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Abstract. Recent evidence suggests that gamete recpolymorphisms observed in bindin. Observed frequen-
ognition proteins may be subjected to directed evolutioncies were also highly similar to results expected for a
ary pressure that enhances sequence variability. Weeutrally evolving locus, suggesting that the polymor-
evaluated whether diversity enhancing selection is operphism observed in the Segion ofS. franciscanubindin
ating on a marine invertebrate fertilization protein by is a result of neutral evolution.

examining the intraspecific DNA sequence variation of a

273-base pair region located at theemd of the sperm Key words: Sea urchin — Intraspecific variation —
bindin locus in 134 adult red sea urchir&rongylocen-  Bindin — Diversifying selection — Positive selection
trotus franciscanus Bindin is a sperm recognition pro-
tein that mediates species-specific gamete interactions in

sea urchins. The regioq of t.he bindin locus examinfad Wag roduction
found to be polymorphic with 14 alleles. Mean pairwise

comparison of the 14 alleles indicates moderate sequencg . . .
mong sexually reproducing organisms, many marine

diversity (p-distance= 1.06). No evidence of diversity . L PR .
d . : invertebrates exhibit unique life history and reproductive
enhancing selection was found. It was not possible to : . .
. . . strategies dramatically different from those of most ter-
reject the null hypothesis that the sequence variation ob-

: ) L restrial animals. For organisms such as echinoderms,
served inS. franciscanudindin is a result of neutral

. - : .__abalone, polychaetes, and bivalves, adults release ga-
evolution. Statistical evaluation of expected proportions : . .
metes into the water column which then fuse species-

of replacement and silent nucleotide substitutions, ob- o ) :
) . specifically and develop into a motile larval phase
served versus expected proportions of radical replace-,

S Strathmann 1987). In most cases, there is limited, if any,
ment substitutions, and conformance to the McDonal . .
X . - interaction between the adults. If any type of signal for
and Kreitman test of neutral evolution all indicate that

random mutation followed by genetic drift created theassort{;\tlve mating EXIS'[S. in animals using broanast
spawning as a reproductive strategy, it is most likely

limited to interactions between the gametes themselves
(Palumbi 1992, 1994; Metz and Palumbi 1996; Vacquier
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and Palumbi 1996; Palumbi 1995; Vacquier 1998). Un-this process occurring intraspecifically. Intraspecific di-
usual intraspecific sequence variation represented byersity enhancing selection has been observed in the ma-
high polymorphism and high proportions of replacementjor histocompatibility complex (MHC) immune recogni-
substitutions has been predicted for the gamete interadion molecules in mice (and the analogous HLA system
tion molecules of free spawning invertebrates and spein humans) (Hughes and Nei 1988, 1989), in the mero-
cifically urchins (Metz and Palumbi 1996). The work zoite surface antigen in the malarial paragitasmodium
presented here is a test of this hypothesis. falciparum (Hughes 1992), and in the self-incompat-
The neutral theory of evolution (Kimura 1983; Nei ibility locus (the S-allele system) in plants (Clark and
and Gojobori 1986) predicts that, assuming that synonyKao 1991; reviewed by Nasrallah 1997). All exhibit high
mous substitutions are completely neutral, the rate ofntraspecific allelic polymorphism as a result of diversity
nonsynonymous substitutions per nonsynonomous siténhanCing selection. For the MHC and malarial paraSite
(D,) should be less than or equal to but no greater tha$ystems, there appears to be an adaptive value to increase
the rate of synonymous substitutions per synonymoudh€ ability to recognize a wider range of proteins
site OJ). This prediction recognizes the fact that all pro- (Hughes and Nei 1989; Hughes 1992). For the S-allele
tein coding sequences are subject to a certain amount SyStem, allelic diversity is coupled to self-incompatibility
selective constraint. WheD,, is significantly greater [© Promote outcrossing and reduction of inbreeding de-
than D, in comparisons between species, the action ofPression (Harlqg etal. 199_0; Nasrallah 1997). In all threg
divergent evolution is suggested. Whex, is greater systems t.here is a_n_adaptlve ad\_/antage to heterozygpsny
thanD, among individuals of the same species, diversity-and high intraspecific polymorphism at these recognition

enhancing selection is suggested (Nei and Gojobor‘OCi' AIthough divers',ij[y enhancjng selection, as evi-
1986: Hughes and Nei 1988: Hughes et al. 1990). Thélenced by intraspecific comparisons, has not been re-
term “positive selection” has been applied to both pro_ported in a marine invertebrate gamete interaction mol-

cesses (Hughes and Nei 1988; Lee et al. 1995; Endo et aF:_cule, sequence variation at the bindin locus among

