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Abstract. Reproductive character displacement occurs when sympatric and allopatric populations of a species differ
in traits crucial to reproduction, and it is commonly thought of as a signal of selection acting to limit hybridization.
Most documented cases of reproductive character displacement involve characters that are poorly understood at the
genetic level, and rejecting alternative hypotheses for biogeographic shifts in reproductive traits is often very difficult.
In sea urchins, the gamete recognition protein bindin evolves under positive selection when species are broadly
sympatric, suggesting character displacement may be operating in this system. We sampled sympatric and allopatric
populations of two species in the sea urchin genus Echinometra for variation in bindin and for the mitochondrial
cytochrome oxidase I to examine patterns of population differentiation and molecular evolution at a reproductive
gene. We found a major shift in bindin alleles between central Pacific (allopatric) and western Pacific (sympatric)
populations of E. oblonga. Allopatric populations of E. oblonga are polyphyletic with E. sp. C at bindin, whereas
sympatric populations of the two species are reciprocally monophyletic. There is a strong signal of positive selection
(PN/PS 5 4.5) in the variable region of the first exon of bindin, which is associated with alleles found in sympatric
populations of E. oblonga. These results indicate that there is a strong pattern of reproductive character displacement
between E. oblonga and E. sp. C and that the divergence is driven by selection. There is much higher population
structure in sympatric populations at the bindin locus than at the neutral mitochondrial locus, but this difference is
not seen in allopatric populations. These data suggest a pattern of speciation driven by selection for local gamete
coevolution as a result of interactions between sympatric species. Although this pattern is highly suggestive of
speciation by reinforcement, further research into hybrid fitness and egg-sperm interactions is required to address this
potential mechanism for character displacement.
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Character displacement (Brown and Wilson 1956; Grant
1972) is the phenomenon in which two species exhibit greater
differences in some character in areas of sympatric contact
than they do in areas of allopatry. Reproductive character
displacement, more specifically, refers to divergence in characters involved in reproductive isolation, such as mate recognition (Blair 1955; Waage 1979), reproductive timing
(Knowlton 1993; Marshall and Cooley 2000), seminal compatibility (Rice 1996; Stockley 1997), or flower morphology
(Levin 1985).
Interest in reproductive character displacement derives
from its history as an indicator of the role that selection can
play in speciation. Allopatric speciation, as championed by
Mayr (1963), has become the null hypothesis against which
many proposed speciation mechanisms are tested (Futuyma
and Mayer 1980); however, this strict isolation model does
not specify a mode or mechanism of speciation beyond the
impact of genetic divergence. By contrast, reinforcement is
an explicit speciation mechanism in which prezygotic isolation evolves as a result of selection against hybrids (Dobzhansky 1940). More recent models of speciation that specify
a role for selection include allochronic speciation (Simon et
al. 2000), host shifts (Bush 1969; Bush and Smith 1998), and
microhabitat adaptation (Macnair and Gradner 1998), all of
which can generate a pattern of reproductive character displacement.
Reinforcement describes the mechanism by which natural
selection strengthens prezygotic isolating mechanisms due to

reduced fitness of hybrids (Dobzhansky 1940; Blair 1955).
The controversy regarding reinforcement as a speciation
mechanism has led to considerable confusion over what these
terms really mean. Some authors consider reinforcement to
describe the mechanism of selection, whereas reproductive
character displacement describes only the resulting pattern
(Rundle and Schluter 1998). Although clearly this pattern
must have an underlying cause related to interactions between
sympatric species, the specific selective mechanism is often
undefined. Other authors reserve the term ‘‘reinforcement’’
for the process that leads to speciation, while ‘‘reproductive
character displacement’’ is used to describe the process that
happens after speciation has already taken place (Butlin
1987). Under this definition, reinforcement and reproductive
character displacement are seen as qualitatively different processes operating by the same selective mechanism: low fitness of hybrids drives the change of characters in sympatry
for both processes. In the following, we use the term ‘‘reproductive character displacement’’ to describe the patterns
we observe and reserve the term ‘‘reinforcement’’ to describe
this specific selective mechanism.
Grant (1972) identified a number of practical difficulties
in detecting character displacement, including the difficulty
in distinguishing true displacement caused by the presence
of another species from variation caused by adaptation to
environmental variables. Although reproductive character
displacement has been demonstrated in a number of species
(Bordenstein et al. 2000; Kulathinal and Singh 2000; Marshal
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TABLE 1. Geographic patterns in bindin diversity.

