basins.
Competition for space with macroalgae may be important in Brazil, as algae are
abundant in coastal environments (Castro& Pires 2001), but in West Africa, much of
the benthic space is open (personal observation), and competition with algae may be
less important. Environmental factors that limit recruitment, however, may be strong
in areas where corals are already stressed by suboptimal environmental conditions,

resulting in reduced connectivity with respect to these areas. In sum, patterns in
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connectivity are difficult to predict based on reproductive traits alone and are likely

influenced by multiple biotic and abiotic factors.

Patterns of genetic diversity

Mean values of molecular diversity indices overlap among regions for most
coral species, although for some comparisons, diversity appears to be lower in the
peripheral populations, such as gene diversity in S. siderea of West Africa for both
loci and F.gravida in West Africa for Pax-C (Fig 3.1 — 3.3). On average, however,
there does not appear to be a strong trend in decreasing genetic diversity towards the
edges of the species range for most species.

This finding is at odds with patterns observed in populations of the coral M.
cavernosa, where genetic diversity was found to be lower in Brazil and West Africa
compared to the Caribbean (Nunes ef al. in press). Similarly, reduced allozyme allelic
diversity and heterozygosity was also found for several coral species on the isolated
Lord Howe Island relative to populations on the Great Barrier Reef (Ayre& Hughes
2004) as would be predicted by small population size and founder effects. Peripheral
populations that are isolated from the center of species range or center of diversity
may have smaller effective population size (N,.) and can suffer loss of diversity via
genetic drift. In addition, peripheral populations colonized by a small group of
founders may only contain a subset of the full diversity of alleles observed in the main
population. However, loss of genetic diversity in Brazil and West Africa does not

appear to be a consistent trend among the coral species studied here, or if differences
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in genetic diversity exist among regions, they have not been captured with the markers
used here.

Overall, levels of polymorphism and the number of haplotypes for the
brooding species F. fragum, F. gravida, P. astreoides and S. radians were much lower
than for the broadcasters S. siderea and M. cavernosa. For example, 42 — 70
haplotypes were observed for M. cavernosa depending on the nuclear marker used and
40 haplotypes were observed for S. radians, while the number of haplotypes observed
for the four brooding species ranged from 6 — 12. High levels of polymorphism in M.
cavernosa may have made the patterns of reduced variation in the peripheral
populations more pronounced and readily detected. In S. siderea, decreasing trends in
gene diversity (/) are observed, but there is overlap in mean values of nucleotide
diversity () and average number of differences (k) among Caribbean, Brazilian and
West African populations (Fig 3.1 — 3.3).

Because of the small number of sampled populations (only one population
sampled in the Caribbean and in West Africa), only a few measurements were
available to estimate regional differences in genetic diversity. This may have reduced
the ability to detect differences in genetic diversity among regions. Sampling which
includes a greater number of populations in the future may provide more robust results
on whether genetic diversity is similar across regions are whether small but significant
differences in diversity exist between central and peripheral populations across

multiple species.
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Regional differences in genetic diversity may have gone undetected, but
another reasonable alternative is that the available data reflect true patterns, and that
genetic diversity is consistent across the Atlantic for all species but M. cavernosa. One
possibility is that loss of variation has occurred in peripheral populations of M.
cavernosa, but not in other species. Although regional isolation is observed for nearly
all species, the mechanisms that lead to reduced variation may be less effective in
some species relative to others. Loss of variation resulting from genetic drift is most
effective in populations with small effective size (N,). Differences in N, between the
species may result in different rates in the loss of genetic diversity. Founder effects
may also be less pronounced if peripheral populations have received multiple founding
events. Some of the brooding species studied have multiple mating cycles per year
and reproductive strategies which may allow them to establish larger populations over
shorter time periods, thereby increasing N, and buffering the loss of genetic diversity.
Another possible scenario is that historically some of the other species were able to
maintain gene flow up until more recently, while gene flow for M. cavernosa ended a
longer time in the past — subjecting the species to a longer period of time for which

drift could act upon.

