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Abstract.•Beginning witli E. Mayr's study in 1954, tropical sea urchins have played an important role in studies of 
speciation in the sea, but what are the processes of cladogenesis and divergence that give rise to new species in this 
group? We attempt to answer this question in the genus Lytechinus. Unlike the majority of other tropical sea urchin 
genera, which have circumtropical distributions, Lytechinus is mostly confined to the tropics and subtropics of the 
New World. We sequenced a region of mitochondrial cytochrome oxidase I and the entire molecule of nuclear bindin 
(a sperm gamete recognition protein) of nearly all species in the genus, and we assayed isozymes of three partially 
sympatric closely related species and subspecies. We found that in both mitochondrial DNA (mtDNA) and in bindin 
the genus Lytechinus is paraphyletic, encompassing Sphaerechinus granularis as the sister species of L. euerces. The 
rest of the species are arranged in an Atlantic clade composed of L. williamsi and L. variegatus, and a Pacific clade 
containing L. anamesus, L. pictus, L. semituberculatus, and L. panamensis. Divergence between these clades suggests 
that they were separated no later than the closure of the Isthmus of Panama, and possibly before this time. Our data 
confirm that L. anamesus and L. pictus from California are a single species, and provide no evidence of differentiation 
between L. variegatus variegatus from the Caribbean and L. variegatus atlanticus from Bermuda. Lytechinus variegatus 
variegatus mtDNA is distinct from that of L. variegatus carolinus from the North American seaboard and the Gulf of 
Mexico, whereas their bindins are very similar. However, there is clear evidence of introgression of mtDNA between 
the two subspecies and they share alíeles in all sampled isozyme loci. Lytechinus williamsi from the Caribbean shares 
mtDNA haplotypes with L. variegatus variegatus, and they also share isozymes in all assayed loci. Their bindin, 
however, is distinct and coalesces within each morphospecies. A private clade of mtDNA in L. williamsi may be 
indicative of former differentiation in the process of being swamped by introgression, or of recent speciation. Recent 
sudden expansions in effective population size may explain the predominance of a few mitochondrial haplotypes 
common to the two species. Despite the high divergence of bindin (relative to differentiation of mtDNA) between L. 
variegatus and L. williamsi, comparison of amino acid replacement to silent substitutions by various methods uncovered 
no evidence for positive selection on the bindin of any clade oí Lytechinus. With the possible exception of L. williamsi 
and L. variegatus, our results are consistent with a history of allopatric speciation in Lytechinus. The molecular results 
from Lytechinus, along with those of other similar studies of sea urchins, suggest that the general speciation patterns 
deduced in the middle of last century by Mayr from morphology and geography have held up, but also have uncovered 
peculiarities in the evolution of each genus. 
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The multifaceted question of how speciation proceeds re- and subspecies in the genus, only L. pallidus is found outside 
quires many kinds of data to be addressed. Mitochondrial the New World, at the Cape Verde Islands in the eastern 
DNA (mtDNA) sequences combined with geographical in- Atlantic (Mortensen 1943; Serafy 1973). All the Lytechinus 
formation can provide clues on the order of splitting between species in which developmental mode is known form plank- 
clades and on the possible extrinsic barriers that caused the tonic feeding larvae from small (100-111 [xm diameter) eggs, 
observed patterns. DNA sequences of nuclear loci involved which can metamorphose into juveniles in as little as two 
in reproductive isolation can be used to examine the role that weeks (Mortensen 1921, 1943; Harvey 1956; Mazur and 
divergence in such loci has played in perfecting reproductive Miller 1971; Cameron 1984, 1986; Emlet et al. 1987 ; Emlet 
isolation. Data on reproductive compatibility can provide in- 1995).The species of Lytechinus exhibit a variety of distri- 
formation on the degree of completion of the speciation pro- bution patterns. The widespread and morphologically vari- 
cess between putative species. When reproductive isolation able L. variegatus contains three subspecies: L. variegatus 
is incomplete, independent molecular dataseis can identify atlanticus at Bermuda; L. variegatus carolinus, ranging from 
introgression and prevent incorrect conclusions about species North Carolina around the tip of Florida through the Gulf of 
relationships. We carried out a study that combines these Mexico to the Yucatan peninsula; and L. variegatus varie- 
types of information in the sea urchin genus Lytechinus. gatus from southern Florida throughout the Caribbean all the 

Unlike most genera of shallow water sea urchins that show way to southern Brazil (Serafy 1973). A morphologically 
very wide geographical distributions, Lytechinus is confined different species, L. williamsi, is present in most localities in 
almost exclusively to the coasts of America, ranging from the Caribbean (Chesher 1968; Hendler et al. 1995, pp. 218- 
California to the Galapagos in the Pacific and from Bermuda 220). Other species are distributed over much smaller areas. 
to Brazil in the Atlantic (Mortensen 1943). Of the 11 species Lytechinus pallidus has only been reported from the Cape 
  Verde Islands. Lytechinus euerces and L. callipeplus are found 

^ Present address: Friday Harbor Laboratories, University of *" ^eep waters at the West Indies (Mortensen 1943; Lewis 
Washington, Friday Harbor, Washington 98250; E-mail: ziglerk® 1963). Lytechinus pictus and L. anamesus, two nommai spe- 
u.Washington.edu. cies the distinctiveness of which has been questioned (Clark 
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FIG. 1. Collection sites in (A) tropical America, with detailed inset (B) of southeastern North America. Lytechinus anamesus and L. 
pictus were collected at southern California (1); L. semituberculatus at the Galapagos (2); L. panamensis and Toxopneustes roseus at the 
Pacific coast of Panama (3); L. williamsi at Belize (4) and the Caribbean coast of Panama (5); L. variegatus variegatus at Belize (4), the 
Caribbean coast of Panama (5), Recife (6) and Rio de Janeiro (7), Brazil, and at Miami, Florida (8); L. variegatus atlánticas at Bermuda 
(9); L. variegatus carolinus at Tallahassee (10), Tampa (11) and Jupiter (12), Florida, and at Beaufort, North Carolina (13); L. euerces 
in the Bahamas (14). Sphaerechinus granularis was collected at the Canary Islands, Corsica, and the Aegean Sea (not shown). 

1940; Cameron 1984), are found off the coast of California 
and in the Sea of Cortez. Lytechinus panamensis is known 
only from the Gulf of Panama (Mortensen 1921). Lytechinus 
semituberculatus is abundant at the Galapagos and is also 
known from the adjacent Ecuadorian coast. Thus, Lytechinus 
contains both sympatric and allopatric combinations of spe- 
cies. 

Lytechinus pictus and L. variegatus have been used as mod- 
el organisms for the study of fertilization and early devel- 
opment (e.g. Ettensohn 1985; Hardin and Cheng 1988; Et- 
tensohn and McClay 1988; Sherwood and McClay 1999), but 
little is known about the levels of gametic compatibility be- 
tween the various species oí Lytechinus. Minor et al. (1991) 
found that gametes of the Atlantic L. variegatus and the Pa- 
cific L. pictus could cross-fertilize. Cameron (1984) found 
no evidence for gametic incompatibility between L. pictus 
and L. anamesus from the coast of California. 

