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Polymorphism in Abalone Fertilization Proteins Is Consistent with the
Neutral Evolution of the Egg’s Receptor for Lysin (VERL) and Positive
Darwinian Selection of Sperm Lysin
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*Department of Molecular Biology and Genetics, Cornell University; and †Center for Marine Biotechnology and Biomedicine,
Scripps Institution of Oceanography, University of California San Diego

The evolution of species-specific fertilization in free-spawning marine invertebrates is important for reproductive
isolation and may contribute to speciation. The biochemistry and evolution of proteins mediating species-specific
fertilization have been extensively studied in the abalone (genus Haliotis). The nonenzymatic sperm protein lysin
creates a hole in the egg vitelline envelope by species-specifically binding to its egg receptor, VERL. The divergence
of lysin is promoted by positive Darwinian selection. In contrast, the evolution of VERL does not depart from
neutrality. Here, we cloned a novel nonrepetitive region of VERL and performed an intraspecific polymorphism
survey for red (Haliotis rufescens) and pink (Haliotis corrugata) abalones to explore the evolutionary forces af-
fecting VERL. Six statistical tests showed that the evolution of VERL did not depart from neutrality. Interestingly,
there was a subdivision in the VERL sequences in the pink abalone and a lack of heterozygous individuals between
groups, suggesting that the evolution of assortative mating may be in progress. These results are consistent with a
model which posits that egg VERL is neutrally evolving, perhaps due to its repetitive structure, while sperm lysin
is subjected to positive Darwinian selection to maintain efficient interaction of the two proteins during sperm
competition.

Introduction

Vertebrates and invertebrates exhibit species-spe-
cific fertilization (Metz et al. 1994; Yanagimachi 1988),
meaning that homospecific mixtures of sperm and eggs
yield zygotes more efficiently than heterospecific mix-
tures. The molecular basis of this species-specificity has
been a long-standing topic of research (Loeb 1916; Lil-
lie 1919; Vacquier 1998). The evolution of species-spe-
cific fertilization has recently been investigated to gain
insights into the speciation process (Nei and Zhang
1998; Howard 1999). A recurrent theme in the evolution
of reproductive proteins is extraordinary sequence di-
vergence driven by positive Darwinian selection in
closely related species (Lee, Ota, and Vacquier 1995;
Swanson and Vacquier 1995; Metz and Palumbi 1996;
Tsaur and Wu 1997; Ferris et al. 1997; Wyckoff, Wang,
and Wu 2000). In the vast majority of examples, the
evolution of only the male reproductive protein has been
investigated.

For example, the sea urchin sperm protein bindin
shows high levels of sequence polymorphism and an
excess of amino acid replacements compared to silent
substitutions (Metz and Palumbi 1996). Recently, it was
shown that bindin sequence polymorphism has conse-
quences relating to fertilization success (Palumbi 1999).
The fastest evolving protein in Drosophila is the male
reproductive protein Acp26Aa (Herndon and Wolfner
1995; Schmid and Tautz 1997; Tsaur and Wu 1997;
Aguadé 1998). Analysis of sequence divergence be-
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tween closely related species has demonstrated that the
evolution of Acp26Aa is driven by positive Darwinian
selection, but the selective pressure remains a mystery
(Tsaur and Wu 1997). Additionally, the female receptor
for Acp26Aa remains unknown. The only system in
which the evolution of both cognate male and female
reproductive proteins has been investigated is that of the
abalone (genus Haliotis; Swanson and Vacquier 1998).

The abalone system is also the best characterized
system for understanding the molecular and evolution-
ary basis for species-specific fertilization (Swanson et
al. 1998). Abalones are large marine archeogastropods
with external fertilization. Seven species coexist off the
west coast of North America; many have overlapping
breeding seasons and habitats. Despite the potential for
hybridization, the species remain distinct, with hybrids
only rarely being found in the wild (Owen, McLean, and
Meyer 1971). The basis for maintaining distinct species
could be in part attributed to species-specific fertiliza-
tion, which can be quantitatively demonstrated in the
laboratory (Leighton and Lewis 1982).

Following the release of gametes, the events of ab-
alone fertilization which can exhibit species specificity
include chemotaxis of sperm to the egg, induction of the
sperm acrosome reaction, dissolution of the egg vitelline
envelope (VE), and binding and fusion of the two gam-
etes (Vacquier and Lee 1993; Swanson and Vacquier
1997; Vacquier 1998). The dissolution of the VE has
been extensively studied in the abalone and has been
demonstrated to exhibit species specificity (Vacquier,
Carner, and Stout 1990). Dissolution of the VE is me-
diated by the sperm protein lysin, which nonenzymati-
cally creates a hole in the VE by stereospecifically com-
peting for hydrogen bonds and hydrophobic interactions
among the fibers comprising the VE, leading to the un-
raveling of the fibers and the creation of a hole in the
VE (Lewis, Talbot, and Vacquier 1982). The vitelline
envelope receptor for lysin (VERL) is a fibrous mole-
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cule of 1,000 kDa containing approximately 28 repeats
of 153 amino acids (Swanson and Vacquier 1997, 1998).
In-solution binding kinetics demonstrate that lysin and
VERL interact with high affinity (EC50 10 nM). Fur-
thermore, lysin-VERL binding shows positive coopera-
tivity and the same species-specificity as does lysin me-
diated VE dissolution, indicating that the specificity re-
sides in the two isolated molecules (Swanson and Vac-
quier 1997).