CONCLUSIONS
Patterns of connectivity across broad regions of the Atlantic are congruent
across multiple species of corals, suggesting that barriers to dispersal such as the

Amazon freshwater plume and the long distances that separate the east and west South
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Atlantic are effective for most coral species. At shorter, regional scales, it appears that
some aspects of reproduction such as mode of larval development and egg size can
influence gene flow, although this pattern cannot be generalized to all scenarios.
Broadcasters have greater dispersal ability in the Caribbean, but several exceptions
exist in the Indo-Pacific, suggesting that complex interactions between biotic and
abiotic factors can limit connectivity rather than single traits of a species. Loss of
genetic diversity in peripheral populations of corals is also not a general trend
observed among all amphi-Atlantic corals, likely due to differences in population size
and timing of isolation across species. Regional isolation may mean that the
persistence of peripheral populations relies primarily on local to regional recruitment
since migration from other regions must occur rarely. These populations may be more
vulnerable to disturbance on ecological time scales as a result of their isolation. On the
other hand, isolated peripheral populations with small effective population size may
become the sites for local adaptation and allopatric speciation. In both scenarios, these
regions require special attention for conservation as a result of their potential
vulnerability to environmental change, but also their importance in generating

diversity.
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SUPPLEMENTARY TABLES

Supplementary Table 3.1. Coral species list for the Atlantic. Species occurrence in each
biogeographic region is indicated by an X. Total species count for each
region is found at the bottom of each column.

Species Caribbean Brazil W. Africa
Acropora cervicornis X

Acropora palmata X

Agaricia fragilis X X

Agaricia undata X

Agaricia agaricites X X

Agaricia grahamae X

Agaricia humilis X

Agaricia tenuifolia X

Agaricia lamarcki X

Cladocora arbuscula X

Cladocora debilis X

Colpophyllia natans X

Dendrogyra cylindrus X

Dichocoenia stellaris X

Dichocoenia stokesii X

Diploria clivosa X

Diploria labyrinthiformis X

Diploria strigosa X

Eusmilia fastigiata X

Favia leptophylla X

Favia fragum X X
Favia gravida X X
Helioseris cucullata X

Isophyllastrea rigida X

Isophyllia sinuosa X

Leptoseris cailleti X

Madracis asperula X X X
Madracis brueggemanni X X

Madracis carmabi X

Madracis auretenra X

Madracis decactis X X X
Madracis formosa X

Madracis myriaster X



Supplementary Table 1 (continued)

Species Caribbean Brazil W. Africa
Madracis pharensis X X X
Madracis profunda X
Madracis senaria X

Manicina areolata X

Meandrina braziliensis X

Meandrina danae X

Meandrina meandrites X

Montastraea annularis X

Montastraea faveolata X

Montastraea cavernosa X X X
Montastraea franksi X

Mussa angulosa X

Mussismilia braziliensis X

Mussismilia harttii X

Mussismilia hispida X

Mycetophyllia aliciae X

Mycetophyllia danaana X

Mycetophyllia ferox X

Mycetophyllia lamarckiana X

Mycetophyllia reesi X

Oculina arbuscula X

Oculina diffusa X

Oculina patagonica X

Oculina robusta X

Oculina tenella X

Oculina valenciennesi X

Oculina varicosa X

Porites astreoides X X X
Porites bernardi X
Porites branneri X X

Porites colonensis X

Porites divaricata X

Porites furcata X

Porites hentscheli X
Porites porites X X
Schizoculina africana X
Schizoculina fissipara X
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Supplementary Table 1 (continued)

Species Caribbean Brazil W. Africa
Scolymia cubensis X X

Scolymia lacera X

Scolymia wellsi X X

Siderastrea stellata X X X
Siderastrea radians X X X
Siderastrea Siderea X X X
Solenastrea bournoni X

Solenastrea hyades X

Stephanocoenia  intersepta X X

Tubastraea coccinea X X X
Tubastraea fagusensis X X

TOTAL 81 69 23 18



Supplementary Table 3.2. Haplotype count for each species, locus and population.

