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REPRODUCTIVE ISOLATION BETWEEN 
SPECIES OF SEA URCHINS 

H. A. Lessios 

ABSTRACT 
Existing knowledge on reproductive isolating barriers between sea urchin spe- 

cies is reviewed. Experiments involving artificial production of hybrids between 
congeneric echinoid species have shown that in most cases hybrids are viable and 
capable of backcrossing. Only species separated for > 5 million yrs show complete 
post-zygotic isolation. Each potential prezygotic isolating barrier appears to be inca- 
pable of completely preventing gene flow between sympatric species. Different habi- 
tat preferences exist in many, but not all, sympatric species. Annual reproductive 
cycles are too environmentally labile to isolate entire species. Lunar reproductive 
rhythms may be a form of temporal isolation in some diadematid species, but they 
are generally lacking in other echinoids. Gametic isolation is bidirectional and com- 
plete in a few pairs of congeneric species, but as a rule it allows one-way gene flow 
between congeneric species. There is no correlation between pre-zygotic isolation 
and the time since separation of the species. Bindin, a reproductive molecule in- 
volved in gamete incompatibility, shows evidence of strong selection in genera that 
contain sympatric species, but appears to be evolving neutrally in genera that do 
not. However, the cause of selection, where it exists, is more likely to be some form 
of intraspecific process, such as sexual selection, rather than reinforcement to avoid 
hybridization. Even though no single barrier seems to be either absolute or univer- 
sal, the combination of several barriers is potentially capable of reducing the prob- 
ability of hybrid production in nature, which may explain why there is little credible 
evidence of natural hybridization or introgression between sea urchin species. 

John Pearse has made major contributions to the study of reproductive ecology of 
sea urchins, particularly contributions that have focused on factors that govern the 
timing of reproduction of these animals. The reproductive ecology of sea urchins has 
also received a fair amount of attention recently from the point of view of reproduc- 
tive isolation, i.e., the intrinsic biological barriers that maintain species as indepen- 
dent gene pools. Emergence of reproductive isolation converts geographic isolates 
into separate species, which will then evolve independently even if they were to come 
into contact with each other. Before we attempt to characterize the evolution of re- 
productive barriers we must first know what they are. In this article, I review existing 
knowledge of reproductive ecology as it pertains to the emergence of reproductive 
isolation, and thus to speciation. 

For more than a century sea urchins have been a model organism in embryology 
and developmental biology; the same cannot be said for their role in speciation re- 
search. As it will become obvious in this paper, we do not have the data to draw firm 
conclusions about the full trajectory of the evolution of reproductive isolation in any 
pair of sea urchin sister species. What we do know pertains to specific aspects of the 
biology of certain species that are relevant to speciation. With few exceptions, there 
is no comprehensive body of knowledge that would allow one to determine which 
reproductive barrier accounts for complete genetic isolation between two sympatric 
sea urchin species, let alone permit firm conclusions of how reproductive isolation 
arises in this class of echinoderms. Yet, as Mayr (1954) perceived early on, and as 
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more recent treatments of speciation—such as that of Coyne and Orr (2004)—have 
also made clear, sea urchins do play a role in speciation theory (see also Palumbi 
and Lessios, 2005): They provide a test of whether ideas developed from the study 
of arthropods and vertebrates (for which information regarding speciation is more 
extensive, but far from complete) also apply to organisms with starkly different fertil- 
ization systems and reproductive ecologies. From this point of view, that fertilization 
in sea urchins is external and that the echinoid behavioral repertoire is limited actu- 
ally represent advantages for the study of the emergence of reproductive isolation, in 
that they greatly simplify the possibilities of potential reproductive barriers that can 
isolate species. 

Reproductive barriers between species are usually classified into two major cat- 
egories, prezygotic and postzygotic (Mayr, 1963; Dobzhansky, 1970; Coyne and Orr, 
2004). Prezygotic isolation barriers drastically reduce the ability or the opportunity 
of two species to mate with each other, even when their geographic ranges overlap. 
Postzygotic barriers consist of some aspect of the biology of hybrids that reduces 
their fitness, either because they survive less well than non-hybrids, or because they 
have a lower probability of mating successfully. Reproductive ecology of each species 
is obviously more closely related to prezygotic barriers, but post-zygotic barriers are 
not irrelevant. Low fitness of hybrids can lead to selection that will shift the repro- 
ductive ecology of the hybridizing species away from each other, the phenomenon of 
reproductive character displacement (Brown and Wilson, 1956), through the process 
of reinforcement (Dobzhansky, 1940; Butlin, 1989; Servedio and Noor, 2003). Indeed, 
in the view of one of the most prominent figures in speciation research, the emer- 
gence of postzygotic isolation is a stage of speciation that precedes the emergence of 
prezygotic isolation (Dobzhansky, 1940). I will, therefore, begin by examining what 
is known regarding postzygotic reproductive barriers in sea urchins. 

