Positive Selection and Sequence Rearrangements Generate Extensive
Polymorphism in the Gamete Recognition Protein Bindin
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Bindin is a gamete recognition protein of sea urchins that mediates species-specific attachment of sperm to an egg-
surface receptor during fertilization. Sequences of bindin from closely related urchins show fixed species-specific
differences. Within species, highly polymorphic bindin alleles result from point substitution, insertion/deletion, and
recombination. Since speciation, positive selection favoring allelic variants has generated diversity in bindin poly-
peptides. Intraspecific bindin variation can be tolerated by the egg receptor, which suggests functional parallels
between this system and other flexible recognition systems, including immune recognition. These results show that
polymorphism in mate recognition loci required for rapid evolution of sexual isolation can arise within natural

populations.

Introduction

Intercellular interactions such as fertilization and
immune responses are mediated by protein—protein
binding interactions. Depending on the recognition func-
tion of these proteins, coevolutionary changes may ac-
cumulate as a result of positive selection. Evidence of
positive selection has been documented in over a dozen
types of recognition proteins (e.g., Hughes and Nei
1988; Clark and Kao 1991; Lee and Vacquier 1992;
Swanson and Vacquier 1995). Selection can act on the
recognition properties of new variant alleles that arise
by a variety of sequence changes, including amino acid
replacement mutations and recombinations among ex-
isting alleles. Here we present sequence analysis of a
gamete recognition locus, at which highly polymorphic
alleles showing evidence of positive selection have a
common ancestor near the time of speciation.

Genes controlling mate recognition may differen-
tiate between species, leading to sexual reproductive iso-
lation (Coyne 1992; Palumbi 1994). Theoretical studies
have shown that when mate recognition loci are highly
polymorphic, assortative mating may evolve rapidly
(Nei, Maruyama, and Wu 1983; Wu 1985). Heritable
variation in male traits and female preferences (reviewed
by Pomiankowski and Sheridan 1994) implies that poly-
morphisms exist at the corresponding genetic loci. Such
intraspecific alleleic variation would be required for dif-
ferentiation of novel assortative mating types. However,
because of the complexity of both signaling and receiv-
ing processes during courtship, there is little direct ev-
idence of sequence variation at loci responsible for re-
productive isolation (Coyne 1992; Wu et al. 1995).
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Species-specific fertilization is maintained by a ref
atively small number of recognition proteins expresseg
on gamete surfaces. This provides opportunities fdt
study of the molecular evolution and population genetic§
of reproductive isolation (Palumbi 1994). In free-spawi
ing marine invertebrates, gamete recognition proteirs
that have been characterized include sperm bindin ar@
its egg receptor from sea urchins (Vacquier and Moy
1977; Minor, Gao, and Davidson 1989; Foltz and Le
narz 1993; Vacquier, Swanson, and Hellberg 1995) an%
sperm lysin from abalone (Lee and Vacquier 1992; Leg,
Ota, and Vacquier 1995). In sea urchins, species-speci-
ficity of fertilization generally occurs during sperm—egg
attachment (Summers and Hylander 1975; Metz et ag
1994), which is mediated by the interaction of sperlﬁ
acrosomal protein bindin and its egg-surface recept@
(Minor, Gao, and Davidson 1989; Foltz and Lennar%
1993; Vacquier, Swanson, and Hellberg 1995). g

In order to examine patterns of molecular evolutich
at a mate recognition locus, we sequenced the mature
bindin coding region from three Indo—Pacific sea urchin
species, Echinometra mathaei, Echinometra oblongd
and Echinometra species ‘type A (Metz et al. 1994§
Reproductive isolation between these sympatric speciés
is maintained by a pronounced species-specificity of fei3
tilization. Gamete incompatibilities between the specie'g
occur at steps of fertilization known to be mediated by
the bindin-receptor interaction (Metz et al. 1994). Based
on mitochondrial and nuclear DNA comparisons, these
urchins diverged in the Pleistocene and are the most
closely related urchins for which genetic relationships
are known (Palumbi and Metz 1991).