Lysin is extremely divergent between closely re-
lated species (Lee, Ota, and Vacquier 1995) and is
among the fastest evolving metazoan proteins yet dis-
covered (Metz, Robles-Sikisaka, and Vacquier 1998).
Analysis of the number of nonsynonymous substitutions
per nonsynonymous site (dN) compared with that of syn-
onymous substitutions per synonymous site (dS) shows
that dN exceeds dS by as much as fourfold in pairwise
comparisons of species (Lee and Vacquier 1992; Lee,
Ota, and Vacquier 1995). Lysin is monomorphic in Cal-
ifornia red abalone, indicating that red abalone lysin
evolution proceeds by a series of selective sweeps
(Metz, Robles-Sikisaka, and Vacquier 1998). Amino
acid replacements are scattered over the entire sequence,
but the N- and C-termini are especially divergent be-
tween species. Site-directed mutagenesis shows that the
species specificity can be attributed, in part, to the N-
and C-termini (Lyon and Vacquier 1999).

To gain insights into the selective forces driving the
rapid divergence of lysin, the evolution of VERL was
previously investigated by sequencing VERL repeats be-
tween species of abalone (Swanson and Vacquier 1998).
VERL repeats were shown to be more similar within a
species than between species. This process of homoge-
nization of repeats has been termed concerted evolution
and occurs by unequal crossing over and gene conver-
sion (Elder and Turner 1995). In contrast to lysin from
these same species (Lee and Vacquier 1992), the VERL
repeats did not show signs of positive Darwinian selec-
tion based on dN/dS ratios. It was hypothesized that the
redundant nature of the VERL molecule reduced the
functional constraint of each VERL repeat, leading to
relaxed selection on repeats (Swanson and Vacquier
1998).

To investigate the evolutionary forces affecting the
divergence of VERL, a polymorphism survey of the
VERL locus was conducted. To insure comparison of
orthologous regions of the repetitive VERL molecule,
we identified the C-terminal VERL repeat (the last re-
peat) and a novel nonrepetitive portion of the protein.
After obtaining polymorphism sequence data for both
pink abalone (Haliotis corrugata) and red abalone (Hal-
iotis rufescens) species, additional tests of neutrality
were performed. Some of these tests may be more pow-
erful at detecting certain types of positive Darwinian
selection than interspecific dN/dS ratios calculated over
the entire molecule (Kreitman and Akashi 1995; Aquad-
ro 1997).

Materials and Methods
cDNA and 39 RACE

Abalone ovaries were homogenized in a Waring
blender in solution D (4 M guanidinium thiocyanate, 25

mM Na citrate [pH 7], 0.5% sarcosine, and 0.5 M b-
mercaptoethanol) as previously described (MacDonald
1987). Insoluble debris was removed by centrifugation
at 5,000 3 g for 10 min. RNA was selectively precip-
itated from the supernatant by the addition of potassium
acetate to 0.1 M, acetic acid to 1.4 M, and 100% ethanol
to final concentration of 75% while vortexing and pre-
cipitated at 2208C overnight. RNA was pelleted by cen-
trifuging 10,000 3 g for 30 min, and the pellet was
dissolved in 52 ml solution D with 4 ml of 5.7 M cesium
chloride. Nine milliliters of the resuspended RNA was
layered onto 3 ml 5.7 M CsCl with 0.3 M EDTA and
centrifuged in a Beckman SW41 rotor at 30,000 rpm for
24 h. The RNA pellet was rinsed with 70% ethanol and
resuspended in DEPC-treated water. Poly A1 RNA was
purified from total RNA using the oligotex kit following
the manufacturer’s directions (Qiagen). First-strand
cDNA was made with an adapter-dT25 primer using
BRL superscript polymerase following the manufactur-
er’s directions. PCR was performed with a VERL-spe-
cific primer and the adapter primer. Amplified products
were gel-purified using Qiagen QiaQuick columns and
blunt-end-cloned into pBS. Plasmid DNA was purified
using Qiagen plasmid mini kits and sequenced using
ABI Prism Big Dye chemistry.