Favia gravida & Favia fragum, Pax-C

BR2
BR1 Joao CA1 WA1
Haplotype  Abrolhos Pessoa Panama Mainland
FFP1 16 12 0 0
FFP2 10 34 0 40
FFP3 0 0 4 0
FFP4 0 0 15 0
FFP5 0 0 13 0
Total 26 46 32 40
Favia gravida & Favia fragum, b-tubulin
BR2
BR1 Jodo CA1 WA1
Haplotype  Abrolhos Pessoa Panama Mainland
FFB1 33 21 0 19
FFB2 5 0 0 0
FFB3 0 6 0 0
FFB4 0 25 0 0
FFB5 0 0 24 0
FFB6 0 0 4 0
FFB7 0 0 4 0
FFB8 0 0 4 0
FFB9 0 0 0 9
FFB10 0 0 0 12
Total 38 52 36 40
Porites astreoides - b-tubulin
BR2
Joao CA1
Haplotype Pessoa Panama
PAB1 20 0
PAB2 16 8
PAB3 5 0
PAB4 1 0
PAB5 0 9
PABG6 0 5
PAB7 0 2
Total 42 24

124
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Supplementary Table 2 (continued)

S. radians, Pax-C

BR2
BR1 Jodo BR3 CA1 WA1
Haplotype  Abrolhos Pessoa Fortaleza Panama Mainland
SRP1 8 6 10 15 25
SRP2 6 4 6 0 15
SRP3 0 12 0 0 1
SRP4 0 4 4 0 2
SRP5 0 1 0 1 0
SRP6 0 0 0 2 0
SRP7 0 0 0 2 0
SRP8 0 0 0 1 0
SRP9 0 0 0 0 1
Total 14 27 20 21 44
S. radians, b-tubulin
BR2
BR1 Jodo BR3 CA1 WA1
Haplotype  Abrolhos Pessoa Fortaleza Panama Mainland
SRB1 2 0 0 0 0
SRB2 2 0 6 6 18
SRB3 1 0 0 0 1
SRB4 1 1 0 0 0
SRB5 0 10 0 0 0
SRB6 0 1 4 0 7
SRB7 0 2 0 0 0
SRB8 0 0 4 1 1
SRB9 0 0 0 5 0
SRB10 0 0 0 4 13
SRB11 0 0 0 1 0
SRB12 0 0 0 1 0
SRB13 0 0 0 1 0
SRB14 0 0 0 1 0
Total 6 14 14 20 40
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Supplementary Table 2 (continued)

S. siderea, Pax-C

BR2
Jodo BR3 CA1 WA1
Haplotype Pessoa Fortaleza  Panama Mainland
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Supplementary Table 2 (continued)

S. siderea, b-tubulin (continued)

BR2
BR1 Joao BR3 CA1 WA1
Haplotype  Abrolhos Pessoa Fortaleza Panama Mainland
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Supplementary Table 2 (continued)

S. siderea, b-tubulin (continued)

BR2
BR1 Joao BR3 CA1 WA1
Haplotype  Abrolhos Pessoa Fortaleza Panama Mainland
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Supplementary Table 3.3. Genotype over all loci for each sampled individual. Haplotype

sequences can be found on Genbank.

Sample B-tubulin Pax-C
Favia fragum

Bocas del Toro, Panama

P016 FFB 06 FFB 06

P039 FFB 08 FFB 08 FFP 03 FFP 03
P040 FFB 08 FFB 08 FFP 03 FFP 03
P041 FFB 07 FFB 07 FFP 04 FFP 04
P106 FFB 05 FFB 05 FFP 05 FFP 05
P107 FFB 05 FFB 05 FFP 05 FFP 04
P108 FFB 05 FFB 05 FFP 04 FFP 04
P109 FFB 05 FFB 05 FFP 05 FFP 05
P110 FFB 05 FFB 05 FFP 05 FFP 05
P111 FFB 05 FFB 05

P112 FFB 07 FFB 07 FFP 04 FFP 04
P113 FFB 05 FFB 05 FFP 05 FFP 05
P114 FFB 06 FFB 06 FFP 04 FFP 04
P115 FFB 05 FFB 05 FFP 04 FFP 04
P116 FFB 05 FFB 05 FFP 05 FFP 05
P396 FFB 05 FFB 05 FFP 05 FFP 05
P457 FFB 05 FFB 05 FFP 04 FFP 04
P458 FFB 05 FFB 05 FFP 04 FFP 04
Favia gravida