Materials and Methods

Echinometra mathaei and E. oblonga were collect-
ed from mixed populations at Kapapa Island in Kaneohe
Bay, Oahu, Hawaii. Samples from other locations (Bali,
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FiG. 1A.—Deduced amino acid sequences of mature Echinometra bindin showing species-specific and polymorphic variation. Alignmg:gt
is based on nucleotide sequences, including information at silent sites. Labels denote species (M: Echinometra mathaei; O: E. oblonga; &:
Echinometra species type ‘A’) obtained from Hawaii (H), Guam (G), Fiji (F), Bali (B), and New Guinea (NG). Label numbers are the origif@g!
sample identification. Sequences derived from mRNA are indicated by ‘X’. Dashes indicate alignment gaps. Asterisks indicate alignment positi¢as
at which all alleles of one species differ from all alleles of the other two species. Positions of repeated element sets a—f are indicated by daskged
overlines. Aligned codon numbering is shown below the sequences. A: 5’ bindin sequences showing aligned codons 1-128 up to the posit@n
of the intron. B: 3’ bindin sequences showing aligned codons 129-277 downstream of the intron. The 5’ portions of these full-length sequen@s
are indicated by ‘L in figure 1A. The overline indicates the region of highest sequence conservation among different urchin genera (see Vacqu}gr,
Swanson, and Hellberg 1995, fig. 5, alignment positions 365—428). Note: Neighboring polyglycine regions that are not aligned (e.g., pOGltl(ﬁgS

76-81 and 250-255) reflect silent differences.

Fiji, Guam, and New Guinea) of these two species and
Echinometra species ‘type A (Metz et al. 1994) were
preserved in 70% ethanol prior to shipping.

PCR Templates

Three different sources of templates were used in
standard 50-pl PCR amplifications of Echinometra bin-
din sequences: (1) Testis cDNA: Male urchins were in-
jected with 0.5 M KCl in order to induce spawning and
clear sperm from the testis. Poly-A RNA (mRNA) was
isolated from total testis RNA on oligo-dT cellulose
(Sambrook, Fritsch, and Maniatis 1989). AMV reverse
transcriptase was used to make cDNA from 1-2 pg of
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mRNA by random hexamer priming. One microliter of
the cDNA reaction was then used directly in PCR re-
actions with the 3’ “RACE” primer system for poly-A
RNA (Frohman, Dush, and Martin 1988). (2) Genomic
DNA isolated from sperm. (3) Whole sperm: One mi-
croliter of a 1:2,000 dilution of sperm in distilled water
was used directly in PCR reactions.

PCR Primers

PCR primers were designed to bracket and amplify
the entire region encoding the mature functional portion
of Echinometra bindin. Conserved regions in the bindin
sequences of two Strongylocentrotus species (Gao et al.
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1986; Minor et al. 1991) allowed primers to be made
that amplify 5’ and 3’ regions flanking the mature Echi-
nometra bindin coding sequence. Sequences of these
flanking regions were used to identify a pair of Echi-
nometra-specific primers (PBE: 5" TCGGAAAGAGGC-
GGACGTCAGAAACG 3’ and E6: 5" GTWTACCTA-
GTTGGTATCTCTTTA 3’) bracketing the mature pro-
tein coding sequence. The upstream primer (PBE) is
located in the region of the proteolytic cleavage site that
releases the mature bindin from the *“preprobindin”
(Gao et al. 1986; Minor et al. 1991). The downstream
primer (E6) is located outside of the bindin stop codon
in the 3’ untranslated region. An alternate downstream
primer (EJ: 5" CATTAGGCCTACCTTTGGCAC 3')
was used with PBE to amplify only the 5’ half of the
bindin coding sequence.

Cloning and Sequencing

PCR products were cloned in T-vectors as de-
scribed (Palumbi and Baker 1994) in order to separate
individual alleles. Bacterial colonies were used directly
as template in PCR with vector primers to screen for
the presence of plasmids with inserts of the correct size.
Single-stranded plasmid DNA was obtained by helper
phage infection (VCSM13, Stratagene) and sequenced
using a series of primers. To assess polymerase error,
multiple clones were sequenced from two or three in-
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dependent replicate PCR reactions using sperm DEjA
from each of four individual urchins as templates. §e—
quence comparisons of clones from different PCR ¥ de-
actions using the same template showed an averagedof
0.85 difference per full-length bindin coding sequeﬂce
due to polymerase error. No evidence of 1nsert10n/dée-
tion or recombination was found within any of the ﬁur
sets of replicate sequences.