Polymorphism PCR

DNA was prepared as described in Metz, Robles-
Sikisaka, and Vacquier (1998). Briefly, one peripheral
epipodial tentacle was clipped from each living abalone,
washed in 20 mM Tris (pH 7.6) and 20 mM EDTA, and
homogenized in 300 ml of the same solution containing
10% (vol/vol) chelating resin (Sigma) in a 1.5-ml tube.
The tube was boiled for 5 min, vortexed, and centri-
fuged. PCR amplifications for the last VERL repeat and
a portion of C-terminal nonrepeat region were carried
out with primers vbend2 (CCAGAGCAAACTGA-
TCGACTG) and mendR (CCATGATACTCCTA-
TGTGCAG) in a 50-ml reaction containing 50 pmol of
each primer, 1 ml Taq polymerase, 1 3 Taq polymerase
buffer (Promega), 1.5 mM MgCl2, 0.2 mM of each
dNTP, and 1 ml of template DNA. Thermal cycle set-
tings were 948C for 30 s, 508C for 30 s, and 728C for
90 s for 36 cycles. PCR products were purified and se-
quenced directly. The sequences presented here are
available in GenBank under accession numbers
AF250892–AF250909.

Sequence Analysis

Sequences were aligned using CLUSTAL W (http://
www2.ebi.ac.uk/clustalw). Maximum-likelihood analyses
were performed using the PAML package (Yang 1999:
http://abacus.gene.ucl.ac.uk/ziheng/paml.html). For site
variation, three likelihood ratio tests were used. First, we
compared a neutral model (M1) with two dN/dS ratios (0
for conserved sites and 1 for neutral sites) to a selection
model (M2) with an additional class of sites with a dN/dS
ratio estimated from the data (Nielsen and Yang 1998).
The second test compared the neutral model (M1) to a
selection model (M3) with three dN/dS classes estimated
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Table 1
Maximum-Likelihood Analysis of VERL Divergence

Model Neutral Positive 2Dla df P

Site variation
M1 vs. M2. . . . . . .
M1 vs. M3. . . . . . .
M7 vs. M8. . . . . . .

21,099.54
21,099.54
21,099.54

21,098.72
21,098.69
21,098.59

1.6
1.7
2.0

2
4
2

0.45
0.79
0.34

Lineage variation . . . 21,104.39 21,101.14 6.5 10 0.77

a Twice the log likelihood difference between the two models.

from a discrete distribution (Yang et al. 2000). The third
test compared a neutral model (M7) assuming a beta dis-
tribution of dN/dS among sites (Yang et al. 2000). This is
a flexible distribution, but dN/dS is limited in the interval
(0, 1), where 0 indicates complete constraint and 1 is the
expectation under no selective constraint. The alternative
selection model (M8) adds an extra class of sites with dN/
dS estimated from the data, thus allowing for positively
selected sites (Yang 1999). Twice the log likelihood dif-
ference between the two models was compared with the
chi-square distribution, with the degrees of freedom based
on the difference between the number of parameters esti-
mated from the models (Nielsen and Yang 1998; Yang
1999; Yang et al. 2000). For the lineage variation, one
VERL repeat from each species was randomly chosen for
the analysis. Twice the difference between the log likeli-
hood differences of the models was compared with the
chi-square distribution with 10 df (Yang 1998). The anal-
ysis was repeated several times with different VERL re-
peats from each species, and similar results were obtained.
A neighbor-joining tree was constructed using MEGA
(Kumar, Tamura, and Nei 1993) with 1,000 bootstrap rep-
licates and pairwise deletion of gaps. Tajima’s (1989) D
statistic, Fu and Li’s (1993) D* statistic, Hudson, Kreit-
man, and Aguadé (1987; HKA) tests, and the McDonald-
Kreitman (MK) test (McDonald and Kreitman 1991) were
all computed using DnaSP 3.0 (Rozas and Rozas 1999).
Significance values for Tajima’s D statistic were obtained
by coalescence simulations. The HKA test compared the
last VERL repeat region with the C-terminal nonrepeat
region.

Results
Analysis of Divergence Between Red and Pink
Abalones

Previous analyses of dN/dS ratios calculated using
the entire VERL repeat sequence did not indicate posi-
tive selection (Swanson and Vacquier 1998). Failure of
dN/dS ratios for the entire VERL repeat to show signs
of positive selection could arise from selection at only
a few amino acid sites (Nielsen and Yang 1998; Yang
et al. 2000) or from episodic positive selection followed
by periods of purifying selection (Messier and Stewart
1997; Yang 1998). To test for departures from neutrality
at the VERL locus, the divergence data between species
were analyzed using maximum-likelihood ratio tests
(Nielsen and Yang 1998; Yang 1998; Yang et al. 2000).
Maximum-likelihood methods were used to analyze the
sequences with variation of the dN/dS ratio among sites
or among lineages. In both cases, a neutral model was
compared to a selection model and twice the log like-
lihood difference between the models was compared to
the chi-square distribution. For site variation, three mod-
els of codon evolution were used (as described in Ma-
terials and Methods). These covered a range of codon
substitution models, ranging from two dN/dS ratios (0
for conserved and 1 for neutral) to a beta distribution
with dN/dS ratios estimated from the data (Yang et al.
2000). For the lineage variation analysis, the neutral
model maintained a constant dN/dS ratio among lineages,

while the selection model estimated separate dN/dS ratios
for each lineage (Yang 1998). Variation of the dN/dS ra-
tios between either sites or lineages was not detected
(table 1).