Abrolhos, Brazil

B015 FFB 01 FFB 01 FFP 01 FFP 01
B016 FFB 01 FFB 01 FFP 01 FFP 01
B017 FFB 02 FFB 02 FFP 01 FFP 01
B018 FFB 01 FFB 01

B042 FFB 01 FFB 01 FFP 01 FFP 01
B043 FFB 01 FFB 01 FFP 01 FFP 01
B072 FFB 01 FFB 01

B073 FFB 01 FFB 01 FFP 02 FFP 02
B074 FFB 01 FFB 01

B075 FFB 01 FFB 01 FFP 02 FFP 02
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Supplementary Table 3.3 (continued)
Sample B-tubulin Pax-C

BO79 FFB 01 FFB 01 FFP 02 FFP 02
B080 FFB 01 FFB 01 FFP 01 FFP 01
B081 FFB 01 FFB 01
B082 FFB 01 FFB 01 FFP 01 FFP 01
B083 FFB 01 FFB 01
B084 FFB 01 FFB 01
B085 FFB 02 FFB 02 FFP 02 FFP 02
B086 FFB 01 FFB 01 FFP 01 FFP 01
B087 FFB 01 FFB 02 FFP 02 FFP 02

Jodo Pessoa, Brazil

B150 FFB 03 FFB 03 FFP 02 FFP 02
B162 FFB 04 FFB 04 FFP 02 FFP 02
B164 FFB 04 FFB 04 FFP 02 FFP 02
B170 FFB 04 FFB 04 FFP 02 FFP 02
B178 FFB 04 FFB 04 FFP 02 FFP 02
B209 FFB 01 FFB 01 FFP 01 FFP 01
B210 FFB 01 FFB 01 FFP 01 FFP 01
B211 FFB 01 FFB 01 FFP 01 FFP 01
B242 FFB 03 FFB 03

B253 FFB 01 FFB 01 FFP 02 FFP 02
B254 FFB 01 FFB 01 FFP 02 FFP 02
B255 FFB 04 FFB 01 FFP 01 FFP 01
B256 FFB 03 FFB 03 FFP 02 FFP 02
B257 FFB 04 FFB 04 FFP 02 FFP 02
B258 FFB 01 FFB 01 FFP 02 FFP 02
B259 FFB 01 FFB 01 FFP 02 FFP 02
B261 FFB 01 FFB 01 FFP 01 FFP 01
B262 FFB 04 FFB 04 FFP 02 FFP 02
B263 FFB 04 FFB 04 FFP 02 FFP 02
B264 FFB 01 FFB 01 FFP 01 FFP 01
B265 FFB 01 FFB 01

B266 FFB 04 FFB 04

B300 FFB 04 FFB 04 FFP 02 FFP 02
B309 FFB 04 FFB 04 FFP 02 FFP 02
B313 FFB 04 FFB 04 FFP 02 FFP 02
B315 FFB 04 FFB 04 FFP 02 FFP 02
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Supplementary Table 3.3 (continued)
Sample B-tubulin Pax-C

Sao Tomé, West Africa

ST014 FFB 09 FFB 09 FFP 02 FFP 02
ST015 FFB 09 FFB 09 FFP 02 FFP 02
ST016  FFB 01 FFB 01 FFP 02 FFP 02
ST017 FFB 01  FFB 01 FFP 02 FFP 02
ST018 FFB 09 FFB 09 FFP 02 FFP 02
ST019 FFB 01  FFB 01 FFP 02 FFP 02
ST122 FFB 10 FFB 10 FFP 02 FFP 02
ST123 FFB 10 FFB 10 FFP 02 FFP 02
ST124 FFB 10 FFB 10 FFP 02 FFP 02
ST125 FFB 10 FFB 10 FFP 02 FFP 02
ST126 FFB 10 FFB 10 FFP 02 FFP 02
ST127 FFB 10 FFB 10 FFP 02 FFP 02
ST370 FFB 01 FFB 01 FFP 02 FFP 02
ST371  FFB 01 FFB 01 FFP 02 FFP 02
ST372 FFB 09 FFB 09 FFP 02 FFP 02
ST373 FFB 09 FFB 01 FFP 02 FFP 02
ST374 FFB 01 FFB 01 FFP 02 FFP 02
ST375 FFB 01 FFB 01 FFP 02 FFP 02
ST376  FFB 01 FFB 01 FFP 02 FFP 02
ST377 FFB 01 FFB 01 FFP 02 FFP 02