¢ uo 1senb

Sequence Analysis

Phylogenetic analysis was performed using PAQP
(Swofford 1993). Alignment gaps (excluding poly@y-
cines) were coded as presence/absence characters. ,&v—
erage proportions of replacement substitutions per @e-
placement site (P,) and silent substitutions per silent site
(Py) (Nei and Gojobori 1986), with standard errors (Nei
and Jin 1989), were calculated using the MEGA pro-
gram (Kumar, Tamura, and Nei 1993). Corrections for
multiple hits were not used because of the close rela-
tionship of the taxa. MEGA was used to obtain nucle-
otide frequency and codon usage in the sequences. From
these, measures of nucleotide bias (Irwin et al. 1991)
and codon usage bias (Shields et al. 1988) were calcu-
lated. MEGA was also used to obtain neighbor-joining
phylogenetic reconstructions. The GCG program (Ge-
netics Computer Group 1991) was used to identify re-
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peat and inverted repeat regions of nucleotide sequenc-
es.

Non-conservative amino acid substitutions were
identified as changes between amino acid functional
classes based on net charge and polarity as described
(Hughes, Ota, and Nei 1990); likewise, conservative
substitutions were changes within classes. To generate
expected values for non-conservative changes under
neutral evolution, we randomly substituted bindin se-
quences at 6% of nucleotide positions. (Six percent re-
flects the average difference between alleles from dif-
ferent species between aligned codons 80 and 120.) For
each randomly substituted sequence, we counted the
number of conservative and non-conservative differ-
ences from the original sequence. This procedure was
repeated 100 times for an allele from each urchin spe-
cies. The proportion of non-conservative amino acid dif-
ferences in these 300 sequences provided the neutral ex-
pectation. Using the chi-square test, we compared this
neutral expectation with the proportion of non-conser-
vative amino acid changes indicated by our phylogenetic
reconstruction to have occurred in the bindin alleles.

Results
Bindin Sequences

Full-length mature bindin sequences were obtained
for five alleles from ¢cDNA and eight alleles from ge-
nomic DNA (fig. 1). Like bindin sequences from other
sea urchin genera (Gao et al. 1986; Glabe and Clark
1991; Minor et al. 1991), Echinometra cDNA sequences
have an inferred polypeptide length of about 240 amino
acids, a central highly conserved region of about 80
amino acids, and short repeated elements. An intron is
located at aligned codon position 128 (fig. 1). Introns
range in length from about 450 to 750 bp, depending
on the species. Most variation was found upstream of
the intron, so we sequenced 30 additional alleles in this
5’ region (fig. 1A4).

Bindin sequences from Echinometra as well as oth-
er genera of urchins (Glabe and Clark 1991; Minor et
al. 1991; Lopez, Miraglia, and Glabe 1993; Vacquier,
Swanson, and Hellberg 1995) show numerous short re-
peated sequence motifs and chains of identical codons
for glycine. We identified six sequence motifs (exclud-
ing polyglycines) that have two to seven repeats at least
40% similar in nucleotide sequence (fig. 1). One of these
(set ‘a’, fig. 1) resembles the “MGGXX" repeat unit
found in bindins from other urchin genera (Minor et al.
1991; Lopez, Miraglia, and Glabe 1993). Nucleotide se-
quences of these units (set ‘a’) could form 9-12-bp hair-
pin stems with neighboring repeats of the same type (not
shown).
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FiG. 2.—Phylogenetic reconstruction of 5’ bindin codingSse-
quence relationships. In addition to nucleotide characters, aligmﬁem
gaps (excluding polyglycines) were coded as presence/absence char-
acters. Labels are as in figure 1. The consensus tree (PAUP 31.1
[Swofford 1993], equal weighting, 1,000 random order additions)has
length (102) close to the minimum length trees (101) and a consistgcy
index of 0.794. Numbers above branches indicate branchlengths. ®er-
centage of occurrence in 500 bootstrap searches is indicated below
branches (for values above 65%). Asterisks denote unique alleles%lal
may have arisen by recombination among the other alleles (see ﬁg%‘ét);
hence the history of alleles within species is not likely to be descrged
accurately by this reconstruction.