1996). This type of intraspecific selective pressure tha chmometraspemes shows higher than expected Ieyels
) oo ..._of polymorphism (Metz and Palumbi 1996), suggesting
generates sequence diversity in a gamete recognitio

molecule is particularly intriguing because it opposes the{i!1at diversity enhancing selection could be operating.
P Y guing PP To test the hypothesis that diversity enhancing selec-

standard evolutionary theory that predicts that tra|t_sion may be creating sequence variation at the bindin

closely related tq fitness (such as sgccessful gamete Mocus in urchins, a large-scale, intraspecific examination

teraction) are strictly conserved (Nei 1987, Clark et aI.Of the sequence spanning a 273-nucleotide region of the

1995). . . red sea urchin§trongylocentrotus franciscanubindin
High Dy-to-D; ratios have been reported in two ga- gene was conducted. This region at theedid of the

mete interaction molecules of marine invertebrates, SUPg;din locus encodes a portion of the variable region of

p_o_rting the idea th_at selection results in rapid intersp_eﬂ1e protein and corresponds to the “hotspot” of interspe-

cific sequence divergence among related speciegisic divergence observed in tHechinometrabindin se-

(Vacquier and Lee 1993; Lee et al. 1995; Metz andyyences (Metz and Palumbi 1996). In addition, this 273-

Palumbi 1996, Vacquier et al. 1997). This rapid diver-p55e pair (bp) region correspondsi®7% of the entire

gence has been observed in the bindin gene of species ghen reading frame arid2% of the variable region and

Echinometrasea urchins, which encodes a sperm proteinexhipits both interspecific and intraspecific sequence

required for species-specific gamete interaction (for revariation in Echinometraspp. (Vacquier et al. 1995;

view, see Vacquier et al. 1995; Vacquier 1998). A sig-Metz and Palumbi 1996). The analyses indicate that al-

nificantly high D,:Ds (based on a one-tailedtest) was  though this 5 region of theS. franciscanusindin locus

observed in a 39-codon subset of a 276-codon region aéxamined does exhibit relatively high allelic polymor-

the bindin gene, leading to the conclusion that rapid inphism, neutral evolution (and not diversifying selection)

terspecific divergence occurred in three recently speciappears to explain the observed allelic polymorphisms.

atedEchinometracongenesy < 0.05 (Metz and Palumbi

1996)]. Similarly, closely related species of abalone ex-

hibit high D,,:D¢ values in the sequence of another spermyjaterials and Methods

protein, lysin, which is required for sperm penetration

through the egg'’s vitelline coat (Vacquier and Lee 1993;

Lee et al. 1995). In several pairwise species comparison§ample Collection and Preparation

D,:D, values were significantly greater than unity <

0.001), again suggesting that selection is operating t&ample collection and methods used to obtain DNA sequence data are

create rapid sequence divergence between species at tljﬂgntical to those reported by Debenham et al. (2000). Briefly, gonadal
locus tissue was dissected from 134 ad8ltfranciscanusollected from six

" . o . locations along the Pacific coast of North America from Alaska to Baja
In addition to these examples of interspecific diversity cajifornia, Mexico. DNA extractions were performed using a modified
enhancing selection, there are at least three examples pifienol—chloroform extraction as described by Milligan (1992) and De-
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Fig. 1. Schematic diagram of the bindin gene and the regions analyzed by PCR amplification and sequence analysis. The numbering is according
to that of Minor et al. (1991). The primers used in PCR amplification and in sequencing are given under Materials and Methods.