The sperm protein bindin plays a central role in sea urchin 
gamete interactions. It is the major insoluble component of 
the acrosomal vesicle and has been implicated in sperm-egg 
attachment (Vacquier and Moy 1977). A portion of the mol- 
ecule functions as a membrane fusogen, suggesting that it 
may be involved in fusing sperm and egg membranes (Ulrich 
et al. 1998, 1999). This fusogenic activity is concentrated in 
an 18-residue portion of the 55-residue bindin "core" that 
is highly conserved among all bindins characterized to date 
(Ulrich et al. 1998; Zigler and Lessios 2003a). The pattern 
of bindin evolution has been examined in five genera of sea 
urchins. In three genera with sympatric species (Echinometra, 
Strongylocentrotus, and Heliocidaris) there are many se- 
quence rearrangements, and indications of positive selection 
in "hotspot" regions on either side of the core (Metz and 
Palumbi 1996; Biermann 1998; Debenham et al. 2000a; Gey- 
er and Palumbi 2003; Zigler et al. 2003). In Arbacia (Metz 

et al. 1998) and in Tripneustes (Zigler and Lessios 2003b), 
two genera in which all species are allopatric, there are fewer 
sequence rearrangements and no evidence for positive selec- 
tion. One sequence of Lytechinus bindin has been published 
(Minor et al. 1991), but without information on the variation 
of the molecule, its mode of evolution within the genus re- 
mains unknown. 

In this study we attempt to reconstruct the history of spe- 
ciation in Lytechinus. We use mtDNA sequences to recon- 
struct the phylogeny of its species and subspecies and to 
determine whether there is geographic structure within the 
widespread Atlantic subspecies L. variegatus carolinus and 
L. variegatus variegatus. We also assess variation in bindin 
to see whether it has been evolving under positive selection, 
in particular in association with the evolution of reproductive 
isolation between sympatric species. Finally, we examine in 
more detail three closely related species and subspecies with 
overlapping ranges in Florida and the Caribbean through the 
use of isozymes. 

MATERIALS AND METHODS 

Samples 

Individuals representing nine species and subspecies of 
Lytechinus were collected from various localities throughout 
the New World (Fig. 1). We were unable to obtain specimens 
of L. callipeplus, which is known from deep (125-300 m) 
waters from the West Indies (Mortensen 1943, p. 460) and 
of L. pallidus from the Cape Verde Islands. Mitochondria! 
sequences, intended for use as outgroups to root the mito- 
chondria! phylogenetic tree, were obtained from Sphaere- 
chinus granularis (from Gran Canaria Island, Corsica, and 
the Aegean Sea), and Toxopneuestes roseus (from the Gulf 
of Panama). We also used previously published sequences 
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from Tripneustes (Lessios et al. 2003) as additional out- 
groups. We rooted the bindin genealogy of Lytechinus with 
bindin sequences from Tripneustes (Zigler and Lessios 
2003b). DNA was extracted from gonad samples stored in 
ethanol, NaCl-saturated 20% dimethyl-sulfoxide solution, or 
liquid nitrogen. 

Mitochondrial DNA Phytogeny 

A 640-bp fragment of the mitochondrial COI gene was 
amplified and sequenced using primers COla (5'-AGTA- 
TAAGCGTCTGGGTAGTC-3') and COlf (5'-CCTGCAGG 
AGGAGGAGAYCC-3') as described in Lessios et al. (1999) 
from a total of 140 individuals of Lytechinus, six of Spha- 
erechinus granularis, and one of Toxopneustes roseus. The 
sequences have been deposited in GenBank (accession num- 
bers AY183145-AY183291). We used MacClade version 4.0 
(Maddison and Maddison 2000) to identify sequences that 
were identical. Among 147 individuals, we found 86 distinct 
haplotypes. We determined the simplest model of unique 
haplotype evolution that adequately described our data using 
Modeltest version 3.06 (Posada and Crandall 1998). Using 
this model (Hasegawa et al. [1985] with a gamma distribution 
of rates and invariant sites) and the parameters estimated by 
Modeltest we reconstructed the phylogeny by the neighbor- 
joining method and conducted a bootstrap analysis (1000 
replicates) in PAUP* version 4.0bl0 (Swofford 2001). We 
also conducted a Bayesian analysis using MrBayes (Huel- 
senbeck and Ronquist 2001) with six substitution types and 
with site-specific rates based on codon position. We calcu- 
lated clade credibility values from 1500 trees by sampling 
every 100th tree of a total of 300,000, after discarding the 
first 1500 trees. 

Population Structure and Demographic History 

We calculated F-statistics in Arlequin version 2.0 (Schnei- 
der et al. 2000) to determine whether there was evidence of 
population structure within clades of the COI phylogeny. Fg-j- 
values were determined between populations within the fol- 
lowing clades: one composed of L. pictus and L. anamesus; 
one composed of L. variegatus carolinus, and one composed 
of L. variegatus variegatus, L. variegatus atlanticus, and L. 
williamsi. The sample of L. williamsi from Belize was not 
included, because it consisted of only three individuals. We 
also used Arlequin to calculate Tajima's (1989) D and Fu's 
(1997) F^ measures of departure from molecular neutrality 
as indices of possible population expansion in Lytechinus 
variegatus variegatus and in L. williamsi, as well as mismatch 
distributions (Rogers and Harpending 1992; Rogers 1995), 
based on the COI data. 

Characterization of Bindin 

We designed primers flanking mature bindin of Lytechinus 
based on the sequence of L. variegatus published by Minor 
et al. (1991; SULBIND, GenBank accession no. M59489). 
Lytechinus bindin was amplified, cloned, sequenced, and ed- 
ited as described for the bindin of Tripneustes (Zigler and 
Lessios 2003b), with the following modifications: mature 
bindin was amplified from genomic DNA with the forward 

primer Lv785 (5'-CCGCTACCGATTTCTTCAACTTC-3'), 
and the reverse primer Lvl597 (5'-CAAACGTCTTGAGA 
CTGATCTGC-3') for all species except L. euerces and Spha- 
erechinus granularis, for which the reverse primer was LERl 
(5'-GCCCCACATGGCTTATGTAACG-3'). LERl was de- 
signed based on L. euerces 3' UTR sequences obtained by 
the 3' rapid amplification of cDNA ends method (Frohman 
et al. 1988) from testis mRNA isolated from a specimen of L. 
euerces as described by Zigler and Lessios (2003b). Both strands 
of cloned bindin alíeles were sequenced using an ABl 377 
automated sequencer. Depending on the species, a combination 
of the primers Lv785, Lvl597, LERl, LYTIN-R (5'-GAAAA 
CTAAAAGGTGCAGTTATG-3'), LYTIN-F (5'-AACTCAC 
ATAAGGTACCTTGACC-3'), LYTINF-R (5'-GGTCAAGGT 
ACCTTATGTGAGTT-3'), LYTINR-R (5'-CATAACTGCAC 
CTTTTAGTTTTC-3'), MB1136- (5'-ARGTCAATCTTSGTS 
GCACC-3'), and MB1130+ (5'-TGCTSGGTGCSACSAAGA 
TTGA-3') were used for sequencing. The sequences were edited 
in Sequencher version 4.1 (Gene Codes Corp., Ann Arbor, 
Ml). They were deposited in GenBank under accession num- 
bers AY183324-AY183355. 

Bindin Gene Genealogy 

We obtained 30 bindin sequences of Lytechinus and two 
of Sphaerechinus granularis. Bindin of all species of Lyte- 
chinus included in the COI phylogeny, except L. panamensis, 
was sequenced. These sequences, plus the single previously 
known L. variegatus sequence (Minor et al. 1991) and out- 
group sequences from Tripneustes (Zigler and Lessios 2003b) 
were aligned in Se-Al (ver. 1.0, Rambaut 1996). This align- 
ment of coding sequences included both partial preprobindin 
(29 amino acids) and the full length of mature bindin. Stretch- 
es of mature bindin in glycine-rich repeat regions (amino 
acids 37-85 and 210-220 in Fig. 2) were excluded from 
further phylogenetic analysis because they could not by un- 
ambiguously aligned. DnaSP (Rozas and Rozas 1999) was 
used to implement the four-gamete test for recombination 
(Hudson and Kaplan 1985) in the alignable portions of the 
bindin molecule. We reconstructed the Lytechinus bindin 
gene genealogy using the neighbor-joining method with max- 
imum likelihood (ML) distances in PAUP* using a Tamura 
and Nei (1993) model with a gamma distribution of rates (as 
chosen by Modeltest). The tree was bootstrapped in 1000 
iterations. We also conducted a Bayesian analysis using 
MrBayes with six substitution types and with site-specific 
rates based on codon position. We calculated clade credibility 
values from 1500 trees by sampling every 100th tree of 
200,000 after discarding the first 500 trees. 