POSTZYGOTIC BARRIERS IN SEA URCHINS 

FITNESS OF F^ HYBRIDS IN THE LABORATORY.—Because generation time in echi- 
noids is usually on the order of a year or more, and because sea urchin larvae and 
adults are not always easy to keep alive in captivity, assessments of the fitness of 
hybrids and their ability to back-cross to their parents are few. To my knowledge, 
fitness of hybrids with congeneric parental species has been determined in only five 
genera, Echinometra, Pseudechinus, Strongylocentrotus, Heliocidaris, and Diadema 
(Table 1). The most complete data, with quantified survival rates, come from the 
newly discovered and as yet unnamed Indo-West Pacific species of Echinometra. 
These are recently diverged species, thus it may not be surprising that their hybrids 
generally develop normally. The survivorship of larvae to metamorphosis in the cross 
between eggs of Echinometra mathaei (Blainville) and sperm of Echinometra sp. C 
is significantly lower than those of conspecific parents, but it is still > 60% (Rah- 
man and Uehara, 2004), which would indicate that, by itself, this difference could 
not account for reproductive isolation between these two species. A slight depres- 
sion in the settlement rates of hybrids between E. mathaei and Echinometra sp. A is 
compensated by higher growth rates of the hybrids, relative to non-hybrid offspring 
(Rahman et al., 2005). That the cross between Heliocidaris tuberculata Lamarck eggs 
and Heliocidaris erythrogramma (Valenciennes) sperm is lethal, even though these 
species have been isolated for only 4-5 million yrs (my), may arise from the shift 
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of H. erythrogramma to direct development, a highly atypical evolutionary change 
among echinoids. However, the cross between eggs of Strongylocentrotus francis- 
canus (A. Agassiz, 1863) and sperm of Strongylocentrotus purpuratus (Stimpson, 
1857) (both of which have planktonic larvae and split from each other at roughly the 
same time as the two species of Heliocidaris) is also lethal, which may indicate that 
by 5 my Dobzhansky-Muller incompatibilities (i.e., developmental difficulties arising 
from incompatible alleles in at least two loci of the F: hybrids) begin to render sea 
urchin hybrids inviable, even when no developmental shifts are involved. The low 
survivorship (in one direction) of offspring from the cross between Pseudechinus no- 
vaezealandiae Mortensen and Pseudechinus albocinctus Hutton indicates that such 
unidirectional developmental difficulties extend to species that have been separated 
for 7 my. However, the cross of Pseudechinus huttoni Benham and P. novaezealan- 
diae, which is lethal in both directions, suggests that this is the period of time in 
which complete post-zygotic isolation becomes evident. One would not expect such 
an estimate to hold universally true in all echinoids, and indeed, data from Diadema 
appear to suggest that hybrids between Diadema savignyi (Michelin) and Diadema 
setosum (Leske), which diverged approximately 7-14 my ago, are completely viable 
in at least one direction. Uehara et al. (1990) reported producing adult hybrids with 
eggs of D. savignyi and sperm of D. setosum, but did not mention whether the off- 
spring from the reciprocal cross survived. To the extent that such limited data can be 
generalized, it would appear that post-zygotic isolation in echinoids is absent in spe- 
cies that have diverged < 5 my ago, may be present in species that diverged between 
5 and 10 my, but not in all cases. 

ABILITY OF F HYBRIDS TO BACKCROSS.—Survivorship of F hybrids would mean 
little if they were not able to backcross to the parental species. For obvious reasons, 
the data that could address this question are even scantier than those on survivor- 
ship (Table 2). Rahman and Uehara (2004) found that backcross fertilizations at lim- 
iting sperm concentrations of 10 ^ are successful in all possible directions between 
hybrids and parentals and between all types of F2 hybrids of E. mathaei and Echi- 
nometra sp. C. Survival rates of larvae and juveniles arising from backcrosses were 
as high as those of non-hybrid ones. The same result was obtained by Rahman et al. 
(2001) about hybrids of the cross between Echinometra sp. C and Echinometra sp. A. 
Asian and Uehara (1997) found fertilization rates to be low in the backcross of sperm 
from one type of hybrid and eggs of Echinometra oblonga (Blainville), but backcross- 
es involving other types of hybrids proceeded at high rates. In Strathmann's (1981) 
study with Strongylocentrotus, all three hybrid individuals that survived to sexual 
maturity were female. These hybrids could be fertilized by sperm of Strongylocentro- 
tus palidus (Sars), but not of Strongylocentrotus droebachiensis (O. F. Muller). Thus, 
these limited data would suggest that problems with backcrossing may start to arise 
when echinoid species have remained separated for more than a million yrs, but, 
even at 2-3 my, they are not sufficient by themselves to genetically isolate sympatric 
species. 