benham et al. (2000). It was imperative to conduct the extraction pro+fu’sF tests of neutrality were performed for all six distinct populations
tocol on fresh ovary tissue. Ovary samples frozen for as little as 1 dayas well as the six populations combined (http://www.hgc.sph.uth.
showed a reduced yield of DNA and reduced success in subsequetrnc.edu/fu/genealogy/test2/welcome.html). All amino acids encoded
PCR amplification. by each sequence were classified into categories of charge and hydro-
Double-stranded PCR amplification of the bindin gene (Fig. 1) wasphobicity according to Lewin (1994; see Weir 1996). The cladistic
followed by single-stranded asymmetric amplification to prepare aanalysis was performed by PAUP 3.1.1 (Swofford and Begle 1993).
single-stranded template for sequencing. The primers used for ampliThe search for the shortest tree was made by the exact branch-and-
fication were FNbindin5 (5'-AGTCGACGTTCGACAGACGAC-3) bound algorithm, which is guaranteed to find all optimal trees (data not
and FNbindin3 (5'-TTACATGGTCCATTATAGTATGCC-3). The shown).
annealing temperature for thé primer was 60°C and the final Mggl Individual genotypes were coded as paired alphabetical characters
concentration was 2M, using the primer at 0.5.M. The PCR con-  and analyzed with BIOSYS (Swofford 1989) to obtain estimates of the
ditions used to amplify the'3ingle-stranded product required a lower following: allele frequencies, conformance to Hardy—Weinberg equi-
annealing temperature (58°C) and lower final Mg&@ncentration (1.2 librium, Wright's (1978)F statistics, and Nei’'s (1972) minimum ge-
rM). The concentration of the’' 3imiting primer was 2.5.M (final). netic distance in pairwise comparisons. Conformance to Hardy—
Some samples required additional adjustments to the annealing tenWeinberg proportions were estimated in three ways: (1) contingency
perature (between 57 and 63°C) and limiting primer concentrationchi-square analysis with Levene’s (1949) correction for small sample
(0.5-2.5pM final concentrations). Internal sequencing primers were size, (2) chi-square with pooling of rare and common categories, and
nested within the PCR product and were KTse(B-GGAGCGC- (3) significance test with exact probabilities.

GTAAHAAGCGTTAT-3’) and KTseq3 (5'-ATACACACGATGGT- TheS. franciscanubindin polymorphic data were compared to the
CAAG-3'). The Sanger dideoxy sequencing method was used (Senumber of fixed differences in the bindin gene of four other species
guenase version 2.0, Amersham). following the McDonald and Kreitman (1991) test for neutral evolu-

To confirm each sequence, three separate PCR products (indepetion. cDNA sequence was available for the bindin locusSopurpu-
dent reactions) for each allele were cloned into the pBMKS vector andratus [(Gao et al. 1986) GenBank accession number M14487],
plasmid DNA from a minimum of four transformants was sequencedS. droebachiensi€C Biermann and W Eanes, State University of New
for each PCR product (Sambrook et al. 1989). PCR products derivedork—Stony Brook, unpublished data; Bierman 1998), agtkchinus
from several individuals with the same genotype, but from different variegatus[(Minor et al. 1991) GenBank accession number M59489].
geographic locations, were cloned and sequenced to verify sequendeeplacement and silent sites were counted as described by McDonald
consistency among alleles found at different geographic locations. Thend Kreitman (1991) and @ test of independence was used with the
cloned products from four different PCR reactions were sequenced oiWilliams correction for continuity (McDonald and Kreitman 1991;
both strands (Sambrook et al. 1989). Sokal and Rohlf 1981).

Sequence and Statistical Analyses Comparisons with Simulated Models of
Neutral Evolution

Sequences were aligned using the Seq-Ap version 1.9a multiple se-

quence alignment program for the Macintosh (Gilbert, 1994). Molecu-To assess if the amino acid substitutions observed in the 273-bp region
lar Evolutionary Genetic Analysis version 1.01 [MEGA (Kumar et al. of bindin were more common than would be expected by chance, a
1993)] was used to calculate nucleotide sequence divergence. Averaggmulated data set was constructed that mimics the process of neutral
proportions of replacement substitutions per replacementBjjeand evolution [DNA Evolve (Metz and Palumbi 1996); program available
silent substitutions per silent sit®{) (Nei and Gojobori 1986), with  from SR Palumbi, Harvard University, at www.oeb.harvard.edu/cceg].
standard errors (Nei and Jin 1989), were calculated using the MEGAThis new data set provided neutral expectations of random nucleotide
program (Kumar et al. 1993). Corrections for multiple hits were not substitutions. All data analyses were repeated on the simulated se-
used because of the close relationship of the taxa (i.e., all data arquences to compare the results of observed bindin sequence variation to
alleles from the same species). PSWIN, a program available from Trandom (neutral) expectations. A more desirable approach to this analy-
Whittam (Pennsylvania State University), was used to conduct thesis would be to preserve the genealogical relationship of the observed
sliding window D,,;:D4 analysis on the sequence data. TajimB’and data set in the simulated data set. Unfortunately, results from our phy-
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logenetic analysis show similar genealogical relationships among alselection seen in the human MHC was based on the 57