Porites astreoides

Jodo Pessoa, Brazil

B140 PAB 01 PAB 02
B142 PAB 01 PAB 02
B143 PAB 01 PAB 03
B148 PAB 04 PAB 02
B223 PAB 01 PAB 03
B224 PAB 01 PAB 02
B225 PAB 01 PAB 03
B226 PAB 01 PAB 02
B231 PAB 01 PAB 02
B232 PAB 01 PAB 02
B271 PAB 01 PAB 03
B272 PAB 01 PAB 02
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Supplementary Table 3.3 (continued)
Sample B-tubulin Pax-C

B273 PAB 01 PAB 02
B274 PAB 01 PAB 02
B275 PAB 01 PAB 02
B280 PAB 01 PAB 02
B285 PAB 01 PAB 02
B295 PAB 01 PAB 03
B296 PAB 01 PAB 02
B297 PAB 01 PAB 02
B298 PAB 01 PAB 02

Bocas del Toro, Panama

P004 PAB 05 PAB 02
P018 PAB 02 PAB 06
P058 PAB 05 PAB 02
P059 PAB 02 PAB 06
P136 PAB 05 PAB 06
P137 PAB 05 PAB 07
P138 PAB 05 PAB 07
P139 PAB 02 PAB 06
P140 PAB 05 PAB 02
P141 PAB 05 PAB 02
P142 PAB 05 PAB 05
P143 PAB 02 PAB 06

Siderastrea radians

Abrolhos, Brazil
B092 SB 201 SB 202 SP 201 SP 201
B093 SB 201 SB 202 SP 201 SP 201

Jodo Pessoa, Brazil

B133 SP 203 SP 203
B134 SP 203 SP 203
B146 SB 205 SB 205 SP 202 SP 202
B194 SB 205 SB 205 SP 201 SP 202
B283 SB 205 SB 205 SP 201 SP 201
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Supplementary Table 3.3 (continued)
Sample B-tubulin Pax-C

Fortaleza, Brazil

B358 SB 202 SB 208 SP 201 SP 204
B360 SB 202 SB 208 SP 201 SP 204
B361 SB 202 SB 208 SP 201 SP 204
B367 SB 202 SB 208 SP 201 SP 204

Bocas del Toro, Panama

P042 SB 202 SB 209 SP 206 SP 207
P043 SB 202 SB 209 SP 206 SP 207
P195 SB 210 SB 209 SP 201 SP 201
P196 SB 210 SB 211 SP 201 SP 201
P197 SB 202 SB 202 SP 201 SP 201
P198 SB 212 SB 213 SP 201 SP 201
P199 SB 210 SB 209 SP 201 SP 201
P200 SB 208 SB 214 SP 201 SP 208
P201 SB 202 SB 202 SP 201 SP 201
P202 SB 210 SB 209 SP 201 SP 201

Sao Tomé, West Africa

ST010 SB 210 SB 202 SP 201 SP 202
ST024 SB 210 SB 202 SP 201 SP 204
ST034 SB 210 SB 202 SP 201 SP 202
ST075 SB 210 SB 202 SP 201 SP 202
ST076 SB 210 SB 202 SP 201 SP 202
ST077 SB 210 SB 202 SP 201 SP 202
ST078 SB 210 SB 202 SP 201 SP 202
ST133 SB 210 SB 202 SP 202 SP 202
ST223 SB 202 SB 206 SP 201 SP 202
ST224 SB 210 SB 202 SP 201 SP 202
ST225 SB 210 SB 202 SP 201 SP 202
ST226 SB 202 SB 206 SP 201 SP 202
ST311 SB 203 SB 202 SP 201 SP 201
ST335 SB 210 SB 206 SP 201 SP 209
ST351 SB 202 SB 206 SP 201 SP 202
ST354 SB 210 SB 206 SP 201 SP 202
ST355 SB 202 SB 208 SP 201 SP 204
ST362 SB 210 SB 202 SP 201 SP 202
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Supplementary Table 3.3 (continued)
Sample B-tubulin Pax-C