PREZYGOTIC BARRIERS TO HYBRIDIZATION 

HABITAT SEPARATION.—It could be argued that habitat separation is a geographic, 
rather than reproductive, isolating barrier, but a case can also be made that habitat 
preferences are a barrier intrinsic to the organisms themselves, because of genetic pref- 
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Table 2. Rates of fertilization between hybrids, and between hybrids and pure individuals. In the 
designarion of the hybrids, the maternal species is listed first. Approximate times are based on 
mitochndrial DNA data, taken from Laundry et al. (2003). 

Time 
(my) 

Sperm from Eggs from Reference 

1.1—1.5        Echinometra mathaei (Em) vs Echinometra sp . C (Ec) Rahman and Uehara, 2004 
Em x Em Em x Ec Ec x Em Ec x Ec 

Em x Em high normal normal high 
Em x Ec normal normal normal normal 
Ec x Em normal normal normal normal 
Ec x Ec low normal normal high 

1.1-1.3         Echinometra oblonga (Ed) vs Echinometra sp. A(Ea) 
EdxEd Ed x Ea Eax Ed Ea x Ea Asian and Uehara, 1997 

EdxEd 
Ed x Ea 
Ea x Ed 
Ea x Ea 

high 
low 

very low 
low 

high 
high 
low 
low 

high 
high 

very low 
low 

low 
high 
low 
high 

1.1—1.5           Echinometra sp. < C (Ec) vs Echinometra sp. A (Ea) Rahman et al., 2001 
Ea x Ea Ea x Ec Ec x Ea Ec x Ec 

Ea x Ea high normal normal high 
Ea x Ec normal normal normal normal 
Ec x Ea normal normal normal normal 
Ec x Ec low normal normal high 

1.2-1.4 Strongylocentrotus droebachiensis (Sd) vs ; StrongylocentrotuspaHdus (Sp) Strathmann, 1981 

SdxSd 
SdxSp 

low 
SpxSd 

low 
SpxSp normal normal 

erences for settling in a particular habitat. Either way, the evolution of such preferences 
will maintain isolation between sympatric species if it renders them incapable of ex- 
changing genes because of their different ecological requirements. This is particularly 
true in the marine realm in which depth zonation between broadly sympatric conge- 
neric species is frequent. How effective is this kind of barrier in echinoids? 

Because there are rarely more than 10 extant species in each echinoid genus, it 
is not particularly common for two closely related species to inhabit the same geo- 
graphic region. When such range overlap exists, congeneric species often show 
separation in depth, or some other aspect of preferred habitat. This is the case for 
Echinometra both in the Indo-Pacihc (Tsuchiya and Nishihira, 1984; Nishihira et al., 
1991; Rahman and Uehara, 2004) and in the Caribbean (Lessios et al., 1984; Hendler, 
et al., 1995); it is also the case for most of the sympatric species of Strongylocentrotus 
on the west coast of North America (Lillie, 1921; Newman, 1923; Pearse, 1981, 2006; 
Strathmann, 1981; Rogers-Bennett, 2007), for the Indo-Pacihc species of Diadema 
(McClanahan, 1988; Pearse, 1998; Muthiga and McClanahan, 2007), and for the Ca- 
ribbean species of Lytechinus (Lessios et al., 1984; Hendler et al., 1995). However, 
occurrence of individuals of one species in the habitat preferred by the other is not 
uncommon (Lessios and Cunningham, 1990; Rogers-Bennett et al., 1995; Levitan, 
2002; McCartney and Lessios, 2004; Rahman and Uehara, 2004). What is more, dif- 
ferent habitat preferences of sympatric congeneric species are not always the rule. 
For example, there appears to be no obvious habitat separation among the two Indo- 
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Pacific species of Echinothrix (Coppard and Campbell, 2005a), the three species of 
Microcyphus, or the two species of Pseudoboletia that cohabit the coasts of Australia 
(Miskelly, 2002). Thus, habitat separation may in some cases contribute to reproduc- 
tive isolation by reducing the probability that gametes of two species will find them- 
selves in proximity, but it is probably not an effective reproductive isolating barrier, 
except in combination with other kinds of barriers. 