leles, and further, the bootstrap values show that there is a high degregoqons in the antigen recognition site (ARS) of the 398
of uncertainty in the genealogy. The range (9-63) and the mean (35.5£ tal d in the MHC I | Huah d Nei
of the bootstrap values are quite low (data not shown), indicating tha otal codons In the molecule ( ughes an el

there are many alternate trees possible. This uncertainty also is rel988). We explored the possibility that selection is acting
flected in the polytomies of the sequence. Therefore, the most approon the region of the bindin gene examined here. The

priate apprc_)ach at thi_s time is to eliminate all assumptions about aIIeIepo|ym0rphiC sites inS. franciscanusindin appear to
genealogy in generating the simulated data set. have a high proportion of replacement substitutions.
Nine of the 13 polymorphic sites (69%) in the bindin
region analyzed are replacement substitutions. If a
nucleotide substitution results in an amino acid change,
the new amino acid can have similar physiochemical
Allelic Variation properties (i.e., a conserved amino acid class change) or
change in charge and/or polarity from the original amino
DNA sequence analysis of a 273-bp region of the bindinggid (j.e., a radical change). Seven of nine (77%) replace-
locus (Fig. 1) from 134 individuab. franciscanugol-  ment substitutions in the observed data set result in radi-
lected from Alaska to Baja California, Mexico, revealed 4| amino acid substitutions that change either charge or
the presence of 14 different alleles and 21 genotypeg|arity. Radical amino acid substitutions are often con-
(Fig. 2). The four most common alleles exhibited fre- gjgereq to have a greater impact on protein function than
quencies of 0.51, 0.20, 0.16, and 0.08 (Fig. 2). Thes@,nqeryative changes (Hughes et al. 1990) If this is so,

frequencies indicate that the bindin locus is polymorphicthen the different bindin alleles could have slightly dif-
according to the criterion of Hartl (1988); i.e., polymor- ferent properties

phism is indicated when the frequency of the most com-

lele of i | than 0.95. There is a total As a comparison to the observed bindin data, we cal-
mon a’iele of a gene s 1ess than 1J.2>. 1here IS a tota OEulated the number and type of amino acid changes in the
13 variable positions among the 14 alleles; all other po-

0, -
sitions are identical (Fig. 2). The number of nucleotideDNA Evolve 2% sequences as a measure of the propor

. . . tion of conserved and radical amino acid changes that
differences between any two given sequences is rela-

. ; ; would be expected to occur at random. The 10 DNA
tively low, ranging between one (0.35%) and six (2.1%) Evolve 2% dgta sets (140 sequences total) had on aver-

substitutions in the 273-bp region analyzed. On averageage 74% replacement substitutions, and 63% of these

there are 2.9 variable positions between any two alleles, ere radical amino acid chanaes. Those values are quite
resulting in average nucleotide sequence diversity otV ges. q

1.06% [p-distance calculated using MEGA (Kumar et al similar to the observed values of 69% replacement and
1'993)] "77% radical changes in our observed bindin data set. The

mean values for the simulated data set for the proportion

of replacement substitutions and the proportion of radical
Assessment of Purifying Selection replacement substitutions are, respectively, within 1.19
and 0.61 standard deviations away from the observed
values. This nonsignificant result suggests that the mea-
sured sequence variation does not deviate from the neu-
tral expectation.

Results

Using published data, we examined the S1-codon
subset of the 273-bp region of the bindin loci among
three Strongylocentrotugongeners §. franciscanus, S.

purpuratus,andS. droebachiensjsand a more distantly The analysis described above compared the propor-

related specied,ytechinus variegatusthe resuits indi- tions of radical and conservative replacement substitu-

cate that although the nucleotide sequences vary to some "~ .
. . . Ions in the observed data set to those expected by chance

degree, there are 25 amino acid positions (27%) that argver the entire 91 codon bindin region examined. Ex-
identical among all four species, suggesting that the = " : 9 i
amination of only the nine codons that have replacement

amino acid sequence is significantly constrained. This o o :
a g y ubstitutions also indicates that the observed proportion

interspecific comparison, together with the obs;ervedsf dical substituti Id h : by ch Th
polymorphism inS. franciscanugFigs. 2 and 3), indi- ' fadical su stitutions could have arisen by chance. The

cates that while interspecific conservation exists betweeﬁ’mbab'“ty that t'he nlne- radical substitutions resulteo! n
species, the sequence of this region of the bindin locus i€ "€V amino acid of a different class (charge or polarity)

not entirely constrained by purifying selection was calculated taking into account that each polymorphic
site observed had only one variable nucleotide position.