Identification of a Novel Nonrepetitive Region of
VERL

Using 39 RACE, a novel nonrepeat region was
found 39 of the last VERL repeat. This region is 348
amino acids in length and rich in cysteines (fig. 1). This
extreme C-terminus of VERL contains a stretch of 25
hydrophobic amino acids that could form a transmem-
brane domain lacking a cytoplasmic tail. Twenty-two
amino acids upstream of the hydrophobic region is a
furin protease cleavage site (RRKRR). This domain
structure is analogous to the vertebrate zona pellucida
(ZP) egg coat protein ZP2 (Wassarman and Mortillo
1991; Tian, Gong, and Lennarz 1999) and may represent
a common mechanism for assembling elevated animal
egg coats. As hypothesized for the ZP, the abalone
VERL may be assembled on the egg cell surface teth-
ered to the membrane by a single transmembrane do-
main of one component protein. Once assembly is com-
plete, the VERL may be cleaved by furin to form the
elevated envelope surrounding the unfertilized egg
(Litscher, Qi, and Wassarman 1999).

Divergence between the pink and red abalone spe-
cies was concentrated in the last VERL repeat (fig. 2)
and the region immediately following it. The latter re-
gion shows some similarity to VERL repeats and may
represent degenerate repeat sequence, which may be due
to a reduced homogenizing effect of concerted evolution
at the ends of repeat arrays (McAllister and Werren
1999). Much of the C-terminal nonrepeat region is con-
served between species. The increased level of diver-
gence in the repeat region may be functionally signifi-
cant, since lysin binds the VERL repeats (Swanson and
Vacquier 1997).

Polymorphism in VERL

A region consisting of 126 residues of the last
VERL repeat and 108 residues of the 39 nonrepetitive
region was sequenced from 11 pink abalones and 10 red
abalones. The pink abalones were all collected at San
Diego, while the red abalones were collected from San
Diego and Mendocino (a separation of ;1,200 km).
Polymorphisms were found in both species. Red abalone
VERL showed lower levels of polymorphism than pink
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FIG. 1.—Identification of the 39 end of VERL. A, Deduced amino acid sequence of VERL carboxyl terminus. A portion of the last VERL
repeat is shown in italics, with the last residue (P) in bold; the furin cleavage site is underlined, and the hydrophobic region is in bold. B,
Schematic representation of the VERL molecule. The sequence 59 of the first repeat remains unknown.

FIG. 2.—Divergence of the last VERL repeat and the carboxyl-terminal region. Dots denote identity to the red sequence; dashes are inserted
for alignment. The bold P marks the end of the VERL repeat and the beginning of the nonrepetitive carboxyl-terminus.

abalone VERL. Tajima’s D statistic for red abalone
VERL (D 5 21.4) had a relatively large negative value
that would be consistent with recovery from a recent
selective sweep. However, it did not differ significantly
from the equilibrium neutral expectation (table 2). Fu
and Li’s test statistic yielded similar results (table 2).
The lack of a signal of selection from other statistical
tests (see below) argues against a recent selective sweep.
Furthermore, the levels of polymorphism of red abalone
VERL were comparable to those seen in the mitochon-
drial CO1 gene of this species (table 2; Metz, Robles-
Sikisaka, and Vacquier 1998).

In contrast to red abalone VERL, pink abalone
VERL is more polymorphic. Tajima’s D statistic (D 5
11.1) was positive but not significantly different from
neutral expectations (table 2). Fu and Li’s test statistic
gave similar results (table 2). However, despite the in-
dividuals coming from the same population, a neighbor-
joining tree showed a distinct population subdivision
(fig. 3). Of the 11 individuals sequenced, 10 were ho-
mozygotes for one of the two types. These two types,
present in equal frequencies, differed by both amino acid
replacements and insertions/deletions (fig. 4). Remark-
ably, only one individual was found to be a heterozygote
between the two groups, as observed in the sequencing
chromatograms for both point mutations and the se-
quencing going out of register at the insertion site. This
lack of heterozygotes between the two VERL repeat
types of pink abalone suggests that the evolution of as-
sortative mating may be in progress. The same individ-

uals did not show this subdivision at the lysin gene (see
below), indicating that the process generating the sub-
division is specific to the VERL locus. Alternatively, the
lack of heterozygotes could have arisen from biased
PCR amplification. However, if this were so, PCR would
be unlikely to have amplified two separate types in equal
numbers. Furthermore, heterozygous individuals at si-
lent sites were present in both groups at sites not distin-
guishing the two groups, as seen in sequencing chro-
matograms, indicating that two alleles were amplified in
the PCR.