TEMPORAL BARRIERS OF REPRODUCTIVE ISOLATION.—Given that most echinoids 
have well-defined periods of reproduction (Pearse and Cameron, 1991), even in the 
tropics (Pearse, 1974), it has been natural to wonder whether sympatric species remain 
reproductively isolated by shedding their gametes in the water at different times. The 
possibility that non-overlapping annual reproductive cycles may serve in that capacity 
has been examined in echinoids (e.g., Lessios, 1981; McClary and Barker, 1998) and 
rejected. Annual cycles are too environmentally labile, changing from place to place 
in the same species (Lessios, 1981,1985; Lewis and Storey, 1984; Pearse and Cameron, 
1991; Garrido et al., 2000) to be credible as an evolutionary mechanism for prevent- 
ing genetic exchange. Moreover, annual cycles of sympatric, congeneric species often 
overlap (e.g., Lillie, 1921; Newman, 1923; Lessios, 1981, 1985; Pearse, 1981; Arakaki 
and Uehara, 1991; McClary and Barker, 1998). Lunar reproductive cycles, on the other 
hand, do have the potential of fulfilling this function. Coppard and Campbell (2005b) 
found that at Fiji D. setosum spawns at new moon, whereas D. savignyi spawns at full 
moon. Echinothrix calamaris (Pallas) spawns at new moon, but Echinothrix diadema 
(L.) spawns at full moon. Muthiga (2003) found a similar pattern in the two species of 
Diadema on the coast of Kenya, and suggested that their coexistence as separate spe- 
cies is made possible by these out of phase spawning rhythms. Lessios (1984) found that 
Diadema mexicanum Agassiz in the eastern Pacific and Diadema antillarum Philippi 
in the western Atlantic also spawn 15 d out of phase with each other. These two species, 
on the two sides of the Isthmus of Panama, have been separated for 2-3 my (Lessios et 
al., 2001). This finding implies that temporal isolation through lunar cycles can arise in 
allopatry within this period of time and convert geographic isolates into separate spe- 
cies that will not interbreed if they found themselves in sympatry The assumption in 
proposing such cycles as reproductive isolating barriers is that moonlight affects lunar 
cycles directly, and that all populations of a species respond to this stimulus in the same 
manner. There is some evidence to support this view (Kennedy and Pearse, 1975), but 
the relationship is far from established (Pearse, 1968,1990; Pearse and Cameron, 1991). 
For example, different studies, spaced years apart, of different populations of D. antil- 
larum in the Caribbean have shown a remarkable consistency in the tendency of this 
species to spawn around new moon (reviews in Iliffe and Pearse, 1982; Lessios, 1984), a 
rhythm that persisted even after mass mortality (Lessios, 1988). This consistency, how- 
ever, appears to be lacking between localities and years in the Indo-Pacific D. setosum 
and D. savignyi (Pearse, 1968,1970; reviews in Muthiga, 2003; Coppard and Campbell, 
2005b). Much (though not all) of the apparent variation in these species comes from 
comparisons of different studies, and it remains to be determined how much of it is real 
and how much is due to different methodologies, inconsistency in species identifica- 
tion of these often confused species (Pearse, 1998), or the existence of cryptic species 
in the Indo-Pacific (Lessios et al., 2001). Even though lunar cycles have the potential of 
acting as reproductive isolation barriers for diadematid sea urchins, they are not likely 
to serve this function in the majority of echinoids, because species in other families of 
sea urchins do not spawn with a lunar rhythm (Pearse, 1990; Lessios, 1991). 
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GAMETIC ISOLATION.—Testing sea urchin gametes for compatibility with those of 
other species of sea urchins is relatively easy so there is a wealth of information on 
this potential isolating barrier (review in Zigler et al., 2005). Experiments in which 
gametic compatibility can be reduced to a common measure, so that they can be 
compared to each other, and for which there are data allowing an estimate of species 
ages are listed in Table 3. Of the 14 pairs of heterospecific fertilizations that fulfill 
the previous criteria, two were compatible in both directions, three were completely 
incompatible, and nine showed gametic isolation that was asymmetric. Thus, in the 
majority of cases, the eggs of a species may not permit fertilization by sperm of an- 
other, but its sperm is capable of fertilizing heterospecific eggs. It could be argued 
that apparent compatibility or unidirectionality is the result of the way in which such 
experiments have been carried out. Because there is no easy way to identify the par- 
ents of zygotes when gametes of more than one species are mixed together, gametic 
compatibility has been by and large determined in "no choice" experiments in which 
gametes of only two species are present. This could conceivably inflate the rate of 
heterospecific fertilization. Geyer and Palumbi (2005) found by genetically identi- 
fying larvae that gametes of Echinometra sp. C and E. oblonga, which in no-choice 
experiments appear to be almost perfectly compatible, can actually discriminate in 
a mixture between homospecific and heterospecific sperm, so that the eggs are fer- 
tilized by their own species > 50% of the time. However, when Zigler and Lessios 
(unpubl. data) performed the same type of choice experiments between Lytechinus 
variegatus (Lamarck) and Lytechinus williamsi Chesher, they found that gametes of 
the two species could fertilize each other indisciminantly Given the rapid aging of 
sea urchin sperm in dilution and the low probability of its encountering eggs when 
it is not released close to a female (Pennington, 1985; Levitan, 1995), it is not clear 
whether the "no-choice" or the "two-way-choice" artificial fertilizations more accu- 
rately reflect what happens in nature. 