Combined COI and Bindin Phylogeny for Lytechinus 

To help resolve the phylogeny of Lytechinus we combined 
the COI and bindin data. For every individual for which we 
had bindin sequence, we also had COI sequence, with the 
exception of the previously known Lytechinus variegatus bin- 
din sequence (Minor et al. 1991). When we had sequenced 
both bindin alíeles from a single individual (three cases), we 
randomly chose one alíele for this analysis. We reconstructed 
the phylogeny in PAUP* using a Tamura and Nei (1993) 
model of evolution with a gamma distribution of rates, as 
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determined by log-likelihood ratios in Modeltest. Using this 
model and the parameter estimates from Modeltest, we re- 
constructed the phylogeny by the neighbor-joining method 
and conducted a bootstrap analysis (1000 replicates) in 
PAUP*. We also conducted a Bayesian analysis in MrBayes 
under a model of six substitution types and with site-specific 
rates based on codon position. We calculated clade credibility 
values from 1500 trees by sampling every 100th tree of a 
total of 200,000 after discarding the first 500 trees. 

Tests of Selection on Bindin 

We compared amino acid replacement and silent substi- 
tutions in bindin of Lytechinus (including Sphaerechinus) us- 
ing MEGA version 2.1 (Kumar et al. 2001). We first divided 
the bindin sequences into three regions based on patterns of 
evolution of bindin observed in other genera (Metz and Pal- 
umbi 1996; Biermann 1998; Zigler and Lessios 2003b): (1) 
the 55-amino acid conserved core (amino acids 119-173 in 
Fig. 2); (2) a 33-amino acid "hotspot" 5' of the core (amino 
acids 86-118 in Fig. 2); (3) the rest of the molecule (92 
residues). We used MEGA to calculate the proportion of 
synonymous differences per synonymous site {ds) and non- 
synonymous differences per nonsynonymous site {df^) by the 
Pamilo and Bianchi (1993) and Li (1993) method, and from 
these values calculated the df^lds ratio (w). An w value sig- 
nificantly greater than one is considered to be evidence for 
positive selection (Zhang et al. 1997). We first calculated 
these values for all pairwise comparisons among Lytechinus 
plus Sphaerechinus bindin alíeles. This method is useful for 
gaining an overall picture of the pattern of bindin evolution 
in this group, but ignores the shared history of sequences 
that belong to the same bindin clade. For this reason, we also 
calculated average w values between sister species as iden- 
tified in the COI and bindin phylogenies. We also conducted 
McDonald and Kreitman's (1991) tests comparing sister 
clades, using DnaSP version 3.51. 

To test for the possibility that selection might be acting at 
sites scattered throughout the bindin molecule rather than on 
specific regions, we implemented a series of models in PAML 
version 3.0 (Yang 2000; Yang et al. 2000) based on the 
neighbor joining tree of 18 Lytechinus (two sequences from 
each species and subspecies, same alíeles as those included 
in Fig. 2), and two Sphaerechinus mature bindin alíeles. We 
calculated the likelihood of this tree under two neutral models 
(Ml and M7) that do not allow for positively selected sites, 
and under three alternate models (M2, M3, and M8) that 
permit selection (see Swanson et al. 2001). Then, we com- 
pared the log likelihoods between the neutral and selection 
models. We also used PAML to test for evidence of changing 
df^lds ratios along different lineages of the neighbor-joining 
tree by first calculating the likelihood for a model that kept 
the df^lds ratio constant across the tree (Model 0), and then 
calculating the likelihood for a model that allowed each 
branch to have a separate df^ld^ ratio (Model b). 

lsozym.es 

Because mtDNA and bindin gave conflicting results for 
the Caribbean species (see Results), we used isozymes as an 
independent nuclear marker. Using the methods of Lessios 

and Pearse (1996) we compared L. variegatus Carolinas from 
Beaufort, North Carolina, L. variegatus variegatus from the 
San Bias Archipelago and from Isla Grande, Panama, and L. 
williamsi from the San Bias on the basis of 12 to 14 allozymic 
loci. The loci were: acid phosphatase (Acph, assayed only in 
L. williamsi and L. variegatus variegatus from the San Bias), 
a-glucosidase (aGlu), creatine kinase (Ck), glucose-6-phos- 
phatase-dehydrogenase {G6pdh, not assayed in L. variegatus 
variegatus from the San Bias), aspartate aminotransferase 
(Got), isocitrate dehydrogenase (Idh), malate dehydrogenase 
(Mdh), octanol dehydrogenase (Odh), phosphoglucose isom- 
erase (Pgi, not assayed in L. variegatus variegatus from the 
San Bias), phosphoglucose mutase (Pgm-1 and Pgm-2), Su- 
peroxide dismutase (7b), triosephosphate isomerase {Tpi, as- 
sayed only in L. williamsi and L. variegatus variegatus from 
the San Bias), and xanthine dehydrogenase (Xdh). BIOSYS- 
1 (Swofford and Selander 1989) was used for statistical com- 
parisons of allozyme frequencies (Workman and Niswander 
1970) and for the calculation of Nei' s ( 1978) unbiased genetic 
distance. 

RESULTS 

COI Phylogeny and Population Structure 

The COI phylogeny of Lytechinus is a polytomy with little 
phylogenetic structure (Fig. 3). Use of Toxopneustes and Trip- 
neustes as outgroups revealed that Sphaerechinus is a sister 
group to Lytechinus cuerees, with which it forms one of the 
four basal clades. Another basal clade is formed by the trop- 
ical Pacific species L. semituberculatus and L. panamensis, 
with no distinction between the two. Yet another clade is 
composed of the two Californian nominal species L. pictus 
and L. anamesus, which are also not distinguished phylo- 
genetically. Finally, there is a well supported Atlantic clade 
that includes L. williamsi and the three subspecies of L. var- 
iegatus. Contrary to what would be expected from the current 
systematic placement of the taxa, the subspecies L. variegatus 
carolinus splits off first, whereas L. williamsi is nested within 
the subclade that also contains L. variegatus variegatus and 
L. variegatus atlanticus. The L. variegatus variegatus and L. 
variegatus atlanticus haplotypes are completely intermingled, 
with most (12 of 15) of the L. williamsi haplotypes. The three 
remaining L. williamsi haplotypes form a closely related sister 
group distinct from L. variegatus variegates, L. variegatus 
atlanticus, and the rest of the L. williamsi haplotypes. 

There is evidence of mitochondrial DNA introgression be- 
tween L. variegatus carolinus and L. variegatus variegatus in 
southern Florida where their ranges overlap. L. variegatus 
variegatus individuals have green or white spines, whereas 
L. variegatus carolinus have red tests and (almost always) 
red spines (Serafy 1973). Of the 21 white or green-spined 
animals collected near Miami, six had a mitochondrial hap- 
lotype that fell within the L. variegatus carolinus clade. We 
also found one individual with red spines and red test from 
Tampa with a haplotype characteristic of L. variegatus var- 
iegatus. 