We calculated the probability that, given that a nucleo-

Tests of Neutral Evolution and Diversity tide is going to change and result in a new amino acid,

Enhancing Selection this new amino acid will be a radical replacement
change. For example, nucleotide position 85 is polymor-

Probability of Replacement Changes phic (see Fig. 2). Some alleles contain the sequence

It is possible for selection to act on a subset of posi-GGG (Gly), while others are AGG (Arg). This is a radi-
tions in a gene. For example, the strong signal of positivecal replacement substitution (Gly is neutral hydrophobic
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Fig. 2. Nucleotide sequence of the
14 unique alleles in the'Segion of
the S. franciscanudindin gene
Silent (S) and replacement (R)
substitutions are indicated. For
replacement (R) substitutions, the
lowercase letter denotes either a
radical (r) or a conservative (c)
amino acid change. Position 1
corresponds to position 944 of
Minor et al. (1991). Anasterisk
indicates interspecific amino acid
conservation in all four species
analyzed §. purpuratus, S.
franciscanus, S. droebachiensés)d
Lytechinus variegatussee text).
The number in parentheses
following each allele (a through n)
indicates the proportion in which
the allele was found in all sampling
locations 6 = 134 individuals with
268 alleles).
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allele
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Fig. 2. Continued.

and Arg is basic). Yet any other nucleotide substitutioncalculated. For the 273-bp region of tBe franciscanus
(e.g., T 0 a C resulting in Trp and Arg, respectively) binding locus examined, the values bf:D, for each
would also generate radical replacement substitutionggeographic location range from 0.64 to 1.45, when evalu-
Therefore if nucleotide position 85 varies, the probability ating just the unique bindin alleles in a specific popula-
of a radical substitution at this codon is 1.0, and thetion (Table 1). Similarly nonsignificant results were ob-
probability of a conservative substitution is 0. We usedtained for analyses of all alleles in each population (data
sequence data &. purpuratusbindin to determine the not shown). Except for Alaska, all geographic locations
ancestral state of the sequence and thus the direction QﬁaveDn:DSvalues greater than 1.0. The ovem@)}D, for

the mutation in theS. franciscanupolymorphism. We  the 14 unique alleles present in the species is 0.82. All
then averaged the probabilities over the nine replacemeneasures oD, are statistically indistinguishable
polymorphic positions. In the DNA Evolve 2% bindin from 1.0 © > 0.05). A sliding window analysis (e.g.,
data set, the average probability of a replacement chang@etz and Palumbi 1996; Ina 1996) of a variety of win-
being radical is 0.85, compared to the observed proporgow sizes (20, 25, 30, 40 codons) did not reveal any

tion of radical replacement substitutions of 0.77. Theyegions containingD,:D. ratios significantly different
observed value is within 0.68 standard deviation from therom 1.0. Analysis of the simulated DNA Evolve 2%

calculated probability for an amino acid substitution be-y5i5 set displays similar results.

ing radical. Nucleotide substitutions at these polymor-

phic positions will result in a radical amino acid substi-

tution over 80% of the time by chance. It is, however, Tajima’'s T and Fu'sF Tests

important to remember that the power of the statistic is  Table 1 includes the results from two additional tests
low because of the small number of polymorphic posi-for neutral evolution. Tajima'§ test and Fu's test of

tions evaluated. all alleles in each individual population, as well as the
alleles from all the populations combined, do not reject
D,:Dg Analysis the null hypothesis of neutral evolution. Similar nonsig-

To evaluate the possibility of diversity-enhancing se-nificant results that support neutral evolution were ob-
lection, theD,,:D, values (Nei and Gojobori 1986) were tained from Fu and Lis’®, Fu and Lis’sF, Fu and Li's
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kkk * kk kk Kk kk * *k  kokk * %k * %k