It has been generally assumed that unidirectional gametic isolation is an interme- 
diate stage on the road to complete isolation (e.g., Lessios and Cunningham, 1990; 
Rahman and Uehara, 2004); but the compilation of data in Table 3 does not support 
the hypothesis that gametic isolation is necessarily a simple function of time. There is 
no clear tendency for more anciently separated species to possess more incompatible 
gametes. It is true that S.franciscanus is the first extant species oi Strongylocentrotus 
to have split off from the rest (Biermann et al., 2003; Lee, 2003), and it is also true that 
it is bidirectional!/ reproductively isolated from S. purpuratus and S. droebachiensis. 
However, Arbacia punctulata (Lamarck) and Arbacia incisa Agassiz [=stellata (Bla- 
inville)] have been separated from each other for even a longer time, yet their gametes 
are completely compatible. Echinometra mathaei and Echinometra sp. A have been 
separated for less than one third of that time, but they are no longer capable of fertil- 
izing one another. There is no significant correlation between gametic compatibility 
and Cytochrome Oxidase I divergence (Zigler et al., 2005). As the latter is assumed to 
diverge linearly with time within the range of values included in these comparisons, 
there is also no correlation between gametic incompatibility and time. Something 
other than time determines whether two species of echinoids have evolved gametic 
incompatibility; the most likely agents are the evolutionary forces that act on the 
molecules that mediate recognition between sperm and egg. 

EVOLUTION OF MOLECULES INVOLVED IN GAMETE RECOGNITION.—Attraction 
of sea urchin sperm to the egg, penetration of the egg jelly coat, induction of the 



198 BULLETIN OF MARINE SCIENCE, VOL. 81, NO. 2, 2007 

acrosome reaction, binding of the sperm to the egg vitelline layer, fusion of the mem- 
branes, and transfer of DNA involve many molecules (Vacquier et al., 1995; Biermann 
et al., 2004; Neill and Vacquier, 2004; Mah et al., 2005; Kaupp et al., 2006). Evolution- 
ary modifications in any of them could influence the degree to which gametes of two 
species are capable of affecting fertilization. Two of the most important molecules 
in determining whether a sperm will successfully fertilize an egg are the sperm mol- 
ecule bindin and its egg receptor (Vacquier et al., 1995; Swanson and Vacquier, 2002). 
The egg receptor has been characterized only in S.franciscanus and in S. purpuratus 
(Kamei and Glabe, 2003) and nothing is known about the evolution of this enormous 
molecule (4595 amino acids), other than that it contains regions that differ between 
these two species. The more manageable sperm molecule bindin, on the other hand, 
has been studied extensively from a number of individuals in a number of species, 
and thus various inferences can be made regarding its evolution. 