Species

Echinometra sp. C
Sympatric
Allopatric

Population

n

No. of
sequences

Okinawa
New Guinea
Bali
Fiji
Palau
Niue

17
13
8
15
13
2
68

24
16
8
19
15
2
84

Okinawa
New Guinea
Bali
Guam
Hawaii
Niue

12
11
11
6
17
10
67

14
13
13
8
18
16
82

Total
E. oblonga
Sympatric
Allopatric
Total

and Cooley 2000; Simon et al. 2000; but see Noor et al.
2000), only a few have clearly demonstrated a role for selection in this divergence. These include Drosophila (Higgie
et al. 2000), flycatchers (Sætrre et al. 1997, 1999), sticklebacks (Hatfield and Schluter 1996; Hatfield 1997; Rundle and
Schluter 1998), whitefish (Bernatchez et al. 1996; Pigeon et
al. 1997; Lu and Bernatchez 1998), and ground crickets
(Howard and Gregory 1993; Howard et al. 1993). Yet, even
in these cases, the genetic basis of character displacement
and how selection acts at the genetic level to produce it is
almost completely unknown.
Part of the difficulty of studying reproductive character
displacement at the genetic level is that in most investigations
of mate recognition the characters under study are quantitative characters whose genetic basis is poorly understood.
By contrast, in free-spawning marine organisms, mate recognition occurs primarily at the level of cell-cell interactions
between gametes (Palumbi 1992). These interactions are controlled by a small number of loci, making them ideal for
studies of premating reproductive character evolution. Gamete recognition systems of several species have been implicated in positive selection for species specificity in fertilization (Lee and Vacquier 1992; Lee et al. 1995; Metz and
Palumbi 1996; Tsaur and Wu 1997; Biermann 1998). This
evidence of the genetic signature of selection has been linked
to reproductive isolation and the existence of fertilization
guilds within species (Palumbi 1999).
Selection on gamete recognition genes shows geographic
patterns suggestive of reinforcement. In sea urchins, the acrosomal protein bindin attaches sperm to the egg and evolves
quickly between species (Metz and Palumbi 1996; Biermann
1998). However, genera showing positive selection (Echinometra, Strongylocentrotus) are broadly sympatric, whereas
genera with largely allopatric distributions (e.g., Arbacia)
show no signal of selection and little reproductive isolation
(Metz et al. 1998a). In the genus Echinometra, species are
broadly sympatric, with coexisting species found on the same
reef bench (Kelso 1970; Russo 1977; Tsuchiya and Nishihira
1984; Nishihira et al. 1991). Although species often exhibit
slightly different ecological ranges, many individuals are

Frequency
Clade 1

Clade 2

0.167

0.792
1.000
1.000
1.000
1.000
1.000

0.750
0.278
0.375

0.125
0.611
0.438

Clade 3a

Clade 3b

0.500
1.000
0.077

0.500

Clade 4

0.923
0.063

0.063

0.125
0.111
0.063

found to be in mixed-species populations. In such cases, gamete mixing is probably common and reproductive isolation
seems to derive from gamete incompatibility (Palumbi and
Metz 1991).
Because Echinometra distributions are patchy, however, it
is possible to find allopatric populations of species that are
typically sympatric. For example, Echinometra oblonga and
E. sp. C are patchily sympatric on reefs of the western Pacific;
E. sp. C does not occur in the central Pacific (Palumbi et al.
1997), although both E. mathaei and E. sp. A do. Echinometra
oblonga and E. sp. C show very high rates of interspecific
fertilization in the laboratory and readily form hybrids
(Uehara et al. 1990), yet hybrids are rarely found in the field
(Palumbi et al. 1997). The other congeneric species, E. mathaei and E. sp. A, do not readily cross-fertilize with either
of these two species. To investigate the potential for reproductive character displacement in gamete recognition genes,
we sequenced bindin alleles from E. oblonga and E. sp. C
from allopatric and sympatric populations. If bindin is involved in the evolution of reproductive isolation in these
species, we expect to find greater divergence at bindin than
at a neutral locus such as the mitochondrion.
Our results show strong sequence differences between allopatric and sympatric E. oblonga. Furthermore, analysis of
replacement and silent rates show that positive selection contributed to sequence divergence at this locus. These results
suggest bindin is subject to molecular character displacement
in reproductive proteins.
MATERIALS