q¢coges

In the full-length Echinometra bindin sequences,
alignment gaps indicate length variation of polyglyqﬁne
codons typical of microsatellites, and 11 sites at wh§ch
1-10 codons are inserted or deleted (fig. 1). Insertion/
deletion of one or a few codons probably results fedm
slipped-strand mispairing (Levinson and Gutman 19%7).
Several repeated units are inserted/deleted in diffelr;ém
alleles, and some of these insertion/deletions are brack-
eted by polyglycines. Alleles that are otherwise identical
can differ in the number of polyglycine codons (e.g.,
alleles M-H 11 and M-G 1195, fig. 1A4). There is no
evidence of insertion/deletion in the highly conserved
central region of bindin.

PAUP reconstructions based on coding sequences
of the 13 full-length alleles showed bindin alleles to be
monophyletic within species (100% bootstrap support in
200 searches). The 43 5’ sequences also grouped ac-
cording to species with high bootstrap values (fig. 2)
with the exception of two apparently paraphyletic E. ma-
thaei alleles (see below).
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FiG. 3.—Comparison of proportions of replacement substitutions per replacement site (P,) and silent substitutions per silent site (P
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the Echinometra bindin coding sequences. Average P, and P, with standard errors were calculated using the MEGA program (Kumar, Tamura,
and Nei 1993). For all comparisons of 13 full-length bindin alleles, average P, and P, are shown in overlapping 30-codon windows, each ﬂ)
codons apart (below). The profile reveals a region of high replacement between codons 80 and 120. For all comparisons of 40 unique 5’ allel@s
average P, and P, are shown for the high replacement region between codon positions 80 and 120 and for the remainder of the sequence (abovg
Horizontal dashed lines indicate the overall average P for each sequence set. Asterisks indicate comparisons in which P, is significantly greater

than P, (P < 0.05, Z-test; Kumar, Tamura, and Nei 1993).

Amino Acid Replacements

A total of 14 amino acid alignment positions show
species-specific differences in our sample of full-length
and 5' alleles (fig. 1A and B). Of these, 10 are amino
acid replacements and seven of the replacements change
charge or polarity. Among 10 differences fixed between
species in the 5’ nucleotide sequences, seven are re-
placements and three are silent. Likewise, for changes
that are polymorphic within species in this region, 32

Table 1
Mean P, = SE and mean P, = SE in Comparisons
among Bindin Alleles
P, Py P,/P;
Codons 1-80
40 unique 5’ alleles .... 0.020 = 0.007 0.065 *+ 0.021 0.31
13 E. oblonga alleles ... 0.008 = 0.005 0.049 + 0.019 0.16
19 E. mathaei alleles ... 0.008 = 0.003 0.030 * 0.013 0.27
8 E. type ‘A’ alleles .... 0.004 = 0.003 0.011 * 0.008 0.28
Codons 81-120
40 unique 5' alleles .... 0.063 * 0.017 0.021 * 0.018 3.00*
13 E. oblonga alleles ... 0.028 * 0.010 0.017 * 0.012 1.65
19 E. mathaei alleles ... 0.018 = 0.008 0 >1.0
8 E. type ‘A’ alleles .... 0.018 = 0.009 0.016 = 0.015 1.13

NoTe.—Asterisk indicates comparison in which mean P, is significantly
greater than mean P (Z-test, P < 0.05; Kumar, Tamura, and Nei 1993).

He/squ

are replacements and 19 are silent. Because the polg—
morphic replacement/silent ratio does not differ from tl;;e
fixed replacement/silent ratio, Echinometra 5' bindin sg-
quence data do not reveal adaptive evolution in the
McDonald-Kreitman test (P > 0.5, G-test; McDonaﬁi
and Kreitman 1991). However, the usual alternative (gff
neutral evolution is probably not indicated because dif-
ferent regions of bindin show evidence of both punfyl&
selection and positive selection.