Bindin is a protein that coats the acrosome process of the sperm after it contacts 
the egg jelly. It is involved in the binding of the sperm to the vitelline layer and in 
the fusion of the membranes of the two gametes. Its size ranges from 206 to 418 
amino acid residues in the echinoid species that have been studied to date (Zigler 
and Lessios, 2003a). Comparisons between bindins of different echinoid species have 
shown that there is a core of approximately 60 amino acids in the middle part of the 
molecule that has remained remarkably conserved during echinoid evolution. To- 
wards the C and the N termini of the molecule lie exons that can vary in composition 
and repeat structure even between alleles of the same individual. Variation in these 
regions is interesting from the point of view of the evolution of reproductive bar- 
riers. Though bindin is known to impart species-specificity in gamete interactions 
(Metz et al., 1994), it remains to be determined which parts of the molecule and what 
amino acid changes are responsible for this property. There are, however, several 
aspects that emerge from comparison of molecules from different species that are 
intriguing: (a) Gametic incompatibility between species within a genus is not related 
to the time since their speciation, but it is correlated to degree of bindin divergence 
(Zigler and Lessios, 2003b; Zigler et al., 2005). (b) Among the three neotropical Echi- 
nometra species, the majority of amino acid replacements have accumulated along 
the branch that leads to Echinometra lucunter (L.) (McCartney and Lessios, 2004), 
the same species in which eggs do not permit fertilization by heterospecihc sperm 
from either a sympatric or an allopatric congener (Lessios and Cunningham, 1990; 
McCartney and Lessios, 2002). (c) Three genera, Echinometra (Metz and Palumbi, 
1996; McCartney and Lessios, 2004), Strongylocentrotus (Biermann, 1998), and He- 
liocidaris (Zigler et al., 2003) have bindins that contain a "hot-spot" with a variable 
number of Glycine-rich repeats. The first exon of bindin in the same three genera 
shows evidence of positive selection between alleles in the form of excess amino acid 
replacements relative to silent substitutions, (d) Three more genera, Arbacia (Metz 
et al., 1998), Tripneustes (Zigler and Lessios, 2003b), and Lytechinus (Zigler and Les- 
sios, 2004), have bindins that do not share these features. There are no hot-spots, and 
there is no evidence of selection anywhere along the length of the molecule, (e) The 
three genera in which bindin evolves under selection all contain sympatric species, 
whereas the three genera in which bindin evolves neutrally do not, except for one 
case of sympatry between two species with no gametic isolation in Lytechinus. What 
can these comparative facts reveal about the mode of evolution of the bindin mol- 
ecule, and thus about the mode of gametic isolation in sea urchins? 
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That gametic isolation is correlated to bindin divergence indicates that bindin 
plays a role in determining whether gametes of two species can fertilize each other. 
That bindin in E. lucunter, the species with eggs protected from heterospecihc fer- 
tilization, has been evolving away from that of its congeners suggests that there is 
selection on the male molecule to track changes that occur in the egg receptor. This, 
however, is not a simple lock-and-key correspondence in which a change in the fe- 
male molecule results in an analogous change in the male one. Bindin in E. lucunter 
may have changed in response to changes in the receptor, but, if so, these changes 
have not impaired its ability to bind on the egg surfaces of Echinometra viridis Agas- 
siz and Echinometra vanbrunti Agassiz (Table 3). This greatly complicates the un- 
derstanding of the causal relationship between divergence in bindin and gametic 
incompatibility, and highlights the need to obtain data regarding the evolution of the 
egg receptor. 

That there is a correlation between species range overlap and mode of bindin evo- 
lution suggests that the selective force that acts on bindin may be reinforcement, i.e., 
selection to modify the molecule so as to avoid investment into gametes that will 
result in unfit hybrids (Swanson and Vacquier, 2002). The hypothesis of reinforce- 
ment is strengthened by a pattern of character displacement in E. oblonga (Geyer 
and Palumbi, 2003). In the central Pacific, where Echinometra sp. C does not occur, 
E. oblonga contains alleles very similar to those of the latter species. In the western 
Pacific where it coexists with Echinometra sp. C all its bindin alleles are different 
from those of its closely related congener. Another pattern that fits the hypothesis 
of reinforcement is that bindin of H. erythrogramma, the species that invests most 
in each egg because of direct development, has accumulated the most amino acid 
replacements since its separation from the indirectly developing H. tuberculata (Zi- 
gler et al., 2003). Finally, in the neotropical species of Echinometra, E. lucunter is in 
higher danger of having its eggs fertilized by sperm of E. viridis (because the latter is 
occasionally found in the habitat of the former, but not vise-versa) and, once again, it 
is the species that possesses bindin in which amino acid changes have accumulated. 
On the basis of these observations, one might conclude that the reasons for differ- 
ences in mode of bindin evolution between the genera have been identified. There is, 
however, also evidence that does not fit the reinforcement hypothesis. 

Selection to avoid hybridization would produce an excess of amino acid replace- 
ments between sympatric species, but not between alleles of the same species. When 
one examines intra- vs inter-specific comparisons of the ratio of replacement to si- 
lent substitutions, the data from Heliocidaris are still consistent with the reinforce- 
ment hypothesis, even though H. tuberculata and H. erythrogramma overlap in only 
a small part of their range. The bindin of this genus contains 22 amino acid substitu- 
tions between species and only three within species (there are no silent substitutions) 
(Zigler et al., 2003). In the hotspot of three sympatric species of Echinometra, how- 
ever, the ratio of replacement to silent substitutions is higher than unity not only be- 
tween alleles of three sympatric species, but also between alleles of the same species 
(Metz and Palumbi, 1996). Such intraspecihc positive selection cannot be explained 
by selection to avoid hybridization. In the hotspot of S.franciscanus, S. purpuratus, 
and S. droebachiensis (all of which are sympatric on the West Coast of North Ameri- 
ca) the ratio of replacement to silent substitutions between alleles of the same species 
is actually four times higher than the same ratio between alleles of different species. 
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This intraspecific excess is not statistically significant (Debenham et al., 2000), but it 
certainly is not consistent with reinforcement. 