AND

METHODS

Collections
Collection localities are listed in Table 1. Specimens of E.
oblonga and E. sp. C were collected as described in Palumbi
(1996) and Palumbi et al. (1997). Additional samples from
Bali; Double Reef, Guam; and Sesoko-jima, Okinawa, were
collected during the summer of 2000. Whole animals or dissected gonads were preserved in 70% ethanol and brought
to Massachusetts. Preliminary species identifications were
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made based on color morphology and gonad microstructures
and were confirmed using mitochondrial sequence.
Mitochondrial Sequencing
Mitochondrial DNA was extracted using the Wizard Plus
Miniprep DNA Purification Kit (Promega, Madison, WI).
Gonad tissue was macerated in cell resuspension buffer, after
which the standard protocol for a 3 ml bacterial culture was
followed. Cytochrome oxidase C subunit I (COI) was amplified
using primers COI-f (59-CCTGCAGGAGGAGGAGAYCC-39)
and COI-d (59-GAACATGATGAAGAAGTGCACCTTCCC39), which correspond to positions 6439–7039 in the Strongylocentrotus purpuratus mitochondrial genome. The polymerase
chain reaction (PCR) chemistry was as described elsewhere
(Palumbi et al. 1991) and used a standard amplification profile
of 948C for 30 sec, 558C for 30 sec, 728C for 30 sec for 35
cycles. PCR products were cleaned for sequencing by incubation
in 0.3 U shrimp alkaline phosphatase and 3 U exonuclease I
for 30 min at 378C followed by 15 min at 808C. PCR products
were sequenced directly using the BigDye Termination Cycle
Sequencing Kit (PE Applied Biosystems, Foster City, CA) using
a 1:4 dilution of the enzyme mixture according to manufacturer’s instructions. Both the amplification primers and a set of
internal primers (COI-x: 59-XTGAGCCCACCATAGTTTACAGT-39 and COI-V: 59-GANCCTTGRAGNGTTGCCATTCA-39) were used for sequencing. Additional COI sequences
from Palumbi et al. (1997) were obtained from GenBank (accession
numbers:
AF018741–AF018783,
AF018786–
AF018821).
Bindin Sequencing
Genomic DNA was extracted from preserved gonad tissue.
Tissue was homogenized in 100 mM EDTA, 10 mM Tris-HCl
(pH 7.5) and 1% SDS. The homogenate was digested with 2
mg/ml proteinase K for 3 h at 558C followed by phenol/
chloroform extraction. Samples were precipitated in 1.25 M
ammonium acetate and 50% isopropanol and resuspended in
100 ml of water.
The first exon of the mature bindin was amplified using primers PBE (59-TCGGAAAGAGGCGGACGTCAGAAACG-39)
and either E2 (59-GGCGCTAAGGACCTGTTCTAG-39) or E8
(59-CCTTTGGCACTAATTGTTGTCTC-39; Metz and Palumbi, 1996). The upstream primer (PBE) is located in the prepro
region, 59 of the start of the mature bindin protein. The downstream primer (E2) is located in the middle of the second exon.
The alternate downstream primer (E8) is located immediately
59 of the intron boundary in the first exon.
Amplifications were performed using the proofreading enzyme rTth (Perkin Elmer, Boston, MA). Reaction mixtures
contained each primer at 0.16 mM, 0.2 mM of each dNTP,
1.5 mM Mg(OAc)2, XL Buffer II (Perkin Elmer), and 1 U
rTth in a volume of 50 ml. Template DNA was diluted 1:10
from genomic stocks and final amplification concentration
optimized experimentally. Enzyme was added to the PCR
mixture after a hot start to 808C. Amplification was carried
out for 35 cycles of 948C for 30 sec, 548C for 30 sec, and
728C for 90 sec.
PCR products were ligated into a t-tailed vector (pGEMT, Promega) according to the manufacturer’s instructions and