Given the subdivision in pink abalone egg VERL,
we initiated a search for similar subdivision in pink ab-
alone sperm lysin. Since the entire genomic sequence
for lysin remains undetermined, we were limited to an-
alyzing a portion of the lysin gene from these individ-
uals. Unlike red abalone lysin, which is monomorphic
(Metz, Robles-Sikisaka, and Vacquier 1998), pink aba-
lone lysin does contain polymorphic sites. Our limited
initial sample of pink abalone lysin polymorphism does
not cluster into two groups, as does pink abalone VERL.
The frequency distribution of the first pink abalone lysin
exon shows a significantly negative Tajima’s D statistic
(table 2; D 5 21.6; P 5 0.03), consistent with recovery
from a recent selective sweep. The fifth pink abalone
lysin exon does not show signs of a selective sweep
(table 2). Fu and Li’s test statistic gives similar results
(table 2). However, recombination between these regions
is possible given the large introns found in lysin. Such
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Table 2
Abalone Polymorphism Summary Statistics

Locus N Length (bp) p (%) Tajima’s D Fu and Li’s D*

Pink lysin exon 1 . . . . . . .
Pink lysin exon 5 . . . . . . .
Pink VERL . . . . . . . . . . . .
Red lysina. . . . . . . . . . . . . .
Red VERL . . . . . . . . . . . . .
Red G-protein introna . . . .
Red mtCO1a. . . . . . . . . . . .

10
5

10
6
8
6

11

621
373
757

1,555
1,165

750
528

0.2
0.7
1.5
0.0
0.2
1.4
0.4

21.6 (P 5 0.03)
0.0 (P 5 0.54)

11.1 (P 5 0.88)
—

21.4 (P 5 0.07)
10.4 (P 5 0.54)
20.2 (P 5 0.42)

21.8 (P . 0.5)
0.0 (P . 0.1)
0.9 (P . 0.1)

—
21.6 (P . 0.1)

0.3 (P . 0.1)
0.3 (P . 0.1)

a Taken from Metz, Robles-Sikisaka, and Vacquier (1998)

FIG. 3.—Neighbor-joining phylogenetic tree of VERL polymor-
phism. Numbers on branches represent bootstrap values (1,000 repli-
cates). The pink VERL sequences group into two distinct clades. M
5 red individuals from Mendocino, California. All other individuals
are from San Diego.

recombination could weaken any signs of hitchhiking
associated with selective sweeps in other parts of lysin.

The VERL polymorphism and divergence data
were used to test for departures from neutrality using a
variety of statistical tests; no departures from neutrality
were detected. First, the nonrepeat C-terminal region of
VERL was compared to the last VERL repeat with the
HKA test (table 3). If evolution is neutral, the ratio of
divergence to polymorphism should be the same for the
two regions. In all comparisons using the HKA test there
was no departure from neutrality. The pink abalone
HKA comparison remained nonsignificant when the two
subdivided VERL sequences were analyzed separately

(table 3). Our HKA tests used linked regions of VERL;
the comparison to an unlinked neutral locus will be im-
portant goal for future work. The ratios of silent and
replacement changes between species was then com-
pared with the MK test. If evolution is neutral, the silent/
replacement ratios should be similar for both the poly-
morphic changes and fixed divergent changes. For
VERL, the ratios were identical, indicating no departure
from neutrality. Finally, we calculated dN/dS for all pos-
sible pairwise comparisons between the polymorphic
VERL repeats. In no case was dN significantly greater
than dS (data not shown).

Discussion

Previous analysis of interspecific divergence data
suggested that the evolution of the abalone VERL did
not depart from neutrality (Swanson and Vacquier
1998). This was in stark contrast to lysin, which is one
of the fastest evolving metazoan proteins known and
perhaps the most robust molecular example of positive
Darwinian selection (Metz, Robles-Sikisaka, and Vac-
quier 1998). Here, we further analyzed the evolutionary
forces acting on VERL by performing a polymorphism
study of VERL from two species. A previously unre-
ported C-terminal nonrepeat region of VERL was iden-
tified to insure comparison of orthologous regions of the
molecule. No evidence of a departure from an equilib-
rium neutral model of evolution was observed at VERL
either within or between species.

It had been hypothesized that the redundant and
repetitive nature of VERL repeats could lead to relaxed
selection on individual VERL repeats within a single
VERL molecule (Swanson and Vacquier 1998). Since
there may be 28 repeats in each VERL molecule, mu-
tations in one repeat may be only weakly selected
against (if at all), since the remaining 27 VERL repeats
would remain functional. As long as the mutation does
not disrupt the construction of the VE, from the female’s
perspective it may be tolerated. This would be particu-
larly likely for mutations that affect VERL-lysin inter-
action, since there is potentially an excess of sperm (as
suggested by observed spawning [Stekoll and Shirley
1993] and comparison of other taxa [Yund 2000]), such
that even eggs with a reduced VERL-lysin affinity
would most likely be fertilized.