We compared the proportion of replacement sug
stitutions per replacement site (P,) to the proportion of
silent substitutions per silent site (P,) in 30-codon ovéz-
lapping windows along the 13 full-length bindin sé-
quences (fig. 3). Between aligned codon positions 1@
and 213, all alleles have the same inferred amino acid
sequence (fig. 1B), so in this region P, = 0, indicating
the action of purifying selection (Hughes and Nei 1988).
In windows between alignment codons 80 and 120, av-
erage P, exceeds average P, (and is greater than average
P, over the entire sequence). Comparing all 40 unique
5’ bindin sequences between codons 80 and 120 showed
that P,/P, = 3.0 (fig. 3 and table 1). P, is also greater
than P, in comparisons of alleles within species (table
1). When P,/P, > 1, the action of positive Darwinian
selection is indicated (Hughes and Nei 1988; Hughes,
Ota, and Nei 1990; Clark and Kao 1991; Lee and Vac-
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quier 1992; Clark 1993; Hughes 1993; Lee, Ota, and
Vacquier 1995).

Positive selection may favor an excess of noncon-
servative substitutions that change the charge or polarity
of amino acid residues (Hughes, Ota, and Nei 1990). To
test for this in bindin, we compared the proportion of
nonconservative changes observed in the high replace-
ment region (codons 80-120) with the proportion of
nonconservative changes that would occur by random
substitution in this region. The average proportions of
nonconservative changes expected to occur randomly
are 43% for charge changes and 49% for polarity
changes (see Methods). Phylogenetic reconstruction (fig.
2) indicates that 27 amino acid replacements occurred
between aligned codons 80 and 120. (In four cases, the
same change shows on the tree more than once within
species; these changes may result from recombination
(see below] and were counted as a single change at each
site.) Of the 27 observed replacements, 17 (63%) change
charge, compared with 11.6 (43%) expected at random
(P = 0.036, Chi square). Likewise, 19 (70%) of the
observed replacements change polarity, compared with
13.2 (49%) expected at random (P = 0.026, Chi square).
This excess of non-conservative substitution further sug-
gests that positive selection favors the diversification of
bindin.

Explanations for High Replacement/Silent Ratios

In general, a high P, /P, ratio indicates positive se-
lection, but it might also result from constraints on silent
substitution. We tested for such constraints in two ways.
First we examined nucleotide and codon usage bias. Av-
erage G+C content among bindin sequences was 37.6%
for introns, 51.6% for third codon positions, and 59.2%
for all codon positions. Nucleotide frequency bias (Ir-
win, Kocher, and Wilson 1991), measured on a scale of
0 (no bias) to 1 (maximum bias), was 0.165 for introns,
0.064 for third codon positions, and 0.147 for all codon
positions. The scaled Chi square (Shields et al. 1988),
indicating codon usage bias on a scale of 0 (no bias) to
1 (maximum bias), was 0.238 for all bindin codons and
0.247 for all fourfold degenerate codons. These mea-
sures indicate that nucleotide frequency bias and codon
usage bias are both low to slight (Shields et al. 1988;
Irwin, Kocher, and Wilson 1991; Lee, Ota, and Vacquier
1995) in the bindin sequences and cannot account for
the strong differences seen between replacement and si-
lent substitution.

Second, we compared changes in introns to silent
changes in coding regions. Among two E. mathaei and
two E. oblonga alleles for which complete introns were
sequenced, the average proportion of changes occurring
in the intron (0.052 * 0.010) is similar to the average
proportion of silent substitutions per silent site for the

Table 2
Numbers of Homologous and Orthologous Comparisons
of Repeated Elements in Which P, > P,

Py > Pg/ToTAL

REPEAT SET Homologous Orthologous
a* i 9/12 17/93
b* 7/9 7/32
C* 7/9 0/11
d* L 9/9 0/12
€ i 0/2 0/4
f oo 0/2 0/4

Note.—For each repeat type, all possible pairwise comparisons were made
between different sequences that are homologous as defined in our alignment. D
Likewise, all possible comparisons were made between the different sequencesg
of a repeat type that are orthologous (i.e., not aligned). Location of repeat types—
a—f is indicated in figure 1. Asterisks indicate repeat types that overlap the regionﬂa’
under positive selection (codons 80-120).

woly pe

complete coding region (0.044 = 0.010) and for codons=
80-120 (0.039 * 0.038). Silent sites in the coding se-_?;
quence appear to be as free to vary as introns.