transformed into Escherichia coli (XL1 Blue, Stratagene, La
Jolla, CA). Three to five clones that contained the correct
size insert were sequenced from each ligation using standard
vector primers (M13R, T7). In some cases additional clones
were sequenced on an ad hoc basis to obtain diploid sequences. Clones were sequenced in both orientations to compensate for amplification artifacts caused by the poly-glycine
residues in the center of the first exon of bindin. Because of
a high amplification error rate at this repetitive stretch, at
least two matching clone sequences were obtained from each
individual before it was included in the analyses.
Additional sequences from Metz and Palumbi (1996) were
obtained from GenBank to complete the Hawaii and New
Guinea population samples (accession numbers: U39502–
U39506, U39515–U39525).
Data Analysis
All sequences were obtained using either an ABI 310 or
377 automated sequencer (Applied Biosystems). Sequences
were analyzed using Sequencing Analysis 3.4 from ABI and
were imported into Sequencher 3.0 (Gene Codes Corporation,
Ann Arbor, MI) for alignment. Alignments were constructed
by eye and exported to MacClade 3.05 (Maddison and Maddison 1992) to identify unique sequences. The average number of replacement substitutions per replacement site (PN)
and silent substitutions per silent site (PS) were calculated
using Mega 2.0 (Kumar et al. 2000), and recombination analyses were done using DNASP 3.53 (Rozas and Rozas 1999).
Phylogenetic reconstructions were made using PAUP 4.0b6
(Swofford 2001). Population FST for both genes were calculated from sequence data using Arlequin 2.0000 (Schneider
et al. 2000), which implements the Slatkin (1991) method.
RESULTS
We sampled 135 individuals from eight populations of E.
oblonga and E. sp. C (Table 1). We obtained 42 sequences
of COI from E. oblonga, of which 20 were unique, and 54
sequences from E. sp. C, of which 36 were unique. This
region of COI is highly conserved at the amino acid level,
and all observed variation among sequences was at silent
sites. Echinometra oblonga and E. sp. C are reciprocally
monophyletic at the mitochondrial locus (Palumbi et al.
1997), so COI haplotypes can be reliably used as a secondary
check on species identification based on morphology. In 96
samples from which COI data are available, no cases were
found where haplotype did not match morphology. Previous
surveys (Palumbi et al. 1997; S. R. Palumbi, unpubl. data)
sampling across Indo-West Pacific populations had found a
few rare examples in which haplotype and morphology did
not match; however, none of these involved crosses between
E. oblonga and E. sp. C.
From our sample of 135 individuals, we obtained 166 bindin sequences, of which 74 were unique. For reference we
divide the first exon into three regions (Fig. 1). The 59 end,
which we call ‘‘semi-conserved’’ is characterized by comparatively low levels of amino acid change. The 39 end of
the fragment, which we refer to as the ‘‘hotspot’’ is characterized by large amounts of amino acid change within and
between species and shows a signal of positive selection (see