It was also hypothesized that the neutral drift of the
egg receptor VERL leads to a continually changing tar-
get to which lysin must adapt in order to maintain op-
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FIG. 4.—Deduced amino acid sequences of the pink VERL polymorphism data. Dots denote identity to the top sequence; dashes are inserted
for alignment. The last residue (P) of the VERL repeat is in bold. All of the amino acid replacements are in the VERL repeat.

Table 3
VERL HKA Tests

Repeat C-Terminus P

All Pink
Polymorphism . . . .
Divergence. . . . . . .

14
12.5

3
16.85

0.07

Pink group 1
Polymorphism . . . .
Divergence. . . . . . .

1
12.2

1
17.45

0.83

Pink group 2
Polymorphism . . . .
Divergence. . . . . . .

5
12.8

2
16.25

0.34

All red
Polymorphism . . . .
Divergence. . . . . . .

1
12.5

2
16.85

0.79

timal interaction of sperm and egg cognate proteins. Se-
lection would favor lysin variants that bind optimally,
since once lysin is released, if the sperm does not fer-
tilize the egg encountered, its genetic material would not
be passed to the next generation. Thus, there may be
considerable competition among sperm to fertilize the
egg. The redundant nature of the VERL molecule is a
key part of this hypothesis, as is the homogenization of
VERL repeats by concerted evolution for the mainte-
nance of the redundant nature of VERL and thus a single
target to which lysin can adapt.

The analyses presented here are consistent with
previous results demonstrating neutral evolution of the
abalone egg receptor, VERL (Swanson and Vacquier
1998), despite strong positive Darwinian selection on
the cognate sperm protein lysin (Lee, Ota, and Vacquier
1995; Metz, Robles-Sikisaka, and Vacquier 1998). It ap-
pears that lysin is evolving to match changes in a neu-
trally drifting VERL. Lysin exhibits two to three times
the number of amino acid substitutions of VERL (Nei
and Zhang 1998). The simplest model of lysin-VERL
coevolution may predict a one-to-one correlation for the

divergence of lysin and VERL. However, there is no a
priori reason to expect a one-to-one correlation between
lysin and VERL divergence. Lysin may need to undergo
multiple substitutions for each substitution in VERL.
When the repeated nature of VERL is considered, it is
possible to construct scenarios in which lysin may re-
quire fixation of multiple changes for every single
change in VERL in order to maintain optimal interaction
with VERL. For example, a mutation in one VERL re-
peat may not produce a selective force for lysin to
change. However, if by chance this becomes more prev-
alent among the VERL repeats, there would be strong
selection for a corresponding change in lysin. At the
point where the mutation represents 50% of the repeats,
selection may become strong, favoring lysins which in-
teract with the two types of repeats, which may not be
optimal for either type alone. When the mutation is pre-
sent in the majority of repeats, selection may then favor
the single lysin variant best adapted to a single VERL
repeat type. Thus, one mutation in VERL could lead to
multiple rounds of adaptation in lysin.

Lysin functions specifically to dissolve the egg VE
and probably does not have other functions (Lewis, Tal-
bot, and Vacquier 1982). Likewise, VERL is a major
component of the egg VE and most likely does not have
other functions (Swanson and Vacquier 1997). There-
fore, the evolutionary forces driving their divergence are
most likely related to their roles in fertilization. Al-
though we cannot rule out other molecules being in-
volved in the dissolution of the VE, extensive biochem-
ical data suggest the dissolution of the VE occurs though
the specific interaction of lysin and its egg receptor,
VERL (Swanson and Vacquier 1997). The binding ki-
netics of isolated VERL and lysin show high affinity
and the same species specificity as lysin-mediated dis-
solution of intact VEs. Furthermore, the addition the re-
maining VE components does not alter the binding ki-
netics of lysin and VERL, indicating that lysin does not



382 Swanson et al.

have high affinity for the other VE components (unpub-
lished data).