F-statistics give a picture of patterns of gene flow within 
and between the various nominal species and subspecies of 
Lytechinus (Table 1). A negative Fg-p value in the comparison 
between L. pictus and L. anamesus indicates that there is more 
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FIG. 3. Lytechinus cytochrome oxidase I gene genealogy. Neighbor-joining tree based on maximum-likelihood distances calculated 
under the Hasegawa et al. (1985) model of evolution, with a gamma distribution of rates and recognizing invariant sites. The tree has 
been bootstrapped in 1000 replicates. Clades with less than 70% bootstrap support have been collapsed. Nodes marked with an asterisk 
received support of at least 90% by both bootstrapping and Bayesian credibility values. Where this was not true, bootstrap values are 
indicated first, followed by Bayesian clade credibility values. Haplotypes are identified by the locality at which they were collected 
followed by a number, or a range of numbers when multiple identical haplotypes were obtained from the same locality. Individuals that 
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TABLE 1.    F-statistics comparing COI sequences of populations within major mitochondrial clades. Individuals were classified based on 
morphology. Fg-p values significant at F < 0.05 based on 3000 random reshufflings are indicated by an asterisk. 

Lytechinus pictus and L. anamesus L. pictus 

L. pictus 
L. anamesus 

S. California 
S. California -0.07 

L. variegatus carolinus Tallahassee Fort Pierce North Carolina 

L. V. carolinus Tallahassee 9 
L. V. carolinus Fort Pierce 10 - -0.03 
L. V. carolinus North Carolina 9 0.02 0.01 
L. V. carolinus Tampa 6 -0.06 -0.06 

Recife, 

0.02 

Rio de 
L. V. atlanticus, L. v. variegatus and L. williamsi n Bermuda Belize Miami Panama Brazil Janeiro 

L. V. atlanticus Bermuda 19 
L. V. variegatus Belize 7 0.00 
L. V. variegatus Miami 21 0.21* 0.12 
L. V. variegatus Panama 6 0.05 0.01 0.10 
L. V. variegatus Recife, Brazil 10 0.00 0.00 0.15 -0.01 
L. V. variegatus Rio de Janeiro 9 -0.03 0.02 0.14 0.05 -0.01 
L. williamsi Panama 15 0.05 -0.02 0.14 -0.04 0.00 0.00 

mitochondrial DNA variability within each of these nominal 
species than there is between them. There is no geographic 
structure within L. variegatus carolinus, not even between 
populations from the west side of the Florida peninsula (Tal- 
lahassee, Tampa) and populations from the Atlantic seaboard. 
Nor is there any geographic structure within L. variegatus 
variegatus. Despite fairly large sample sizes, Fgx values com- 
paring the two extremes of the subspecies range (Miami vs. 
Rio de Janeiro) are not significant. Indeed, the only large and 
significant value of Fgx among all the comparisons is between 
L. variegatus atlanticus from Bermuda and L. variegatus var- 
iegatus from Miami. However, this can hardly be considered 
as evidence of genetic differentiation between the subspecies, 
because the other four comparisons between L. variegatus 
atlanticus and L. variegatus variegatus show miniscule Fg-j- 
values. All comparisons between L. variegatus variegatus and 
L. williamsi are indicative of high rates of mitochondrial DNA 
exchange between the two species, despite the existence of 
a separate mtDNA clade within L. williamsi. 

The presence of the same COI haplotype in 46 individuals 
of Lytechinus variegatus variegatus and L. williamsi mor- 
phology (Fig. 3) suggested a rapid population expansion in 
at least one of the two nominal species. To investigate this 
question further, we calculated Tajima's (1989) D and Fu's 
(1997) F^ tests and Rogers and Harpending's (1992) mis- 
match distributions, for each species separately and for both 
species together. Haplotypes of individuals with L. variegatus 
carolinus morphological characteristics were excluded from 
these calculations, as was the single individual with L. var- 
iegatus variegatus morphology but with L. variegatus caro- 
linus mtDNA. Both Tajima's and Fu's tests produced values 
that were negative and significant (Table 2). Such values are 

indicative of either selection in a stable population, or of 
recent population expansion. As all the substitutions between 
the included haplotypes are silent, selection, if it affects this 
variation, could only do so through linkage with another 
mtDNA region. Mismatch distributions of the COI haplo- 
types are not significantly different from Rogers's (1995) 
sudden expansion model, whether they are calculated sepa- 
rately for each nominal species or for the two species together 
(Fig. 4). However, the presence of a separate clade of mtDNA 
in L. williamsi causes a second peak of 10-14 site differences 
in the mismatch distribution of this species and of the pooled 
data. Lytechinus variegatus variegatus COI, in contrast, 
shows a mismatch distribution that fits almost perfectly the 
parameters expected from sudden and very recent population 
expansion. 

Bindin Genealogy and Evolution 

The bindin gene genealogy (Fig. 5), like that of COI, places 
Sphaerechinus granularis as a sister species to Lytechinus 

TABLE 2. Values of Tajima's (1989) D and Fu's (1997) F• cal- 
culated from COI for Lytechinus variegatus variegatus and L. wil- 
liamsi separately, and for the two species together. Significance was 
determined by comparison to a distribution generated from Hud- 
son's (1990) coalescent algorithm under the assumption of popu- 
lation equilibrium and selective neutrality, with 1000 iterations. * F 
< 0.05, *** F < 0.0001. 

Tajima's D Fu's F^ 

L. variegatus variegatus 
L. williamsi 
pooled 

-2.393*** 
-1.528* 
-2.454*** 

-18.259*** 
-3.453* 
-26.285*** 

by morphology and locality of collection belong to L. variegatus variegatus, but possess COI haplotypes that fall in the L. variegatus 
carolinus clade are marked by "v. variegatus" preceding the locality code and are enclosed in a black box. The reverse notation is used 
for the single L. variegatus carolinus individual with a L. variegatus variegatus haplotype. Individuals of L. williamsi morphology are 
identified in bold text. Box encloses 46 individuals of Lytechinus variegatus and L. williamsi that had identical haplotypes. 
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FIG. 4. Mismatch distributions (Rogers and Harpending 1992; 
Rogers 1995) of COI haplotypes oí Lytechinus variegatus variegatus 
and L. williamsi, calculated for each species separately, and with 
the two species combined. The line depicts the mismatch distri- 
bution expected from a sudden expansion model with parameters 
shown in each figure. 9 = 2N^\i., where [JL is the rate of mutation, 
and Ng is the effective population size, T = 2¡ít, where t is the 
number of generations between 6o and 6i. Probability values (P) 
for rejection of the sudden expansion model are based on a com- 
parison of the sums of squares of expected and observed mismatch 
distributions, using parametric bootstrap with 1000 iterations 
(Schneider and Excoffier 1999). 

euerces, but this time their clade is basal to the rest of Ly- 
techinus. Lytechinus variegatus carolinus, which in the COI 
phylogeny was a well-supported sister group to the L. var- 
iegatus variegatus, L. variegatus atlanticus and L. williamsi 
clade, in bindin is intermixed with L. variegatus variegatus 

and L. variegatus atlanticus. As in the COI phylogeny, there 
is no differentiation in the bindin of L. variegatus variegatus 
and L. variegatus atlanticus. Finally, in the bindin tree the 
L. williamsi alíeles form a distinct clade, whereas in the COI 
phylogeny most of the L. williamsi haplotypes were inter- 
mixed with the L. variegatus variegatus and L. variegatus 
atlanticus haplotypes. The bindin alíeles of L. williamsi come 
from individuals Panama 3 and Panama 7, which belong to 
the COI clade that is private to L. williamsi (Fig. 3), but they 
also include alíeles from five other individuals that in COI 
were indistinguishable from L. variegatus variegatus. All L. 
williamsi alíeles are distinguished from all L. variegatus al- 
íeles by one amino acid change in the hotspot, and three 
synonymous substitutions in other regions of the molecule. 
In addition, L. williamsi has an extra copy of a 10-amino acid 
repeat in the 5' glycine-rich repeat region (Fig. 2). As in COI, 
bindin alíeles of L. pictus and L. anamesus do not form sep- 
arate clades. 