1 1111111112 2222222223 3333333334 4444444445 5555555556
1234567890 1234567890 1234567890 1234567890 1234567890 1234567890

fran. QGNYPQAMNP QSRGVNY-GQ PAQQOGYGAQG MGGAFGGGQ- GMGGAVRGGQ GMGGAVGGGQ
purp. TMG..... ST ¥ v .PV...P. —mmmmeemee -...P-—-P.
lyt. NM....P..Q PMG.G..P.. .P..N.AP PV...G. —..... -.AG A...P G
droe. TMG....... < BV ...... Avvr tiiiiann.
* * 11111111121 1111111111
6666666667 7777777778 8888888889 9999999990 0000000001 1111111112
1234567890 1234567890 1234567890 1234567890 1234567890 1234567890
fran. FGAFSPGEAE ADNADYDEY- SDSLD----- -EGDTTISAA VMDDIKAVLG ATKIDLPVDI Fig. 3. Amino acid alignment of sea
purp. ..LP..Q-- -ADT.FGSS. .S.V...... Gooeunnn 2 urchin bindin (after Vacquier et al. 1995),
(:;;;t. G.MGGI;VGGA NGIGifV.D.tEM.VtiD;{jS LGih ...K :IQ.:E.NL:S'. dreb h . including a portion ofS. droebachiensis
oe. sequence currently no avallal e 1in 1ls regiom oxr . O acil. blndln The single—letter code iS used. A
dot signifies identity with theS.
franciscanussequence, while dash
Khkhkk hhkkhk Khhkhkhhkhkk hhhkhkk *hkh hhhkhkhkhhhdhd *hkkk *hkk * indicates the absence of nucleotide at the
1111111111 1111111111 11111111211 1111111111 1111111111 position. Asteriskssignify amino acid
2222222223 3333333334 4444444445 5555555556 6666666667 conservation across all four species. The
1234567890 1234567890 1234567890 1234567890 1234567890 position of the first amino acid corresponds
fran. NDPYDLGLLL RHLRHHSNLL ANIGDPAVRE QVLSAMQEEE EEEEEDAANG to nucleotide 944 based on the numbering
DUID. e teeeeeae tteeaeiaae teaaeeeaae e et T. in Minor et al. (1991). fran.S.
1yt. e Y e e e Eovv i .W.NLLLL. franciscanus;purp.,S. purpuratusgdroe.,S.
ArOB. i i iie ettt teeeeneee e T. droebachiensislyt., Lytechinus variegatus.
Table 1. Tests for neutral evolution for th®. franciscanu®’ bindin gené
Tajima’s Fu's
D,:Dg T test F test
D, Dg (DNA Evolve (5% significance (5% significance
(xSE) (xSE) Result) value) value)
AK 0.0091 0.0141 0.82 -0.296 -1.330
(£0.0042) (£0.0084) (0.80) (-1.39) (-4.06)
WA 0.0068 0.0061 1.11 1.107 0.549
(+0.0040) (+0.0060) 0.69 (-1.40) (-3.68)
OR 0.0081 0.0076 1.06 1.148 1.719
(+0.0047) (+0.0075) 1.58 (-1.36) (-3.91)
No. CA 0.0083 0.0130 0.63 -0.086 -0.604
(+0.0044) (+0.0074) 0.96 (-1.41) (-4.25)
So. CA 0.0083 0.0076 1.09 0.595 0.750
(x0.0039) (x0.0054) 0.79 (-1.40) (-3.79)
Baja CA, Mexico 0.0097 0.0060 1.61 0.694 -3.720
(x0.0049) (x0.0060) 0.95 (1.40) (=7.30)
Data for all sites 0.036 -1.272
(-1.40) (-4.53)

#Values for the proportion of nonsynonymous substitutions per nonsynonymou®gjtar(d the proportion of synonymous substitutions per
synonymous sitel{y) calculated using MEGA (Kumar et al. 1993) as per Nei and Gojobori (1986). Valué}, Dy, calculated based on pairwise
comparisons of all unique alleles in each population. DNA Evolve Result (in parentheses) represbpts tihesult for each population based on

a randomly mutated data set (see text). Tajimlatest and Fu's- test results followed by critical value at 5% significance level in parentheses.
Values for all tests are not significantly different from 1.0

D*, and Fu and Li'sF* (data not shown). For these tests McDonald—Kreitman Test for Neutral Evolution

to be completely informative, it is important to distin-  The McDonald—Kreitman method is a more powerful
guish between the derived and the ancestral alleles. Phyest than theD,:D, method for assessing neutral evolu-
logenetic analysis of the sequences suggests many altaren because purifying selection in portions of a molecule
native relationships among the 14 unique alleleswill not dampen the signal of directional selection (see
Consequently, we present these results only as a sid#gebate by Li and Graur 1991; Whittam and Nei 1991;
note. McDonald and Kreitman 1991). Therefore, the ratio of
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Table 2. Summary of the number of replacement and synonymous substitutions for fixed differences between and polymorphisms within species
for a 123-base pair region of the bindin g&ne