Further evidence against the hypothesis that reinforcement drives the evolution of 
echinoid bindin comes from failures to find a pattern of character displacement in 
either the Atlantic Echinometra, or the Australian Heliocidaris. Echinometra viridis 
is only present in the Caribbean, whereas E. lucunter ranges widely in the tropical 
Atlantic. There is no gene flow between Caribbean and Atlantic populations of this 
species (McCartney et al., 2000). Yet individuals from the two regions share bindin 
alleles without any geographic structuring (Geyer and Lessios, unpubl. data). Simi- 
larly, Heliocidaris erythrogramma armigera A. Agassiz on the west coast of Australia 
receives no gene flow from the portion of the range of H. erythrogramma that over- 
laps with H. tuberculata (McMillan et al., 1992). Yet the bindin alleles of this sub- 
species are no different than those of Heliocidaris erythrogramma erythrogramma 
(Valenciennes) (Geyer, Zigler, Raff, and Lessios, unpubl. data). It is thus possible that 
the pattern of reinforcement revealed by the comparison of the mode of evolution 
of bindin in different genera (and possibly in the pattern of character displacement 
within a single species) is a secondary one. It may result not from any selective pres- 
sures created by the challenge of sympatric species; instead it may be that species 
with bindins that have diverged for other reasons are the only ones that are able to 
coexist without either merging or without one driving the other to extinction. 

What are the possible forces, other than reinforcement, that could cause bindin di- 
vergence and gametic isolation between echinoid species? In a mating system, sexual 
selection and the different evolutionary interests of the two sexes may play a role. 
Sexual selection can be important in speciation if different mates are preferred by 
the sexes in geographically separated populations, giving rise to assortative mating 
that will persist in subsequent sympatry (West-Eberhard, 1983). In a system such as 
bindin and its receptor, frequencies of different alleles can become rapidly predomi- 
nant in different populations, because of the linkage disequilibrium that will ensue 
when bindin alleles preferred by different egg receptors are found together with the 
complimentary receptor alleles in the same offspring. Assortative mating in bindin 
has been demonstrated in E. mathaei. Palumbi (1999) has shown experimentally that 
eggs from females carrying a particular bindin allele are preferentially fertilized by 
sperm from males with the same allele. Levitan and Ferrell (2006) have shown that 
in S. franciscanus eggs of females that carry rare bindin alleles are more likely to be 
fertilized than those carrying common alleles when sperm density is high, but that 
the reverse is true at limiting sperm densities. This suggests a mechanism for main- 
taining intraspecific polymorphism, but also sets the stage for divergent selection in 
populations with different point densities. It may also explain the differences seen 
among species and genera in the mode of bindin evolution. In both Echinometra 
(McCartney and Lessios, 2004) and Strongylocentrotus (Biermann, 1998; Debenham 
et al., 2000; Levitan and Ferrell, 2006), species that are found in shallow water in high 
point densities—and are thus likely to experience high sperm density during spawn- 
ing events—are also species that show the strongest selection on bindin. Thus, it is 
possible that the selective forces that account for fast bindin evolution in some gen- 
era are sexual selection and inter-locus sexual conflict (Rice, 1998; Gavrilets, 2000), 
and that the pattern of reinforcement suggested by the differences between genera 
with sympatric and allopatric species is the result of the ability of closely related spe- 
cies with bindin that has diverged for other reasons to coexist in the same area. 
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OCCURRENCE OF HYBRIDS IN NATURE.—The frequency of hybrids in nature is di- 
rect evidence as to the effectiveness of reproductive isolating barriers between sym- 
patric species. Reports of echinoid specimens that were considered to be hybrids 
because they were hard to identify are common in the literature (e.g., Shearer et al., 
1914; Mortensen, 1940, 1943; Vasseur, 1952; Swan, 1953; Hagstrom and Lonning, 
1961), but unconvincing. It is hard to know how many of these morphologically in- 
termediate specimens are true F: (or later generation) hybrids, and how many come 
from the tail of the natural distribution of diagnostic characters in either species. 
Reports in which the authors have actually raised F: hybrids in the laboratory, so that 
they had a reference for identifying field-collected animals as hybrids (e.g., Strath- 
mann, 1981; Rahman and Uehara, 2004) are much more convincing, and those that 
have used genetic means for hybrid identification (e.g., Lessios and Pearse, 1996; Gey- 
er and Palumbi, 2003) are indisputable. Rahman and Uehara (2004) in Okinawa col- 
lected 600 individuals of Echinometra with coloration that might suggest that they 
were hybrids, then compared their morphology in detail with those of laboratory 
reared F: hybrids. They were unable to confirm that even a single individual was, in 
fact, a hybrid. Lessios and Pearse (1996) conducted an exhaustive search for hybrids 
of Diadema in Okinawa guided by examining the hybrid morphology of the cross 
between D. setosum and D. savignyi produced by Uehara et al. (1990), and then geno- 
typed all suspected hybrids along with individuals of pure morphology. They discov- 
ered that out of several hundred specimens examined, one field-collected specimen 
was an F: hybrid of D. setosum and D. savignyi, and that eight other specimens were 
later generation hybrids of either these two species, or of one of these species and 
Diadema paucispinum Agassiz. Several specimens with intermediate morphologies 
turned out not to be hybrids. Significantly, the presence of diagnosticaly different 
electrophoretic loci between individuals of pure morphology of the three species 
indicated that, despite the existence of these hybrids, there were no signs of intro- 
gression. Thus, hybrids may be produced in low frequencies and they may be able to 
backcross to a certain degree, but descendants of such crosses are apparently at a se- 
lective disadvantage and removed from the population before they can affect transfer 
of genes between species. 