In addition, we considered the possibility that high‘a’
P,/P, ratios were an artefact of aligning shuffled repeat-3 3
ed sequences instead of truly homologous sequences. TOO
do this, we compared the P, /P, ratios in homologouso
regions with those between orthologous repeated3
regions. For each of the short repeat types indicated ing
figure 1, P, /P, ratios from all possible homologous:
(aligned) pairs of sequences were compared to thoses
from orthologous (non-aligned) pairs of sequences. In
most of the homologous comparisons P, /P, > 1, but the§
reverse was found for orthologous comparisons (tableio:@‘J
2). These results are consistent with the action of posi<5
tive selection and accumulation of silent differences be<
tween orthologous repeats that presumably arose by du-
plication.

oe//

Recombination
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We used the conservative ‘four gamete test’ (Hud-,
son and Kaplan 1985; Kliman and Hey 1993) to obtain,.
a minimum estimate of recombination. Under the as&
sumption of no parallel changes for two characters, the"*’
only way all four possible allelic types can be found i mw
a sample of alleles is for at least one recombination
event to have occurred between the two sites (Hudson
and Kaplan 1985). Positive selection may favor conver-
gent changes at a particular nucleotide site, so we re-
stricted our analysis to variable characters defined either
as (1) a unique insertion/deletion (excluding polyglyci-
nes) or (2) two or more unique nucleotide differences
that always group together. Despite the conservative na-
ture of this test, we identified three recombination events
in E. mathaei (fig. 4). Two of these alleles related by
recombination are the apparently paraphyletic E. ma-
thaei alleles (M-H 1 and M-G 86D, see figs. 1 and 2).



number of alleles
recombination
-
| 1
6 {H |
1 (M-H13) ]}
1 |
4 1 T
8
codons: 24 32-36
recombination
1 (M-G 86D) | | A -
] 1 E T
° 1 T
1 (MH1) Agll__
8 E T
codons: 32-36 108 117
recombination
-
1 (M-G 994C) | H
" 1}
]
3 | —
1 (M-H m35a)

codons; 84-89  103-107

FiG. 4 —Evidence of recombination in E. mathaei bindin provid-
ed by the “four-gamete test” (Hudson and Kaplan 1985, see text).
Schematic diagram shows aligned 5’ bindin alleles. In each of the three
cases, all four possible combinations of two unique blocks of sequence
in two regions are found in our sample of alleles. To account for this,
recombination events probably occurred within the ranges shown by
bold arrows. Breaks indicate alignment gaps; letters refer to amino acid
substitutions that always occur together. Aligned codon positions of
gaps and substitutions (see fig. 1A) are given below each set of alleles.
The number of alleles in our sample with each profile is shown; when
only one allele has a particular profile, the allele designation is given.

In the high replacement region (codons 80-120), these
two sequences are approximately equidistant from the
remaining alleles from all three species but differ from
all alleles at two amino acid positions. However, the
full-length sequence available for one of these alleles
(M-H 1) groups with other full-length E. mathaei alleles
in PAUP reconstructions (not shown).

Counting four insertion/deletions and three recom-
binations (but excluding polyglycine slippage), a mini-
mum of seven unique events that rearranged blocks of
sequence are identified in the 19 5’ bindin sequences
from E. mathaei. As a result of combined effects of
replacement, insertion/deletion, and recombination, bin-
dins within species differ at up to 10% of the polypep-
tide. Most of this variation is found in the first 120 co-
dons, where bindin alleles differ at up to 26 codon po-
sitions in our alignment (alleles M-H 1 and M-H m35B,
fig. 1A) and differ in length by up to 10 codons (e.g.,
alleles O-H 1 and O-NG 16). In the 40-codon region
under positive selection, up to five amino acid positions
in our alignment differ in charge between alleles from
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the same species (e.g., alleles M-H 13 and M-G 86D).
Because the sequences are monophyletic within mor-
phological species, this polymorphism must have arisen
since the recent divergence of these urchin species.