1052

L. B. GEYER AND S. R. PALUMBI

REPRODUCTIVE CHARACTER DISPLACEMENT

below). The center ‘‘variable length’’ region is characterized
by an eight amino acid sequence motif that varies in copy
number from one to three. In addition, each motif is flanked
by two to 11 glycine residues. As a result, sequences varied
from 269 to 329 bp. Males of E. mathaei with similar insertions and deletions in this region showed differences in
their ability to fertilize eggs from different females (Palumbi
1999).
Sequence Variation
The longest bindin sequence is 329 bp long, and the final
aligned dataset including alignment gaps is expanded to 369
sites. Among 82 variable sites, 49 of which are variable in
only one individual, 38 are replacement changes. Twenty of
the singletons are replacements. When averaged over all sites,
the ratio of replacement to silent changes (PN/PS) is not significantly greater than one (P 5 0.3). However, in the 39 end
of the first exon (hotspot), previously identified as a region
subject to positive selection (Metz and Palumbi 1996), PN/
PS is 4.5 (z 5 2.05, P 5 0.02). This is consistent with positive
selection for divergent alleles. When the long alleles (clades
3a and 3b, Fig. 2) were removed from the analysis, PN/PS 5
1.54, but this ratio was not significantly greater than one (P
5 0.25). Within clade 3, PN/PS 5 1.14 (P 5 0.42). This
indicates that the amino acid change associated with clade 3
is primarily responsible for the signal of positive selection.
Allele Clades
Phylogenetic relationships ignoring gaps were estimated
using the neighbor-joining method (Fig. 2). These analyses
revealed four distinct clades of alleles. Clades 1 and 4 differ
by a single amino acid change. Clade 1 is the most diverse
clade (1.7% divergence within the clade). Clade 2 is the most
common sequence group in the dataset (60%) including all
but four sequences from species C. It differs from clades 1
and 4 by four amino acid changes. Clade 3 is the most divergent and is uniquely defined by five shared amino acid
changes, a serine deletion, and the duplication of one of the
six amino acid motifs. This clade is almost entirely restricted
to western Pacific populations and is the only clade in populations of E. oblonga that are sympatric with species C (Fig.
3). Clade 3 contains two sets of related sequences (clades 3a
and 3b, Fig. 1) that differ in the eight amino acid repeated
motifs.
Insertions and Deletions
Alignment of alleles used highly conserved amino acid
residues as markers of homology in the semi-conserved and
hotspot regions (Fig. 1). In the variable length region, most
alleles had two repeats of a AMAXPXGG motif; however,
E. oblonga alleles from the western Pacific had three copies
of this motif. In clade 3a, recombination between clade 1 and
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2 alleles (Fig. 3) followed by amino acid replacement at sites
94, 100, 105, and 108 (Fig. 1) can explain the origin of these
alleles. A derived clade (3b) retains these amino acid substitutions but shows a different arrangement of motifs that
could have arisen in one step by recombination between clade
3a and clade 1 alleles (Fig. 4). In addition there are a small
number of short alleles, having only one copy of the eight
amino acid motif, found in the Niue sample that probably
also arose from recombination. These alleles are rare and
geographically isolated and may be in the process of elimination by selection. The estimated recombination rate in these
sequences based on nucleotide variation alone is 18.2 (C
parameter; Hudson 1987) and a minimum of four recombination events was detected using the conservative four-gamete test (Hudson and Kaplan 1985). Because this analysis
ignored the insertion/deletion in the variable length region,
a total of at least six recombination events may have occurred
to give rise to the alleles in this dataset.
Species and Population Comparisons
Phylogenetic analyses revealed no reciprocal monophyly
between E. oblonga and E. sp. C at bindin. In several cases,
identical alleles are shared between the two species, although
never in the same population. Echinometra sp. C has low but
significant sequence diversity (0.7%) and consists almost entirely of clade 2 sequences. By contrast, E. oblonga has 2.6%
sequence divergence, encompassing all four bindin clades.
At the level of the four allele clades described here, E. sp.
C exhibits almost no geographic differentiation. Although
there is significant sequence variation, all the sequences fall
into clade 2 (Table 1). The sole exceptions are four sequences
from Okinawa, which fall into clade 1. There was very little
population structure detectable at bindin among E. sp. C populations. The only comparison where FST was significantly
different from zero was between Okinawa and Palau (FST 5
0.061, P , 0.04). Mitochondrial COI showed slightly higher
levels of population differentiation in this species. In those
analyses, Palau was significantly different than Okinawa (FST
5 0.046, P , 0.03), Fiji (FST 5 0.158, P , 0.002), and New
Guinea (FST 5 0.157, P , 0.008).
By contrast, E. oblonga exhibits more bindin sequence heterogeneity than any other Echinometra species studied to
date, with 2.6% sequence divergence within the species. In
several cases, sequences found in E. oblonga were also found
in E. sp. C, although never in the same population. However,
this variation is partitioned geographically. Although allopatric populations of E. oblonga had extensive sequence diversity, sympatric populations had bindin alleles only in clade
3. High FST for E. oblonga bindins (Table 2a) in most comparisons indicate that there is restricted gene flow among
these populations. Between populations in the central and
western Pacific, FST is high in all comparisons (.0.5). Hierarchical AMOVA (Schneider et al. 2000) analysis indicates

←

FIG. 1. Deduced amino acid sequences of bindin exon 1 showing polymorphic amino acid positions. Alignment is based on nucleotide
sequences including silent sites. Only representative unique amino acid sequences are included. Unshaded sequences occur in Echinometra
oblonga only. Sequences in gray boxes occur only in E. sp. C. Sequences in black boxes occur in both species. N is the number of times
that sequence appears in the dataset. Clades correspond to groupings identified in phylogenetic analysis.
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FIG. 2. Phylogenetic reconstruction of 59 bindin coding sequence relationships. Neighbor-joining analysis using uncorrected p-distance,
rooted using sister species Echinometra mathaei and E. sp. A. Only representative unique nucleotide sequences are included. Sequences
in gray boxes occur only in E. sp. C. Sequences in black boxes occur in both species. All other sequences occur only in E. oblonga.
Numbers in parentheses indicate the number of times that sequence appears in the dataset. Marks on branches indicate shared amino
acid changes.
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FIG. 3. Geographic distribution of bindin haplotypes in Echinometra oblonga. The area to the left of the line and arrows indicates the
extent of the range of E. sp. C. Echinometra sp. C showed no significant haplotype structure at this scale, so frequencies for the entire
species are summarized.