The glycine-rich repeat region (amino acids 32-82 in Fig. 
2) on the 5' side of the conserved core has undergone ex- 
tensive evolution in Lytechinus. The repeats begin with 
MGG(A/P)(V/M/A) and are followed by four to seven glycine 
and alanine residues; occasionally other residues are included 
in repeats that range from nine to twelve residues. Lytechinus 
pictus and L. anamesus have three copies of the repeat, L. 
williamsi has five, and the rest of the species have four. Repeat 
number is constant within species of Lytechinus. Tripneustes 
contains two or three copies of this general motif in the same 
region (Zigler and Lessios 2003b). This interspecific varia- 
tion in repeat number may have arisen by recombination 
between the glycine-rich repeats, as has apparently occurred 
intraspecifically in the bindin of Echinometra (Metz and Pal- 
umbi 1996; Geyer and Palumbi 2003). Outside the repeat 
region, the four-gamete test (Hudson and Kaplan 1985) iden- 
tified one recombination event (which occurred somewhere 
between amino acids 30 and 182 in Fig. 2) within L. varie- 
gatus. 

Evolution of different regions of bindin in Lytechinus fol- 
lows the pattern typical of bindin in other genera of sea 
urchins (Metz and Palumbi 1996; Biermann 1998; Zigler and 
Lessios 2003b; Zigler et al. 2003). There is a conserved core 
of approximately 55 amino acids in which nonsynonymous 
changes accumulate at a very slow rate and a hotspot where 
changes accumulate rapidly, while the rest of the molecule 
evolves at an intermediate rate (Table 3). In the comparison 
between alíeles of L. williamsi with those of L. variegatus, 
sequences are so similar that just a single substitution in a 
region can radically alter the w value. In two cases the w 
value in the hotspot exceeds 1, but, due to the small number 
of substitutions involved. Fisher's exact tests are not signif- 
icant. McDonald and Kreitman (1991) tests on each of the 
three sister groups in Table 3 did not show a significantly 
higher ratio of amino acid replacement to silent substitutions 
between clades, relative to within clades. When substitution 
counts from all three comparisons were combined, the results 
(17 fixed silent, 30 polymorphic silent, 14 fixed replacement, 
and 27 polymorphic replacement sites) remained nonsignif- 
icant. One limitation of tests of selection through compari- 
sons of synonymous and nonsynonymous changes is that they 
can only be carried out in regions that can be aligned. There 
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FIG. 5. Lytechinus bindin gene genealogy. Neighbor-joining bootstrap consensus tree using maximum-likelihood distances calculated 
under a Tamura and Nei (1993) model of evolution with a gamma distribution of rates (1000 bootstrap replicates). Clades with less than 
70% bootstrap support have been collapsed. Also shown are Bayesian clade credibility values. The Bayesian analysis reproduced all the 
branches in the neighbor-joining tree. Branches marked with an asterisk are supported at or above 90% in both analyses; otherwise, 
bootstrap percentages are indicated before clade credibility values. When both bindin alíeles were available for an individual, they are 
indicated with the same notation as in Figure 2. Identification of individuals follows Figure 3. SULBIND is the bindin sequence of L. 
variegatus obtained by Minor et al. (1991). 

is no way to test whether extra repeats differing between 
species may be under selection, nor could we include the 
nonalignable glycine-rich regions in the tests. 

Models implemented in PAML also failed to produce ev- 
idence for positively selected sites dispersed along the mol- 
ecule. The likelihood of models that allowed for positively 
selected sites was not significantly higher than that of models 
that did not (Table 4). Nor did we find any evidence for 
significant variation in df^lds ratios between lineages. Allow- 
ing a different df^lds ratio for each branch in the phylogeny 
did not produce a significantly better model than a model 
with a single df^lds ratio for the entire tree (Table 4). When 
a single w value was estimated for the entire bindin tree 
(Model 0), it was much less than 1 (0.18); when each branch 
of the bindin tree was allowed to have a separate w value 

(Model b), no branch with three or more changes occurring 
on it had an w value greater than 0.68. 

Combined COI and Bindin Phylogeny 

The Lytechinus tree based on both COI and bindin (Fig. 
6) is better resolved than trees based on each molecule alone. 
As in the COI and bindin trees, L. euerces and Sphaerechinus 
granularis form a basal clade as sister species. The better 
resolution of this tree shows that the rest of the species of 
Lytechinus are separated into Pacific and Atlantic clades. The 
Pacific lineage has split into well-supported northern (L. pic- 
tus and L. anamesus) and southern (L. semituberculatus and 
L. panamensis) clades. The Atlantic clade contains two spe- 
cies: L. variegatus and L. williamsi. The conflicting results 
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TABLE 3. Rates of mean nonsynonymous substition per nonsy- 
nonymous site (i/jy) and synonymous substitution per synonymous 
site (ds) and the dj^/d^ ratio (co) for three regions of Lytechinus 
mature bindin. d^ and d^ calculated by the Pamilo and Bianchi 
(1993) and Li (1993) method. 

Region                                        d^ ds O) 

All pairwise comparisons 
hotspot                                  0.033 0.104 0.32 
core                                        0.006 0.089 0.07 
rest of molecule                  0.021 0.129 0.16 
Total                                      0.018 0.107 0.17 

L. semituberculatus vs. (L. pictus + L. anamesus) 

hotspot                                  0.037 0.104 0.36 
core                                        0.005 0.130 0.04 
rest of molecule                  0.032 0.036 0.91 
Total                                    0.025 0.073 0.34 

L. williamsi vs. (L. v. variegatus + L. v. atlanticus + L. v. carolinus) 
hotspot                                  0.014 0.003 3.95 
core                                        0.007 0.016 0.40 
rest of molecule                  0.005 0.035 0.18 
Total                                      0.007 0.023 0.30 

L. eurces vs. Sphaerechinus granularis 

hotspot                                  0.036 0.018 2.04 
core                                        0 0.137 0.00 
rest of molecule                  0.025 0.108 0.23 
Total                                      0.019 0.100 0.19 

between the COI and bindin trees in the Atlantic most likely 
reflect the different histories of the mitochondrial and bindin 
markers (discussed below). 

Isozymes 

Results from protein electrophoresis indicate that L. wil- 
liamsi and two subspecies of L. variegatus share alíeles in 
all loci (Table 5) . Comparison of gene frequencies between 
L. variegatus carolinus from North Carolina, two populations 
of L. variegatus variegatus from the Caribbean, and L. wil- 
liamsi by contingency chi-square analysis indicates that there 
are significant differences between gene frequencies in five 
loci: G6pdh (P = 0.00001), Got (P = 0.0000), Mdh (P = 
0.00016), Pgi (P = 0.0002), and Pgm-1 (P = 0.00005). A 
comparison between populations and subspecies of L. var- 

iegatus shows significant differences only in Got {P = 0.047) 
and Pgm-1 (P = 0.0075). Nei's D values between populations 
of L. variegatus ranged from 0 to 0.001; D values between 
L. williamsi and each of the three L. variegatus populations, 
in contrast, ranged from 0.078 to 0.104. Thus, in allozymes, 
L. williamsi, though similar to L. variegatus, is more differ- 
entiated than the subspecies of L. variegatus are from each 
other. 