Evidence for the rarity of hybrids in nature is also present in population genetic 
studies of sympatric echinoid species that would have detected hybrids, even though 
this was not the main aim of the study. This includes mitochondrial DNA studies, 
even though the molecule is maternally inherited, because they have the potential of 
detecting hybridization as the incorporation of a mitochondrial DNA clade into the 
morphology of the wrong species. Such studies, often including large sample sizes, 
exist for the sympatric species of Echinometra in the Caribbean and in the Indo- 
Pacific, of Diadema in the Indo-Pacific, and of Strongylocentrotus on the west coast 
of North America (reviewed in Palumbi and Lessios, 2005). The only report of a ge- 
netically identified hybrid in these studies is one individual out of 70 sampled that 
was identified as a hybrid by Geyer and Palumbi (2003). Thus, based on these studies, 
it would appear that natural hybrids occur at a frequency of < 1.4%, and probably 
much lower, in most areas. A possible exception to this pattern of little hybridiza- 
tion and introgression among sea urchins may be the case of the Caribbean species 
of Lytechinus. Lytechinus variegatus variegatus (Lamarck) and L. williamsi possess 
bindin alleles that are reciprocally monophyletic, but their mitochondrial DNA is 
very similar. This could be the result of introduction and subsequent spread of the 
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latter molecule from one species to the other through hybridization (Zigler and Les- 
sios, 2004). There are also obvious hybrids between the subspecies L. variegatus var- 
iegatus and Lytechinus variegatus carolinus (A. Agassiz, 1863), even though these 
subspecies coexist only in narrow contact zones. 

CONCLUSIONS 

Data from different species have been used here to address the question of the 
existence of various classes of reproductive barriers between species of sea urchins. 
The data are far from conclusive, but they point to the possibility that by and large 
no single barrier is likely to isolate species completely. The search for reproductive 
isolating barriers, however, is a one-tailed process. Such barriers can take so many 
forms, that lack of evidence of reproductive isolation is not necessarily evidence that 
it is lacking. One might expect that if, as reviewed here, F2 hybrids do not encounter 
developmental difficulties (except for species that have diverged for > 5 my), if habitat 
preferences of echinoid species are not sharply distinct, if their reproductive seasons 
overlap, if gametic isolation is generally unidirectional, and if molecules involved 
in gamete recognition are polymorphic, a substantial number of sea urchin hybrids 
would exist in nature in regions where congeneric species of echinoids are sympat- 
ric. These sympatric species should also show signs of introgression. This predic- 
tion comes in direct contrast with the (admittedly incomplete) evidence that hybrids 
are rare among sea urchins, and that introgression occurs only in exceptional cases. 
Although it is always possible that further study will identify reproductive barriers 
that are absolute, the conclusion one would reach from the existing studies is that 
reproductive isolation in sea urchins results from a combination of various factors, 
each of which makes a partial contribution. (Nonspecific sperm released only a few 
meters away from a female has a low probability of ever fertilizing her eggs (Pen- 
nington, 1985; Levitan, 1995), so any characteristic that further decreases this prob- 
ability is likely to prevent the production of viable offspring in numbers large enough 
to be represented in the next generation. Thus, sperm of one species may rarely have 
the opportunity to encounter and successfully fertilize eggs of another. Habitats of 
sympatric species overlap, but not entirely. Annual cycles of reproduction overlap, 
but peaks may not coincide. Lunar spawning cycles may be shared by species in some 
localities, but not throughout the species ranges. Gametic incompatibility imparted 
by reproductive molecules may be incomplete or unidirectional, but it can reduce the 
frequency with which hybrids are produced. Hybrids may survive well in the labora- 
tory, but they may be at a selective disadvantage in nature. Thus, the probability of 
hybridization may be low, not because it is blocked by any single factor, but simply 
because it is the product of many small probabilities. 
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