that 55% of the variation among all populations is explained
by this division, which corresponds to the separation between
allopatric and sympatric populations.
Among western Pacific populations (Okinawa, New Guinea, Bali), FST is in the range of 0.15–0.5 and is significant
in all comparisons. Central Pacific populations (Guam, Hawaii, Niue) have low to zero FST, despite the much larger
geographic distances between these populations and high intrapopulation variation. The structuring at bindin among the
western Pacific populations is due to differences in the frequency of clades 3a and 3b in these populations. When FST
is calculated using mitochondrial COI (Table 2b), the strong
division between the central and western Pacific is again seen.
Within the western Pacific, only Bali and New Guinea show
significant structuring (Table 2); however, even this comparison had much lower FST than the same comparison at
bindin.
DISCUSSION
Our data show strong reproductive character displacement,
with sympatric populations of E. oblonga and E. sp. C exhibiting extreme divergence at the sperm attachment locus
bindin. In contrast, allopatric populations of these two species
share alleles, in some cases exhibiting identical bindin sequences. Divergent alleles in sympatric populations differ in
amino acid sequence and in insertions/deletions of repetitive
amino acid motifs and show a signal of positive selection in

a region of the bindin gene known from other congeners to
be subject to selection (Metz and Palumbi 1996; Palumbi
1999). These results suggest that reproductive character displacement is responsible for the divergence of gamete recognition proteins in sympatric congeners and may be one of
the clearest cases of how such a classic evolutionary pattern
may be seen at the genetic level.
Among allopatric populations of E. oblonga and E. sp. C,
bindin alleles exist in a highly diverse clade shared between
species. Although the central Pacific populations of E. oblonga display much greater bindin sequence diversity than is
found in E. sp. C, some Central Pacific sequences are identical
to those found in E. sp. C. This similarity is most likely
explained as the retention of ancestral polymorphism that has
not had time to sort differentially into each of the two current
species. Coalescence models based on the shape and length
of mitochondrial phylogenetic trees (Palumbi et al. 2001)
predict that between E. oblonga and E. sp. C, most nuclear
loci will not have had time to become monophyletic (Palumbi
et al. 2001; Fig. 2,) and that in the absence of selection, the
broad allele sharing we see in allopatric Echinometra is expected. Although intraspecific mechanisms such as sexual
conflict (Gavrilets 2000), runaway processes (Lande 1981;
Liou and Price 1994), coevolution between male and female
mating factors (Swanson et al. 2001) and allele-dependant
balancing selection (S. R. Palumbi, unpubl. ms.) have each
been implicated as the driver of positive selection in gamete
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FIG. 4. Generation of new alleles by recombination. The clade 3a
sequence in the second scenario occurs in only one individual, ONGob114 A1.

recognition systems, no consensus has yet emerged about the
relative strength of these mechanisms. Our current data showing that allopatric populations do not display monophyly indicate a role for interspecific interactions as well. In addition,
Metz et al. (1998a) found that strictly allopatric species of
the sea urchin genus Arbacia showed no signal of positive
selection in bindin gene sequences. A similar gamete recognition system, lysin, found in abalone gastropods also exhibits a strong signal of positive selection between sympatric
species at the molecular level (Lee and Vacquier 1992; Lee
et al. 1995; Vacquier et al. 1997; Metz et al. 1998b), although
a pattern of character displacement has not been observed.
Character Displacement
Although geographic patterns of bindin allele frequencies
are clearly nonrandom, shifts in allele frequencies from al-