DISCUSSION 

Phylogeography and Systematics 

There is a conflict between the COI and the bindin gene 
trees in the Atlantic clade, but for the rest of the cladogenetic 
events the better-resolved tree based on combined data is 
likely to contain the more reliable information on phylogeo- 
graphic events in the history of Lytechinus. In this tree, the 
most basal split separates the clade composed of L. cuerees 
and Sphaerechinus granularis from the rest of the genus. This 
predates the division of the rest of the genus into Atlantic 
and Pacific clades, which presumably occurred at (or before) 
the time of the completion of the Isthmus of Panama 3.1 
million years ago (Coates and Obando 1996). The placement 
of S. granularis as sister to L. cuerees makes Lytechinus poly- 
phyletic. This can be corrected by redesignating S. granularis 
(which is presently in a monotypic genus) as Lytechinus gran- 
ularis, or by moving L. cuerees out of Lytechinus. Placing 
Sphaerechinus within Lytechinus would greatly extend the 
range over which this genus occurs, as S. granularis is wide- 
spread in the subtropical and temperate eastern Atlantic and 
Mediterranean, all the way north to the Channel Islands (Mor- 
tensen 1943, p. 525). No other tropical sea urchin genus 
ranges that far north, so it is probably preferable to remove 
L. cuerees from Lytechinus. It remains to be seen where L. 
pallidus and L. callipeplus fit in this rearrangement. 

The next split in the Lytechinus phylogeny might have been 
caused by the rise of the Isthmus of Panama. This split divides 
the species of Lytechinus into Atlantic and Pacific clades. 
Chesher (1972) suggested, on morphological grounds, that 
L. williamsi and L. panamensis represented a transisthmian 
pair, and indeed these two species in morphology resemble 
each other more than they do any other species of Lytechinus. 

TABLE 4. Maximum-likelihood testing for variation in the ratio of replacement to silent substitutions among bindin sites and lineages. 
The testing follows Yang (2000) and Yang et al. (2000). Model Ml allows sites (amino acids) to be either conserved or neutral (co = 0 
or CO = 1), M2 adds a class of sites that can be under selection, and M3 recognizes three discrete site classes with proportions and (o 
values estimated from the data. M7 and M8 are based on the beta distribution, with M7 limiting (o to the interval (0, 1), and M8 adding 
a class of sites that can have o) values > 1. A significant difference in log likelihood of the compared models (and a class of sites with 
CO > 1) would have indicated the presence of selection. Model 0 assumes a single value of (o for the entire tree, whereas Model b allows 
each branch to have a separate co value. A significant difference in log likelihood of these models would have indicated variation in co 
between lineages. L, log likelihood; 2(L2 • Lj), the test statistic is twice the log-likelihood difference of the two models; P, probability 
from the chi-square distribution. 

Models compared L, (1st model) L2 (2nd model) 2(L2 - L,) df P 

Variation among sites 
Ml vs. M2 -1313.52 -1311.91 3.22 2 0.20 
Ml vs. M3 -1313.52 -1310.54 5.94 4 0.20 
M7 vs. M8 -1312.54 -1310.64 3.80 2 0.15 

Variation among lineages 
Model 0 vs. Model b -1322.38 -1310.32 24.12 25 0.51 
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FIG. 6. Lytechinus phylogeny based on combined cytochrome oxidase 1 and bindin sequences. Neighbor-joining bootstrap consensus 
tree using maximum-likelihood (ML) distances calculated under a Tamura and Nei (1993) model of evolution with a gamma distribution 
of rates (1000 bootstrap replicates). Clades with less than 70% support have been collapsed. Also shown are Bayesian credibility values 
for each clade. Branches marked with an asterisk are supported at or above 95% in both analyses; otherwise, bootstrap percentages are 
indicated before clade credibility values. When both bindin alíeles for an individual were available, the one used in this analysis is 
indicated (e.g. Bermuda 17-1). 
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The molecular phylogeny, however, indicates that these spe- 
cies are just part of their respective Atlantic (L. williamsi and 
L. variegatus) and Pacific (L. panamensis, L. semitubercula- 
tus, L. pictus, and L. anamesus) transisthmian clades. The 
genetic distance between these two clades in COI (13.44% 
Kimura [1980] two-parameter distance) is the greatest ob- 
served among six genera of echinoids with transisthmian phy- 
logenetic relations (range 8.97-12.58% Kimura two-param- 
eter distance; Lessios et al. 2001). Thus, it is possible that 
COI in Lytechinus evolves faster than in other tropical echi- 
noids, or else that the split between Atlantic and Pacific Ly- 
techinus predates the rise of the Isthmus of Panama. 

The Pacific clade was divided into northern (L. pictus and 
L. anamesus) and southern (L. semituberculatus and L. pan- 
amensis) groups shortly after its separation from the Atlantic 
clade. Lytechinus pictus and L. anamesus are known from the 
Pacific coast of California and Baja California and from the 
Sea of Cortez (Mortensen 1943, p. 451). That they are sep- 

arate species has been in question since Clark (1940) sug- 
gested that L. anamesus is a long-spined, deeper water form 
of L. pictus. Mortensen (1943, pp. 451-456) rejected this 
suggestion based on differences in spine length, spine color, 
and the shape of the spicules of the globiferous pedicellariae. 
Cameron (1984) noted that the two species are easily sepa- 
rated based on test color and spine length, but that spicule 
form was not a reliable character for distinguishing the two 
species. In support of Clark's (1940) view, Vacquier (quoted 
in Durham et al. 1980) reported that the two species are 100% 
cross-fertilizable, and that dissociated early blastomeres of 
the two species re-aggregate into mosaics of cells from both 
species. Cameron (1984) also found the two species to be 
readily cross-fertilizable (>90% fertilization success in het- 
erospecific crosses), and raised the hybrid larvae through 
metamorphosis with >85% success. Our mitochondrial and 
nuclear data support the hypothesis that these two nominal 
species are merely ecotypes. Their COI haplotypes are not 
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TABLE 5. Number of sampled individuals and alíele frequencies for 14 isozyme loci sampled from Lytechinus v. variegatus (from San 
Bias and Isla Grande, Panama), L. v. Carolinas (Beaufort, NC), and L. williamsi (San Bias, Panama). Ck, IJh, OJh, To, and Xdh were 
monomorphic for 5-35 individuals in each species or subspecies. See the text for full names of locus abbreviations. 

L. V. variegatus L. V. variegatus L. V. carolinus L. williamsi 
Locus AUele San Bias Isla Grande Beaufort San Bias 

Acph n 35 • • 35 
100 1.000 • • 1.000 

aGlu n 35 5 20 35 
90 0.014 0.000 0.000 0.029 

100 0.986 1.000 0.975 0.957 
110 0.000 0.000 0.025 0.014 

G6pdh n 35 4 18 24 
100 1.000 1.000 0.917 0.458 
110 0.000 0.000 0.083 0.542 

Got n 35 4 7 35 
100 0.300 0.000 0.071 1.000 
110 0.700 1.000 0.929 0.000 

Mdh n 35 4 20 32 
90 0.029 0.000 0.000 0.234 

100 0.971 1.000 0.975 0.766 
110 0.000 0.000 0.025 0.000 

Pgi n • 4 19 24 
90 • 0.125 0.000 0.000 

100 • 0.375 0.579 0.896 
110 • 0.500 0.421 0.104 

Pgm-1 n 34 4 20 34 
90 0.059 0.000 0.250 0.074 
95 0.015 0.125 0.075 0.162 
97 0.000 0.000 0.050 0.000 

100 0.559 0.750 0.500 0.632 
105 0.044 0.125 0.050 0.059 
110 0.250 0.000 0.075 0.074 
115 0.074 0.000 0.000 0.000 

Pgm-2 n 34 4 7 35 
90 0.074 0.000 0.071 0.000 

100 0.927 1.000 0.929 1.000 
Tpi n 35 • • 35 

100 1.000 • • 1.000 

phylogenetically separated, and F-statistics indicate a high 
degree of gene flow. The high degree of cross-fertilizability 
between L. anamesus and L. pictus reported by Vacquier and 
by Cameron is in accordance with our observation that their 
bindin alíeles are intermingled in the genealogy. There are 
no amino acid differences or indels that distinguish between 
their bindin alíeles (Fig. 2). 