Discussion

Bindin sequences from Echinometra show highly
polymorphic alleles that group monophyletically within
three closely related morphological species sampled
from widely distributed geographical areas. Strong in-
compatibilities of sperm—egg attachment, which in-
volves the interaction of bindin and its receptor, exist
between the Echinometra species in this study (Palumbi
and Metz 1991; Metz et al. 1994). These incompatibii-
ities presumably result from functional differences in
recognition that depend on bindin amino acid sequen%
differences that distinguish species. “MGGXX"” repeat
units, which have been suggested to have a role in spg-
cies-specificity of bindins from other genera of urchigs
(Minor et al. 1991; Lopez, Miraglia, and Glabe 199%
are variable among Echinometra alleles, but most &f
these differences are not fixed between species. Instea'g
the seven amino acid alignment positions that differ i in
charge or polarity between Echinometra species may 1513
important for species-specific gamete recognition (ﬁ%.

1).

11e/o

—+

Fixed differences, and the absence of ancestral
polymorphism shared between species, show that bmd%
alleles within each of these three species have hadra
common ancestor since speciation 1-2 Mya (Palu
and Metz 1991). A similar pattern of species- spem&:
allele clades was seen for the period locus (Kliman algi
Hey 1993), which may have a role in mate recogan,n
of Drosophila. Interestingly, although Il’lltOChOIldI‘lsal
DNA haplotypes are expected to drift to loss or ﬁxatl@
more rapidly than neutral nuclear loci, some mitochog-
drial haplotypes are shared among these three Echint-
metra species, suggesting that selection has acted to @(
species-specific changes at the bindin locus (S.R.P, ug-
published results). N

Adaptive evolution between species was not suB—
ported by the MacDonald-Kreitman test, but bindin al-
leles have an unusually high level of amino acid-replac-
ing polymorphism. Previous applications of this test
(McDonald and Kreitman 1991; Eanes, Kirchner, and
Yoon 1993; Kliman and Hey 1993) worked with se-
quences showing ratios of replacement to silent poly-
morphism within species of 0.15 or less. For the 5’ bin-
din sequences, this intraspecific ratio is 1.7, suggesting
that replacement substitutions are favored by selection
within species. In this case, selection could produce sim-
ilar high replacement to silent ratios both within and
between species, which would lead to a failure of the
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MacDonald-Kreitman test for selection. A high replace-
ment/silent ratio for intraspecific polymorphism has also
been found at the Drosophila melanogaster ref(2)P lo-
cus (Dru et al. 1993), in which diversification within
species is thought to result from the role of ref(2)P in
controlling slightly deleterious viral infections.

Recombination events cannot be resolved to a short
‘hotspot’ region in bindin, but G+C-rich regions (in-
cluding polyglycine codons and “MGGXX"’ units) with
repeat and inverted repeat structure are similar to hot-
spots of recombination known for other loci (Lebo et al.
1983; Kobori et al. 1986). Even in highly variable
regions, short repeats and polyglycines have been con-
served in bindin across genera (Minor et al. 1991; Lo-
pez, Miraglia, and Glabe 1993). Similarly, a threonine-
glycine repeat region of the Drosophila period gene is
highly variable, yet it is required for function of the
protein (Peixoto et al. 1993). Peixoto et al. (1993) sug-
gested that a predisposition to sequence rearrangement
could facilitate evolution of functional diversity at this
locus. Bindin alleles appear to have much the same pre-
disposition. In addition to acting on amino acid replace-
ments, positive selection is also likely to act on variants
generated by insertion/deletion and recombination
among alleles.

Accumulation of three times more replacement
substitutions than silent substitutions per site provides
strong evidence that differences between species reflect
positive selection in a 40-codon domain of bindin (fig.
3 and table 1). Although the mechanism of interaction
with the egg-surface receptor remains unknown, bindin
is not highly modified after translation, so its function
is determined primarily by its amino acid sequence (Lo-
pez, Miraglia, and Glabe 1993). As in other proteins
(e.g., Hughes and Nei 1988), different amino acid po-
sitions in bindin probably experience different degrees
of selection. Part of the region of bindin under positive
selection is highly charged; up to half of the amino acids
between positions 96 and 122 are negatively charged in
Echinometra alleles (fig. 1). Conservation of this nega-
tive charge signature in bindins from other genera (see
Vacquier, Swanson, and Hellberg 1995, fig. 5) suggests
that this region is functionally important despite its vari-
ability.