Fixed differences Polymorphic differences Ratio
Number of Number of
replacement  Number of silent  replacement  Number of silent  Replacement:silent Replacement:silent
substitutions  substitutions substitutions  substitutions fixed substitutions  polymorphisms
S. fran.vs S. purp. 14 6 8 1 231 8:1
S. fran.vs S. droe. 14 8 9 1 1.8:1 9:1
S. fran.vs L. var. 19 7 8 1 271 8:1

2cDNA sequence data for three speci&s furpuratus, S. droebachiensad L. variegatu$ compared to intraspecific polymorphic data $f
franciscanusbindin. None of the relationships are statistically significant>(0.05)

replacement-to-synonymous fixed differences in the binthrough drift. Based on interspecific comparison of
din sequence within species was compared to that beamino acid conservation in four urchin species, purifying
tween species. To enumerate fixed differences betweeselection seems to be constraining replacement substitu-
species, bindin cDNA sequences frofh purpuratus tions in approximately 30% of the bindin region ana-
(Gao et al. 1986)S. droebachiensigBiermann 1998), lyzed. Purifying selection has been shown to operate at
andLytechinus variegatu@Minor et al. 1991) were used other strongylocentrotid loci not involved in mating,
(amino acid alignment presented in Fig. 3). for all four such as the mitochondrial gene cytochrome oxidase |
species, the McDonald—Kreitman test was used to evaluCO1 (Edmands et al. 1996; Palumbi and Kessing
ate selection in a 117-bp region of bindin, a region where1991)].
alignment was unambiguous. This region initiates at the The proportion of replacement-to-silent substitutions
beginning of mature bindin and corresponds to base pairand the probability values for amino acid class changes
944 to 1061 in Minor et al. (1991) (see Fig. 1). Thesehoth suggest that changes in tHer&gion of theS. fran-
DNA sequence alignments represent at least one-third afiscanusbindin gene appear to be the result of neutral
the entire region examined within the. franciscanus evolution. Results from Tajima’s and Fu'sF tests also
bindin gene. support the existence of neutral evolution. All analyses
In all comparisons, the ratio of replacement to silentperformed on the DNA Evolve data set (created to mimic
differences in fixed versus polymorphic sites are notpindin variation resulting from neutral evolution) gave
equal and differ by a factor of three to five. This suggestsresults nearly identical to those of the observed bindin
a proclivity for replacement polymorphic substitutions; data set. Although this simulated DNA Evolve data set is
however, none of the comparisons are statistically signot ideal, it does indicate that random mutations will
nificant (see Table 2). In fact, for the comparison of theresult in a high proportion of replacement changes and a
ratio of replacement-to-silent differenc8sfranciscanus  majority of these changes will be radical amino acid
to S. purpuratugo become significant, there would need substitutions. Many of those changes would be preserved
to be an additional 6 (14 total) replacement polymor-under neutral evolution, giving rise to an apparent, al-
phisms (nearly twice as many as exist). In addition,though statistically insignificant, abundance of radical
analysis of simulated data produced by DNA Evolve alsoreplacements. Yet neutral evolution would not necessar-
produced similar, nonsignificant results (data notily predict the relatively high number of alleles observed
shown). in the bindin locus. Following a neutral mutation, new
polymorphisms should either go to fixation or be re-
moved from the population by genetic drift (Nei 1987).
Discussion However, because population size can influence the ac-
tion of drift (Ohta 1992), in large populations it will be a
Our results indicate that the 273-bp region of §1dran-  long time before the neutral polymorphisms are either
ciscanusbindin locus analyzed in this study is not sub- fixed or lost through genetic drift. As very fecund broad-
ject to diversity enhancing selection. All tests are con-cast spawners, urchins are known to have large popula-
sistent with the conclusion that purifying selection tions (Morris et al. 1980). Fof. franciscanusin par-
constrains approximately 30% of the bindin sequencdicular, the entire Pacific coast of North America appears
and that neutral evolution results in a small number ofto be one extended interbreeding population with no ge-
polymorphic positions. Under purifying selection, muta- netic subdivision (Debenham et al. 2000).
tions resulting in amino acid substitutions occur periodi- To date there is no example of diversity enhancing
cally but are selected out of the population because o$election operating intraspecifically in a marine inverte-
functional inferiority (Nei 1987). Silent substitutions that brate gamete interaction molecule. Intraspecific se-
have no impact on fithess are ultimately fixed or lostquence data within eadichinometraspecies (Metz and
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Palumbi 1996) are similar to those observed$ofran-  (1999) examined the intraspecific functional role of bin-
ciscanusbindin. For exampleE. mathaeihas 17 poly- din in Echinometra mathaeExposure of sea urchin eggs
morphic sites in 252 bp, compared to 13 of 2739n to experimental sperm mixtures showed that different
franciscanus.Like S. franciscanusa high proportion females produce eggs that nonrandomly select sperm
(76%) of these sites is replacement substitutions. Théom different males with a bindin genotype similar to
bindin sequences in both genera have comparable intraheir own. The region of bindin that was characterized to
specificD,:Dg values that are not significantly different determine genotype was thé ®-terminal) region. The
from 1.0. Finally, McDonald—Kreitman analysis on both results appear to indicate that “a bindin allele has a func-
genera revealed nonsignificant results that initially ap-tional advantage only in the context of a particular fe-
pear to have an excess of replacement polymorphismsale genotype. Because different bindin alleles function
(Metz and Palumbi, 1996; this work). best with different mating partners, fertility variation
The major discrepancy between the two genera is thatithin populations is not necessarily eliminated by rapid
bindin sequences ifEchinometraspp. have insertions selective sweeps” (Palumbi 1999).
and deletions (indels) both within and between species Unusually fast rates of amino acid substitutions, in-
that range from 1 to 10 codons in length, while there aredicative of positive natural selection, would predict very
no indels in theS. franciscanusindin sequence. The low polymorphism within a species as all newly adapted
function, if any, of these indels is unknown, but it doesalleles become fixed. The moderate level of polymor-
suggest that, compared & franciscanus, Echinometra phism observed here i8. franciscanusloes not support
spp. bindin can tolerate relatively large alterations to sethe existence of a recent selective sweep. However,
guence structure conceivably without impairment tobased on Palumibi’'s work (1999) it is possible that the
function, a feature that would be consistent with the neustrong linkage between female choice and male trait loci