No Lytechinus have been reported between the Sea of Cor- 
tez and the Gulf of Panama, so a geographic gap of about 
3,500 km separates the northern Pacific group of L. anamesus 
and L. pictus from the southern group of L. panamensis and 
L. semituberculatus. Lytechinus panamensis is only known 
from the Gulf of Panama (Mortensen 1921, p. 41; 1943, p. 
450), and L. semituberculatus is known from the Galapagos 
and the adjacent Ecuadorian coast (Mortensen 1943 p. 458), 
so there is yet another gap of about 1,000 km between these 
two species. Lytechinus panamensis is extremely rare; re- 
searchers at the Naos Marine Laboratory in the Gulf of Pan- 
ama, despite persistent efforts, have collected only two spec- 
imens during the past ten years. That the COI sequence we 
obtained from one of these individuals falls within the clade 
of L. semituberculatus sequences casts doubt on the distinc- 
tiveness of these two species. However, the morphology, par- 
ticularly that of the pedicellariae, which are extremely prom- 
inent in L. panamensis, is quite distinct. Mortensen (1943, p. 

458) suggested that specimens found on the coast of Ecuador 
(but not in the Galapagos) do not belong to L. semituber- 
culatus, but may be L. panamensis. In other genera of echi- 
noids there are instances of both genetic continuity (in Dia- 
dema: Lessios et al. 2001; Echinometra: McCartney et al. 
2000; and Tripneustes: Lessios et al. 2003), and discontinuity 
(in Eucidaris: Lessios et al. 1999) between mainland and 
Galapagos populations. More collections are needed to de- 
termine the status of these two nominal species. 

The Atlantic clade contains two species: L. variegatus and 
L. williamsi. The bindin and COI trees suggest different re- 
lationships between these two species. The bindin tree sug- 
gests that L. williamsi and L. variegatus are sister species, 
whereas the COI tree suggests that L. variegatus carolinus 
split off first, and that there is no distinction between L. 
williamsi, L. variegatus variegatus, and L. variegatus atlan- 
ticus. It is possible that the close COI relationship of L. wil- 
liamsi and L. variegatus variegatus is due to introgression of 
mtDNA between the two taxa. The hypothesis that L. wil- 
liamsi is correctly placed outside all the L. variegatus sub- 
species (as it is in the bindin tree) is consistent with the 
observation of smaller isozyme divergence between L. var- 
iegatus variegatus and L. variegatus carolinus than between 
L. variegatus variegatus (or L. variegatus carolinus) and L. 
williamsi. Rosenberg and Wain (1982) also found very small 
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amounts of divergence in isozymes between thie thiree sub- 
species of L. variegatus. Neither the bindin nor COI data 
indicate any distinction between L. variegatus variegatus and 
L. variegatus atlanticus. 

Although the isozyme and bindin data provide no evidence 
for the distinctiveness of L. variegatus carolinus from L. var- 
iegatus atlanticus, differences in COI and morphology sup- 
port their designation as distinct subspecies. This conclusion 
is supported by the observations of Pawson and Miller ( 1982), 
who raised larvae of L. variegatus atlanticus (from Bermuda) 
and L. variegatus carolinus (from Florida) through meta- 
morphosis in a common garden experiment and found dif- 
ferences in the juveniles in color, spine length/test diameter 
ratio, and timing of genital pore formation, indicating un- 
derlying genetic differences. 

COI data indicate high levels of gene flow in the Atlantic. 
Lytechinus variegatus carolinus populations appear to be ge- 
netically continuous from North Carolina on the Atlantic sea- 
board, to Tallahassee on the Gulf of Mexico. Populations of 
L. variegatus atlanticus, L. variegatus variegatus, and L. wil- 
liamsi from Rio de Janeiro to Bermuda are not genetically 
distinct. The genetic continuity in L. variegatus variegatus 
between the Caribbean and Brazil matches that seen in Eu- 
cidaris (Lessios et al. 1999), and contrasts with the genetic 
break between the Caribbean and Brazil observed in Echi- 
nometra (McCartney et al. 2000), Diadema (Lessios et al. 
2001), and Tripneustes (Lessios et al. 2003). The genetic 
uniformity of Lytechinus within the Caribbean resembles that 
of all other genera of sea urchins that have been similarly 
studied. 

Speciation in the Caribbean 

Besides Lytechinus, only one other shallow water genus of 
regular echinoids, Echinometra, has two species in the west- 
ern Atlantic. This suggests that the present-day high levels 
of gene flow between Caribbean populations of sea urchins 
reflect an historical lack of barriers. As in Lytechinus, spe- 
ciation between the two Caribbean species of Echinometra 
has been very recent, postdating separation from the Pacific 
by the Isthmus of Panama (McCartney et al. 2000); but unlike 
Lytechinus, the Caribbean species of Echinometra show ga- 
metic incompatibility, at least in one direction (Lessios and 
Cunningham 1990; McCartney and Lessios 2002). The var- 
ious lines of evidence we present about Lytechinus appear to 
be in conflict with respect to the question of reproductive 
isolation and divergence between L. variegatus and L. wil- 
liamsi. Mitochondrial haplotypes of L. williamsi are inter- 
mingled with those of L. variegatus variegatus and L. var- 
iegatus atlanticus, except for some that form a separate clade. 
Isozymes of the two species have significantly different gene 
frequencies, but no loci fixed for different alíeles. We have 
uncovered no evidence of preference of eggs for sperm of 
their own species in competitive fertilization experiments (K. 
S. Zigler and H. A. Lessios, unpubl. data). And yet, bindin 
of L. williamsi forms a different clade than that of any sub- 
species of L. variegatus. How can these discrepancies be 
explained? 

That there are differences in bindin supports Chesher's 
(1968) decision to designate L. williamsi as a species separate 

from L. variegatus, even though in our experience the mor- 
phological characters suggested as diagnostic by Chesher 
(color of pedicellariae and crenulation of the spines) are not 
consistently different between all individuals of the two spe- 
cies. There is a definite and large difference in adult size (L. 
variegatus grows to 85 mm horizontal diameter, whereas L. 
williamsi rarely exceeds 30 mm), but even juveniles of L. 
variegatus could not be confused in nature with L. williamsi 
because they inhabit different habitats. Lytechinus variegatus 
lives in sea grass beds, sandy bottoms, and reef flats, whereas 
L. williamsi inhabits live coral reefs (Chesher 1968; Lessios 
1984, 1988; Hendler et al. 1995, pp. 216-220). Juvenile L. 
variegatus variegatus are common on coral reef flats, but 
adult members of either species are rarely found in the habitat 
of the other. This may limit the opportunities for the gametes 
of the two species to mix in nature, but apparently does not 
eliminate them, because the similarity of mitochondrial hap- 
lotypes and the lack of diagnostic isozyme loci suggest either 
a very recent time of splitting, or extensive hybridization. 
Certainly the two species could not be reproductively isolated 
temporally, because their annual (Lessios 1984) and lunar 
(Lessios 1991) reproductive cycles overlap. But if the two 
species have split so recently, or if they hybridize, why are 
their bindins distinct? 