The pink abalone population subdivision observed
at the VERL locus suggests the possibility that assor-
tative mating is being established. If so, this process
may be in progress, because we do not observe similar
subdivision at other pink abalone loci. However, we
studied only the last repeat of the repeat array. This re-
peat is least likely to be subjected to the homogenizing
effects of concerted evolution due to its being at the end
of the repeat array (McAllister and Werren 1999). It is
unknown if other repeats in the repeat array will show
similar subdivision. However, subdivision is also ob-
served in the nonrepeat carboxyl-terminal region in si-
lent sites (data not shown). Currently, we are not able
to detect corresponding changes in pink abalone lysin.
Elucidation of the entire pink lysin genomic structure
(or working from cDNA for lysin) will permit these
types of analyses. We prefer to pursue the use of ge-
nomic DNA, because sampling can be performed non-
invasively, which is important given the recent dramatic
declines in abalone populations. It is also of interest that
the levels of polymorphism tend to correlate between
abalone lysin and VERL. For example, low VERL poly-
morphism in red abalone is associated with a lack of red
lysin polymorphism. In contrast, moderate pink lysin
polymorphism is associated with relatively high levels
of pink VERL polymorphism. Taken together, these ob-
servations suggest the coevolution of VERL and lysin.
However, polymorphism levels at other loci will have to
be studied in order to determine if this is a genomewide
effect relating to effective population size or specific to
these two loci.

From their analysis of the sea urchin sperm protein
bindin, Metz and Palumbi (1996) first suggested the hy-
pothesis that assortative mating in marine invertebrates
could evolve through the interaction of male gamete rec-
ognition protein with a ‘‘tolerant’’ female receptor.
However, evolutionary analysis of the female receptor
for bindin has not been possible. Our analyses of the
abalone egg VERL is consistent with this hypothesis.
The ‘‘tolerant’’ nature of the egg receptor in abalone
may result from the egg receptor’s being largely a highly
repeated structure. Furthermore, relaxed selection on the
female locus of a mate recognition system is consistent
with a theoretical model for the evolution of assortative
mating (Wu 1985). Future studies on the evolution of
gamete recognition proteins could provide insights into
their role in speciation.
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AGUADÉ, M. 1998. Different forces drive the evolution of the
Acp26Aa and Acp26Ab accessory gland genes in the Dro-

sophila melanogaster species complex. Genetics 150:1079–
1089.

AQUADRO, C. F. 1997. Insights into the evolutionary process
from patterns of DNA sequence variability. Curr. Opin.
Genet. Dev. 7:835–840.

ELDER, J. F., and B. J. TURNER. 1995. Concerted evolution of
repetitive DNA sequences in eukaryotes. Q. Rev. Biol. 70:
297–320.

FERRIS, P. J., C. PAVLOVIC, S. FABRY, and U. W. GOODENOUGH.
1997. Rapid evolution of sex-related genes in Chlamydo-
monas. Proc. Natl. Acad. Sci. USA 94:8634–8639.

FU, Y. X., and W. H. LI. 1993. Statistical tests of neutrality of
mutations. Genetics 133:693–709.

HERNDON, L. A., and M. F. WOLFNER. 1995. A Drosophila
seminal fluid protein, Acp26Aa, stimulates egg laying in
females for 1 day after mating. Proc. Natl. Acad. Sci. USA
92:10114–10118.

HOWARD, D. 1999. Conspecific sperm and pollen precedence
and speciation. Annu. Rev. Ecol. Syst. 30:109–32.

HUDSON, R. R., M. KREITMAN, and M. AGUADÉ. 1987. A test
of neutral molecular evolution based on nucleotide data.
Genetics 116:153–159.

KREITMAN, M., and H. AKASHI. 1995. Molecular evidence for
natural selection. Annu. Rev. Ecol. Syst. 26:403–422.

KUMAR, S., K. TAMURA, and M. NEI. 1993. MEGA: molecular
evolutionary genetics analysis. Version 1.01. Pennsylvania
State University, University Park.

LEE, Y.-H., and V. D. VACQUIER. 1992. The divergence of spe-
cies-specific abalone sperm lysin is promoted by positive
Darwinian selection. Biol. Bull. 182:97–104.

LEE, Y.-H., T. OTA, and V. D. VACQUIER. 1995. Positive selec-
tion is a general phenomenon in the evolution of abalone
sperm lysin. Mol. Biol. Evol. 12:231–238.

LEIGHTON, D. L., and C. A. LEWIS. 1982. Experimental hy-
bridization in abalones. Int. J. Invertebr. Reprod. 5:273–282.

LEWIS, C. A., C. F. TALBOT, and V. D. VACQUIER. 1982. A
protein from abalone sperm dissolves the egg vitelline layer
by a nonenzymatic mechanism. Dev. Biol. 92:227–239.

LILLIE, F. R. 1919. Problems of fertilization. University of Chi-
cago Press, Chicago.

LITSCHER, E. S., H. QI, and P. M. WASSARMAN. 1999. Mouse
zona pellucida glycoproteins mZP2 and mZP3 undergo car-
boxy-terminal proteolytic processing in growing oocytes.
Biochemistry 38:12280–12287.

LOEB, J. 1916. The organism as a whole. Putnam, New York.
LYON, J. D., and V. D. VACQUIER. 1999. Interspecies chimeric

sperm lysins identify regions mediating species-specific rec-
ognition of the abalone egg vitelline envelope. Dev. Biol.
214:151–159.