tral theory of evolution. maintains the observed, yet unexpected, polymorphism
Although diversity enhancing selection does not ap-in S. franciscanus.
pear to be operating on thé Egion of the bindin locus, Bindin evolution presumably is coupled with that of a

the picture of neutral evolution seen here is still mark-cognate egg binding protein. Any changes in bindin se-
edly different from that seen in most proteins. The cod-quence must be tolerated by a protein(s) on the egg sur-
ing regions of most genes are highly conserved such thdace that interacts with it (Orr 1990; Vacquier 1998).
only silent substitutions are observed within a speciesThis interaction is dynamic, with both bindin and its
Yet for bindin, the majority of substitutions is replace- cognate coevolving. Therefore, these polymorphic posi-
ment substitutions. Neutral evolution present in a cruciations represent the few sites where variation is tolerated
gamete interaction molecule is contrary to expectationsn both sperm bindin and the egg cognate. Perhaps these
for a trait presumably closely related to fitness. The ex-positions could be viewed as highly informative regard-
planation for this contradiction is not clear. ing the nonfunctional regions of bindin or perhaps there
If the bindin locus is evolving according to a neutral is an even more interesting, yet currently not understood
model, it would suggest that this 91-codon region ofmechanism operating to maintain polymorphisms in a
bindin is nonfunctional. For several reasons, it is difficult gamete interaction molecule.
to accept that this region of the bindin protein has no Although it seems unlikely, it is possible that simul-
necessary functional/structural role. The fact that 27% otaneous action of diversity enhancing and purifying se-
this region is conserved between four species suggestsction could combine to appear as neutral evolution.
that there is a functional need to maintain these amindregardless of the mode of evolution, it is clear that bin-
acids. In addition, there is clearly a cost to maintainingdin is a divergent protein that functions in gamete inter-
this region of bindin; one example is the cost of potentialactions (Vacquier et al. 1995; Vacquier 1998). Further, it
reduction in an individual’s fitness resulting from delete- is important to note that other as yet unexamined regions
rious mutations that impair bindin’s ability successfully of the bindin locus may be important indicators of evo-
to bind its cognate receptor on the egg surface (PalumHutionary mechanisms.
1994; Metz and Palumbi 1996). If there is a cost asso-
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