In the absence of selection, mitochondrial loci will, on 
average, coalesce more rapidly than nuclear loci (Moore 
1995; Palumbi et al. 2001), yet between Lytechinus variegatus 
and L. williamsi the opposite is true; bindin distinguishes 
between the two species whereas mtDNA does not. This sug- 
gests that selection on bindin may have accelerated its co- 
alescence after a recent speciation event, or else that it main- 
tains its divergence in the face of ongoing hybridization. 
However, we found no evidence for selection on bindin at 
the amino acid level between L. variegatus and L. williamsi. 
The small number of changes between the bindins of the two 
species makes it difficult to detect selection by standard tests, 
and the indel differences between the two species cannot be 
analyzed for the signature of selection through comparisons 
of replacement and silent substitutions. It is, therefore, pos- 
sible that selection on Lytechinus bindin exists, but was not 
detected. However, the lack of evidence of gametic incom- 
patibility between the two species in sperm competition ex- 
periments suggests that the observed differences between bin- 
din of the two species do not significantly affect gamete 
interactions. There may be subtle fertilization effects that we 
failed to detect, but it is also possible that the monophyly of 
bindin is simply a result of the stochasticity of coalescence 
processes (Hudson and Turelli 2003). 

It is unclear whether L. williamsi and L. variegatus var- 
iegatus diverged in sympatry or allopatry. The distinct clade 
of L. williamsi COI may be a remnant of previous differen- 
tiation that occurred during a period of allopatry but is now 
in the process of being swamped by introgression of mito- 
chondrial mtDNA from L. variegatus. The recent expansions 
of effective population size suggested by Tajima's and Fu's 
tests and by the mtDNA mismatch distributions could explain 
the prevalence of a single COI in both species. Lytechinus 
variegatus, in particular, has experienced documented ex- 
treme population fluctuations (Watts et al. 2001), sometimes 
suffering mass mortality (Goodbody 1961; Glynn 1968; Bed- 
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dingfield and McClintock 1994; Junqueira et al. 1997) and 
others tremendous population increases (Camp et al. 1973; 
Maciá and Lirman 1999; Rose et al. 1999). Such fluctuations 
could spread introgressed mtDNA through populations by 
means of the stochastic survival of particular haplotypes. 
Alternatively, the distinct clade may be a sign of increasing 
differentiation in COI occurring from restricted genetic ex- 
change. VanDoorn et al. (2001) published a model, according 
to which the interaction of sexual selection and resource com- 
petition drives divergence of reproductive molecules, such 
as bindin, and ultimately results in the reproductive isolation 
of ecologically differentiated units in sympatry. It is con- 
ceivable that such a model could apply to Lytechinus because 
of the habitat separation between L. variegatus and L. wil- 
liamsi and because of the complete sorting of their bindin 
alíeles. Of course, whether these two species fulfill the other 
conditions of the model is uncertain, especially since we were 
unable to find any evidence of gametic isolation. 

A less complicated incongruity between different sets of 
data exists between the two subspecies L. variegatus varie- 
gatus and L. variegatus carolinus. These subspecies are sim- 
ilar in bindin and isozymes and also show no tendency to 
fertilize their own eggs more efficiently (K. S. Zigler and H. 
A. Lessios, unpubl. data). But they differ in coloration and 
mtDNA, with occasional occurrences of the "wrong" hap- 
lotype in individuals of a particular morphology, particularly 
in the zone of contact in southern Florida. The history of L. 
variegatus that gave rise to this pattern can be most simply 
hypothesized as one of allopatric differentiation of northern 
L. variegatus carolinus and southern L. variegatus variegatus 
populations followed by a more recent period of secondary 
contact. During the initial period of isolation, mtDNA se- 
quences sorted out while nuclear regions did not. Subsequent 
contact, and the lack of bindin divergence and reproductive 
isolation, has resulted in introgression of mtDNA. 

Conclusion 

Mayr (1954) pointed out that, except for the sympatry be- 
tween L. pictus and L. anamesus, allopatric speciation has 
been the predominant mode of speciation in Lytechinus. Pre- 
vious evidence (Cameron 1984), along with our bindin and 
COI sequences, make it clear that these two entities are eco- 
types of the same species. Mayr (1954), however, could not 
take into account L. williamsi, which was described by Chesh- 
er in 1968. The occurrence of this species within the range 
of L. variegatus is the only instance of possible speciation 
in sympatry among the species of Lytechinus. The three east- 
ern Pacific species are separated by large geographic gaps 
and, though the cause of their vicariance cannot be ascer- 
tained, fit an allopatric model of speciation. The subspecies 
of L. variegatus are a diagrammatic illustration of morpho- 
logically differentiated and geographically nonoverlapping 
populations envisioned as a stage in the process of speciation 
by distance. That the mtDNA of L. variegatus variegatus and 
L. variegatus carolinus is, in fact, differentiated adds evidence 
to what was previously suspected from morphology alone. 
The mtDNA introgression between L. variegatus carolinus 
and L. variegatus variegatus in the zone of contact off Florida 

is neither surprising, nor detracts from the picture of isolation 
by distance. 

This predominantly allopatric pattern of speciation in Ly- 
techinus without the development of prezygotic reproductive 
isolation is reflected in the evolution of bindin, where we 
find no evidence of positive selection. The lack of major 
differentiation in Lytechinus bindin is correlated with high 
levels of gametic compatibility between the taxa of Lyte- 
chinus. All the described species or subspecies of Lytechinus 
that have been tested for gametic compatibility appear able 
to fertilize each other. This is true not only for L. pictus and 
L. anamesus (Cameron 1984), but also for L. variegatus car- 
olinus and L. variegatus variegatus, as well as L. williamsi 
and L. variegatus variegatus (K. S. Zigler and H. A. Lessios, 
unpubl. data). Even L. pictus and L. variegatus, which were 
separated more than three million years with the rise of the 
Isthmus of Panama, cross-fertilize each other at a high rate 
(Minor et al. 1991). 

The study of molecular variation of mtDNA (Palumbi and 
Wilson 1990; Palumbi and Kessing 1991; McMiflan et al. 
1992; Bermingham and Lessios 1993; Palumbi 1996; Pal- 
umbi et al. 1997; Lessios et al. 1998, 1999, 2001, 2003 
McCartney et al. 2000) and bindin (Metz and Palumbi 1996 
Biermann 1998; Metz et al. 1998; Debenham et al. 2000a,b 
Geyer and Palumbi 2003; Zigler and Lessios 2003a; Zigler 
et al. 2003) of shallow water sea urchins has provided insights 
on speciation. As often happens, the molecules revealed a 
number of cases of separate species that on morphological 
grounds had been lumped, and a few of species that on the 
basis of their morphology were thought to be separate, yet 
on the molecular level show no evidence of genetic diver- 
gence. Despite these new discoveries, the generalizations 
made by Mayr (1954) on the basis of morphology alone about 
how echinoids speciate have held up fairly well. As one 
would expect from allopatric speciation, closely related spe- 
cies tend to be distributed on either side of major barriers to 
marine larval dispersal. The phylogeny of each genus, how- 
ever, also has its own interesting peculiarities, and that of 
Lytechinus is no exception. The challenge for future studies 
in this genus is to understand how the sympatric L. williamsi 
and L. variegatus have come to be, and how they maintain 
their separate genetic identities. 
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