lopatric to sympatric populations are not enough evidence by
themselves to confirm a pattern of character displacement
(Grant 1972). Such shifts could have causes that are independent of interspecific interactions in sympatry. Two broad
alternatives to character displacement need to be examined:
(1) changes in allele frequencies can also be caused by neutral
drift in geographically isolated populations; or (2) allele
shifts can be driven by adaptive clines within species associated with environmental gradients independent of patterns
of sympatry. Our data strongly suggest that neither of these
two explanations is valid.
First, bindin does not appear to be evolving neutrally. The
elevated amino acid replacement rate in sympatric populations of E. oblonga is strong evidence of positive selection
for particular alleles associated with local populations. In
addition, there is much stronger population structure at the
bindin locus than for mitochondrial COI sequences among
sympatric E. oblonga populations (Table 2), although both
loci show little or no structure among allopatric populations.
Because gene flow at nuclear loci is twice that of maternally
inherited mitochondrial DNA (Slatkin 1987), neutral population structure is generally higher for mitochondrial DNA
than nuclear genes unless female dispersal is higher than male
dispersal. In sea urchins, dispersal occurs during a functionally genderless larval stage, and so mitochondrial DNA
should show stronger structure than a nuclear locus. The
opposite pattern was documented here (Table 2), suggesting
that bindin is under different selection regimes in different
sympatric populations, whereas allopatric populations seem
to conform to neutral expectations.
Second, such selection is most likely to be exerted through
the fertilization system, rather than some other pleiotropic
interaction with the environment. Bindin has no known role
outside of fertilization. It is only expressed in male gonads
and sperm (Vacquier et al. 1995). Thus, environmental differences such as temperature or physiological stress between
populations are not likely to play a strong role in direct selection on bindin. However, character displacement can arise
as a secondary effect of environmental adaptation (sticklebacks: Rundle and Schluter 1998; Rundle et al. 2000; Drosophila: Rice and Salt 1990; cicadas: Marshal and Cooley
2000; Simon et al. 2000; Rhagoletis: Bush 1969; Bush and
Smith 1998). Although both E. oblonga and E. sp. C are
generally found in mixed populations in the high intertidal
zone, E. oblonga tends to be most abundant in areas with
high wave action, whereas E. sp. C tends to be most abundant
in calm, back reef environments (Russo 1977; Tsuchiya and
Nishihira 1984). Wave turbulence can have a significant effect on fertilization efficiency (Mead 1996) and changes in
bindin alleles could be explained as a secondary by-product
of a shift to a new water flow niche. Although there are habitat
differences between E. oblonga and E. sp. C, there is no shift
in environments between western and central Pacific E. oblanga or among western Pacific populations of E. oblonga
that differ in bindin alleles (Kelso 1970; Russo 1977; Nishihira et al. 1991). As a result, the bindin shifts described
here are unlikely to derive solely from external environmental
influences and are best explained as reproductive character
displacement in sympatry.
The other species in this genus are unlikely to play a role
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TABLE 2. Population genetic structure in Echinometra oblonga (pairwise FST). Bold values indicate comparisons between sympatric and
allopatric populations.
Bali

New Guinea

Okinawa

Guam

Hawaii

Niue

—

0.505***
—

0.156*
0.194***
—

0.691***
0.589***
0.633***
—

0.733***
0.627***
0.672***
0.120*
—

0.582***
0.474***
0.514***
0.039
0.006

—

0.211**
—

0.051
0.082
—

0.312***
0.372**
0.241*
—

0.451***
0.623***
0.334***
0.107*
—

0.306***
0.475*
0.227*
0.070
0.022

(a) bindin
Bali
New Guinea
Okinawa
Guam
Hawaii
(b) Mitochondrial COI
Bali
New Guinea
Okinawa
Guam
Hawaii

*** P , 0.001, ** P , 0.01, * P , 0.05.

in this displacement. Both E. mathaei and E. sp. A exhibit
strong fertilization barriers against both E. oblonga and E.
sp. C and do not readily form hybrids in the laboratory. In
addition, the geographic distributions of these species do not
coincide with the observed shift in alleles. Echinometra mathaei is sympatric with E. oblonga in Hawaii and all three
species are found in Guam. Although E. oblonga is the only
Echinometra species found on Niue, both E. mathaei and E.
sp. A have extensive populations in the south-central Pacific,
including French Polynesia (Palumbi et al. 1997) and the
Samoas (T. Duda, pers comm.).
Reinforcement
Selection against hybrids between E. oblonga and E. sp.
C is strongly suggested by data from the field, laboratory,
and by genetic studies of populations in sympatry. In the
laboratory, both species have been shown to be capable of
reciprocal fertilization when eggs are exposed to high concentrations of heterologous sperm (Uehara et al. 1990). Although such laboratory hybrids appear viable and fertile (M.
A. Rahman, pers. comm.), hybrids in the field are extremely
rare. No morphologically intermediate adults have been reported, despite extensive ecological and systematic research
on this species complex (Uehara et al. 1986, 1990; Aslan and
Uehara 1997; Palumbi et al. 1997; Rahman et al. 2000, 2001).
The rarity of hybrids despite potential for hybrid fertilization
suggests either that fewer hybrids are produced than suggested in laboratory fertilization studies, or that hybrid viability and reproductive fitness is low.
Evidence from other Echinometra species suggests in fact
that there is strong fertility selection against hybrids. Rare
natural hybrids between E. oblonga and E. mathaei from Hawaii successfully backcross to parental species, but at much
lower efficiency than in intraspecific crosses (S. R. Palumbi,
unpubl. ms.). For example, sperm density needed to fertilize
50% of eggs is 20–50 times higher for male oblonga 3 mathaei hybrids than for conspecific controls. Coyne and Orr
(1989) suggested that under these circumstances sexual selection could initiate a runaway process that would lead to
the rapid evolution of reproductive barriers. In Echinometra,
if hybrids have poor reproductive fitness, there may be se-