Why positive selection should favor polymorphism
in bindin is not yet clear. It is challenging to suggest a
plausible mechanism by which selection could favor di-
verse alleles within a species at a gamete recognition
locus. Instead, such a locus is expected to undergo
strong purifying or directional selection for efficient ga-
mete recognition (Carson 1987). Some systems in which
positive selection has been documented, including MHC
loci in primates and rodents (Hughes and Nei 1988;
Hughes, Ota, and Nei 1990; Hughes, Hughes, and Wat-

kins 1993), surface antigens in Plasmodium (Hughes
1992, 1993), and self incompatibility loci in plants
(Clark and Kao 1991; Clark 1993), are characterized by
highly polymorphic alleles maintained by balancing se-
lection for periods of time that transcend speciation.
Clustering of bindin alleles within species (fig. 2) indi-
cates that balancing selection probably was not a major
force in Echinometra bindin evolution. Abalone lysin is
a sperm surface recognition protein from a marine free-
spawning invertebrate in which positive selection has
generated marked interspecific differences (Lee and
Vacquier 1992; Lee, Ota, and Vacquier 1995; Swanson
and Vacquier 1995). However, lysin polymorphlsgl
within abalone species has not yet been observed. Vag
quier and Lee (1993) have suggested that egg- surfa&
receptors may be in an evolutionary race with IIllCI‘Oblﬁ'l
pathogens gaining access to the egg, although there g
no direct evidence to support this idea.

Differences between bindin alleles are pronounced
and may result in functional differentiation within spe-
cies as well as between species. The concentration %f
sperm required for 100% fertilization varies from maga
to male (S.R.P, unpublished results), but very high pep-
centages of eggs become fertilized in all intraspecifit
Echinometra crosses with high sperm concentratim%
(Palumbi and Metz 1991; Metz et al. 1994). According-
ly, the egg-surface receptor for bindin must be capabie
of recognizing the variety of polymorphic forms of buEF
din that we find within species. The binding domain ozf
this receptor is related to the binding domain of hsp?@
(Foltz, Partin, and Lennarz 1993). Like MHC, hsp'ﬁ@
molecules are capable of recognizing a suite of relateg
peptides yet exhibit greatest affinities for particular peé
tides (Rippmann et al. 1991; Gething and Sambrodk
1992; Elliot et al. 1993; Gragerov and Gottesman 19943,
This suggests that in a similar manner the egg—surfa@
receptor molecule might have greatest affinity for certai;il
forms of bindin, while accepting a range of related bin:
dins. z

Given some tolerance by the receptor (female) l§—
cus, many slightly different functional variants at th;é
bindin (male) locus could accumulate in natural popiz
lations instead of being removed rapidly by purifying
selection. Under these conditions, selection on the re-
ceptor locus would be relaxed, because all eggs even-
tually fertilize, regardless of which allelic form of bindin
is encountered on sperm. However, selection could act
on the bindin locus if a particular receptor had greatest
affinity for a particular bindin. Especially under condi-
tions of mass spawning common in sea urchins, recep-
tors on the egg surface may select among competing
sperm based on affinities for different bindins.

Key elements of models that lead to the evolution
of assortative mating include functional polymorphism



of mate recognition loci (Nei, Maruyama, and Wu 1983;
Wu 1985) and relaxed selection on female loci (Wu
1985). In such models, sexual isolation arises most
readily when multiple alleles at a female choice locus
interact with multiple alleles at a male trait locus in par-
tially isolated subpopulations. Sea urchins and other ma-
rine taxa with extensive ranges are subject to fluctuation
of population sizes and short-term fragmentation of pop-
ulations by a variety of biogeographic processes (Pal-
umbi 1994). We have found that bindin allele frequen-
cies based on restriction fragment polymorphism differ
between Echinometra populations across the Indo—Pa-
cific (S.R.P. and E.C.M., unpublished results). Thus the
action of selection on polymorphic bindin loci may set
the stage for population level differentiation of the spec-
ificity of fertilization and might be a prelude to species
formation.

Sequence Availability

The nucleotide sequences reported in this paper
have been deposited in the GenBank data base: acces-
sion numbers U39502-U39544.
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