Siderastrea siderea

Abrolhos, Brazil
B096 SB 103 SB 104

Jodo Pessoa, Brazil

B131 SB 105 SB 102 SP 101 SP 102
B135 SB 108 SB 109 SP 101 SP 101
B141 SB 111 SB 111 SP 101 SP 101
B149 SB 101 SB 114 SP 103 SP 103
B161 SB 103 SB 117 SP 103 SP 101
B185 SB 105 SB 105 SP 101 SP 101
B186 SB 118 SB 103 SP 103 SP 101
B192 SB 119 SB 119 SP 101 SP 102
B199 SB 104 SB 104 SP 101 SP 101
B240 SB 120 SB 108 SP 101 SP 102
B241 SB 108 SB 108 SP 101 SP 101
B245 SB 108 SB 108 SP 101 SP 102
B252 SB 108 SB 103 SP 101 SP 101
B277 SB 119 SB 119 SP 101 SP 102

Fortaleza, Brazil

B325 SB 108 SB 108 SP 101 SP 102
B326 SB 108 SB 102 SP 101 SP 101
B327 SB 101 SB 108 SP 104 SP 105
B330 SB 122 SB 122 SP 102 SP 102
B332 SB 122 SB 119 SP 101 SP 101
B333 SB 108 SB 123 SP 101 SP 102
B345 SB 108 SB 123 SP 103 SP 101
B349 101 SP 102
B350 SB 108 SB 124 SP 101 SP 101
B355 SB 102 SB 102 SP 101 SP 101

Bocas del Toro, Panama

P007 SB 126 SB 127 SP 107 SP 103
P053 SB 128 SB 129 SP 108 SP 108
P054 SB 130 SB 131 SP 107 SP 101
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Supplementary Table 3.3 (continued)
Sample B-tubulin Pax-C

P055 SB 132 SB 133 SP 106 SP 103
P088 SB 134 SB 135 SP 106 SP 103
P089 SB 103 SB 136 SP 103 SP 103
P090 SB 137 SB 138 SP 109 SP 109
P091 SB 139 SB 140 SP 107 SP 107
P093 SB 136 SB 143 SP 108 SP 108
P094 SB 144 SB 145 SP 103 SP 110
P095 SB 146 SB 147 SP 108 SP 101
P219 SB 148 SB 149
P220 SB 150 SB 150
P222 SB 151 SB 150
P223 SB 150 SB 152 SP 111 SP 111
P224 SB 137 SB 153
P502 SB 154 SB 155 SP 108 SP 108
P504 SB 156 SB 136

Sao Tomé, West Africa

ST011 SB 136 SB 136 SP 101 SP 101
ST012 SB 136 SB 136 SP 101 SP 101
ST025 SB 136 SB 136 SP 101 SP 101
ST031 SB 136 SB 136 SP 101 SP 101
ST079 SB 136 SB 136 SP 101 SP 101
ST119 SB 136 SB 136 SP 101 SP 101
ST120 SB 136 SB 136 SP 101 SP 101
ST121 SB 136 SB 136 SP 101 SP 101
ST134 SB 136 SB 136 SP 101 SP 101
ST137 SB 136 SB 136 SP 101 SP 101
ST144 SB 136 SB 136 SP 101 SP 101
ST145 SB 136 SB 136 SP 101 SP 101
ST190 SB 158 SB 136 SP 101 SP 101
ST191 SB 136 SB 136 SP 101 SP 101
ST198 SB 136 SB 136 SP 112 SP 112
ST292 SB 136 SB 136 SP 101 SP 101
ST314 SB 136 SB 136 SP 101 SP 101
ST349 SB 136 SB 160 SP 101 SP 101
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Supplementary Table 3.3 (continued)
Sample B-tubulin Pax-C

Siderastrea stellata (S. radians x S. siderea hybrids)

Abrolhos, Brazil

B094 SB 101 SB 101 SP 202 SP 202
B095 SB 102 SB 203 SP 201 SP 201
B097 SB 105 SB 106 SP 202 SP 202
B098 SB 105 SB 102 SP 202 SP 202
B099 SB 107 SB 204 SP 201 SP 201

Jodo Pessoa, Brazil

B136 SB 110 SB 205 SP 201 SP 203
B144 SB 205 SB 112 SP 203 SP 203
B145 SB 204 SB 113 SP 203 SP 203
B152 SB 115 SB 205 SP 203 SP 202
B156 SB 109 SB 205 SP 203 SP 203
B159 SB 116 SB 206 SP 201 SP 201
B198 SB 108 SB 207 SP 204 SP 204
B249 SB 121 SB 121 SP 205 SP 101
B284 SB 108 SB 207 SP 204 SP 204