lection on females to rapidly evolve recognition barriers that
prevent hybrid fertilization. Female egg receptor evolution
may then drive the evolution of new bindin lineages as seen
here. Differences in the selective regimes between the sexes
can result in sexual conflicts that can drive a runaway process
leading to constant coevolution between male and female
characteristics (Gavrilets 2000), and sexual selection generally increases in strength with an increase in female discrimination (Lande 1981). A number of genetic models incorporating increasing assortative mating due to female
choice result in reinforcement (Felsenstein 1981; Kelly and
Noor 1996; Servedio and Kirkpatrick 1997; Cain et al. 1999;
Kirkpatrick and Servedio 1999; Kirkpatrick 2000; Servedio
2000). In these hypothetical cases, reinforcement selection
acts as the initiating factor in a runaway process.
Speciation
Is this a case of speciation by reinforcement? Although we
have shown strong evidence of a pattern of reproductive character displacement, we cannot unequivocally demonstrate
that E. oblonga and E. sp. C speciated as a result of reinforcement. In particular, the current resolution of species relationships among Indo-West Pacific Echinometra species
suggests that E. oblonga and E. sp. C are not true sister species
(Palumbi 1996). Instead, E. sp. C appears to be basal in the
Pacific species cluster. From these data, it appears that a
common ancestor split into E. sp. C and the lineage leading
to E. oblonga, E. mathaei, and E. sp. A. The presence of
greater ancestral polymorphism at bindin in the central Pacific
E. oblonga as well as more basal COI haplotypes in these
individuals (Palumbi et al. 1997, Fig. 2d) indicates that E.
oblonga probably expanded from this region into the western
Pacific. The current area of sympatry between E. sp. C and
E. oblonga represents a zone of secondary contact in which
accelerated reproductive divergence in sympatry is occuring.
Because this shift in bindin allele frequencies between the
western and central Pacific may have direct effects on the
fertilization mechanisms in the two species, the reproductive
character displacement in E. oblonga may be causing these
two populations to form separate, incipient species.
If the prevalence of clade 3a and 3b alleles in western

1058

L. B. GEYER AND S. R. PALUMBI

Pacific E. oblonga limits hybridization between E. oblonga
and E. sp. C, it may also limit successful fertilization between
the E. oblonga from the two regions. There is anecdotal evidence that E. oblonga from Okinawa (with bindin clade 3)
and Guam (with bindin clades 1, 2, and 4) cannot crossfertilize successfully (Arakaki and Uehara 1999). As a result,
reinforcement may be producing reproductive character displacement so quickly that allopatric and sympatric populations of E. oblonga may be diverging into two new species.
One of the historical criticisms of a reinforcement mechanism
has been the question of how reproductive isolation could
become established because individuals with increased discrimination or different mating preferences would be selected
against outside of the zone of contact (Dobzhansky 1940).
Howard (1993) proposed the idea that these sorts of contact
zones might act as a potential centers for species formation
not between hybridizing species but between populations of
a species inside and outside of the contact zone. Similar
patterns of increased assortative mating within hybrid zones
have been implicated as isolating mechanisms in putative
incipient species of calling frogs (Littlejohn and Loftus-Hills
1968) and in Drosophila species (Zouros and D’Entremont
1980).
Conclusions
By linking biogeographic patterns of population differentiation with molecular evolutionary investigations, we can
gain insight into otherwise difficult problems of evolutionary
biology. The biogeography of bindin alleles shows strong
differences between allopatric and sympatric populations of
E. oblonga, and analysis of molecular evolutionary patterns
shows that selection is driving this process. These differences
corroborate prior studies suggesting a link between positive
selection at gamete recognition loci and sympatry between
closely related species. The reproductive character displacement seen in this study is highly suggestive of reinforcement.
Demonstration of reinforcement requires a focus on the fitness of hybrids, however, so the precise mechanism of speciation in this system cannot be determined from these data.
Further investigation into issues of hybrid fitness and the
mechanism of egg-sperm interactions in sea urchins are necessary to link reinforcement in a clear way to speciation in
this genus.
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