Fortaleza, Brazil

B359 SB 125 SB 206 SP 201 SP 202
B362 SB 125 SB 202 SP 201 SP 202
B363 SB 125 SB 202 SP 201 SP 202
B364 SB 125 SB 206 SP 201 SP 202
B365 SB 125 SB 206 SP 201 SP 202
B366 SB 125 SB 206 SP 201 SP 202

Bocas del Toro, Panama
P092 SB 141 SB 142 SP 106 SP 205

Sao Tomé, West Africa

ST132 SB 157 SB 202 SP 201 SP 203
ST222 SB 158 SB 206 SP 201 SP 201
ST265 SB 136 SB 202 SP 201 SP 201
ST338 SB 159 SB 206 SP 201 SP 201
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The north coast of Brazil is considered unexplored in terms of its coral fauna.

This 1,000 km stretch of coast represents one of the biggest gaps in current knowledge

regarding the distribution of corals in the South Atlantic (Castro and Pires 2001). A

recent expedition to the Pedra da Risca do Meio (PRM) Marine State Park (Fig. 4.1),

in the heart of the unexplored region, revealed greater coral species diversity and

abundance than previously supposed. This is the first report listing coral species found

in the Marine State Park.
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Figure 4.1 Map indicating location of the study site (black square) and other major reefs along the coast of
Brazil (open squares). Limits of the Northern Unexplored Region according to Castro and

Pires (2001) are indicated by dotted lines.
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Of the 15 coral species that occur in Brazil, five were observed in the marine
park (Montastraea cavernosa, Siderastrea  stellata, Mussismilia hispida,
Stephanocoenia intersepta and Scolymia sp.) of which two are considered uncommon
and have limited ranges along the coast of Brazil (S.intersepta and Scolymia sp.) (Fig.
4.1). Because only a few dives were made in the area, the total number of species
present may be higher. Colonies of M. cavernosa and S. stellata were the most
abundant, followed by M. hispida. Coral colonies tended to have a low profile and
were laterally extensive; platy colonies of M. cavernosa were particularly common.
The reef was primarily carbonate in composition with no exposed bedrock. Large
sponges, coralline and fleshy algae and carbonate hardground make up much of the
remaining benthic cover.

PRM Marine State Park is located 18 km from the coast and covers an area of
32km® within a depth range of 18-30 m (Freitas et al. 2003). Research activities
remain infrequent in this area due to difficult access and commonly unfavorable
oceanic conditions. Wind speeds of 15-20 km/hr are observed year-round, increasing
the water turbidity. Nearshore environments are particularly affected, with visibility in
the order of 1 m, resulting in the low coral diversity and abundance previously
reported for this area (S.stellata, Favia gravida and Millepora alcicornis) (Laborel,
1969). The offshore site visited for this study had much greater species diversity and
abundance, presumably because as turbidity decreases with increasing depth, an
environment more suitable for coral growth can be found. Visibility was ~10 m during

our visit in January 2008.
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Figure 4.2 This large coral specimen has been visually identified as a colony of Stephanocoenia michelini
(AF Budd, personal communication), a species currently known from only a few locations
in Brazil.

Coral cover at a visual estimate of 20-30% was also greater than expected,
raising the question of coral abundance at similar sites along this coast. Corals were
believed rare in this area, but the occurrence of even uncommon coral species in the
offshore reefs suggests that perhaps they are only rare in nearshore environments, and
more abundant offshore, such as in PRM. The fact that Parcel Manuel Luiz, the closest
coral reef to the Amazon freshwater outflow located ~800km west of PRM (see Fig
4.1), has some of the highest coral diversity and coral cover in all of Brazil (Amaral et

al 1998, Moura et al, 1999) also points to the importance of mesophotic reefs in this
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region. Future exploratory work in the northern region of Brazil will help determine
biodiversity trends in offshore reefs such as Parcel Manuel Luiz and PRM, and what
role these reefs play in maintaining connectivity among corals and other reef
inhabitants along the coast of Brazil and with respect to the Caribbean (Rocha et al

2002).
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