MCALLISTER, B. F., and J. H. WERREN. 1999. Evolution of
tandemly repeated sequences: what happens at the end of
an array? J. Mol. Evol. 48:469–481.

MCDONALD, J. H., and M. KREITMAN. 1991. Adaptive protein
evolution at the Adh locus in Drosophila. Nature 351:652–
654.

MACDONALD, R. J., G. H. SWIFT, A. E. PRZYBYLA, and J. M.
CHIRGWIN. 1987. Isolation of RNA using guanidinium salts.
Methods Enzymol. 152:219–227.

MESSIER, W., and C. B. STEWART. 1997. Episodic adaptive
evolution of primate lysozymes. Nature 385:151–154.

METZ, E. C., R. E. KANE, H. YANAGIMACHI, and S. R. PAL-
UMBI. 1994. Fertilization between closely related sea ur-
chins is blocked by incompatibilities during sperm-egg at-
tachment and early stages of fusion. Biol. Bull. 187:23–34.

METZ, E. C., and S. R. PALUMBI. 1996. Positive selection and
sequence rearrangements generate extensive polymorphism



Evolution of Abalone Fertilization Proteins 383

in the gamete recognition protein bindin. Mol. Biol. Evol.
13:397–406.

METZ, E. C., R. ROBLES-SIKISAKA, and V. D. VACQUIER. 1998.
Nonsynonymous substitution in abalone sperm fertilization
genes exceeds substitution in introns and mitochondrial
DNA. Proc. Natl. Acad. Sci. USA 95:10676–10681.

NEI, M., and J. ZHANG. 1998. Molecular origin of species. Sci-
ence 282:1428–1429.

NIELSEN, R., and Z. YANG. 1998. Likelihood models for de-
tecting positively selected amino acid sites and applications
to the HIV-1 envelope gene. Genetics 148:929–936.

OWEN, B., J. H. MCLEAN, and R. J. MEYER 1971. Hybridiza-
tion in the eastern Pacific abalones (Haliotis). Los Angeles
Co. Mus. Nat. Hist. Bull. 9.

PALUMBI, S. R. 1999. All males are not created equal: fertility
differences depend on gamete recognition polymorphisms
in sea urchins. Proc. Natl. Acad. Sci. USA 96:12632–
12637.

ROZAS, J., and R. ROZAS. 1999. DnaSP version 3: an integrated
program for molecular population genetics and molecular
evolution analysis. Bioinformatics 15:174–175.

SCHMID, K. J., and D. TAUTZ. 1997. A screen for fast evolving
genes from Drosophila. Proc. Natl. Acad. Sci. USA 94:
9746–9750.

STEKOLL, M. S., and T. C. SHIRLEY. 1993. In situ spawning of
an Alaskan population of pinto abalone, Haliotis kamtschat-
kana Jones, 1845. Veliger 36:95–97.

SWANSON, W. J., E. C. METZ, C. D. STOUT, and V. D. VAC-
QUIER. 1998. Rapid evolution of acrosomal proteins and
species-specificity of fertilization in abalone. Pp. 139–146
in C. GAGNON, ed. The male gamete: from basic science to
clinical applications. Cache River Press, Ill.

SWANSON, W. J., and V. D. VACQUIER. 1995. Extraordinary
divergence and positive Darwinian selection in a fusagenic
protein coating the acrosomal process of abalone sperma-
tozoa. Proc. Natl. Acad. Sci. USA 92:4957–4961.

———. 1997. The abalone egg receptor for sperm lysin is a
giant multivalent molecule. Proc. Natl. Acad. Sci. USA 94:
6724–6729.

———. 1998. Concerted evolution in an egg receptor for a
rapidly evolving abalone sperm protein. Science 281:710–
712.

TAJIMA, F. 1989. Statistical method for testing the neutral mu-
tation hypothesis by DNA polymorphism. Genetics 123:
585–595.

TIAN, J., H. GONG, and W. J. LENNARZ. 1999. Xenopus laevis
sperm receptor gp69/64 glycoprotein is a homolog of the
mammalian sperm receptor ZP2. Proc. Natl. Acad. Sci.
USA 96:829–834.

TSAUR, S. C., and C.-I. WU. 1997. Positive selection and the
molecular evolution of a gene of male reproduction,
Acp26Aa of Drosophila. Mol. Biol. Evol. 14:544–549.

VACQUIER, V. D. 1998. Evolution of gamete recognition pro-
teins. Science 281:1995–1998.

VACQUIER, V. D., and Y.-H. LEE. 1993. Abalone sperm lysin:
Unusual mode of evolution of a gamete recognition protein.
Zygote 1:181–196.

VACQUIER, V. D., K. R. CARNER, and C. D. STOUT. 1990. Spe-
cies-specific sequences of abalone lysin, the sperm protein
that creates a hole in the egg envelope. Proc. Natl. Acad.
Sci. USA 87:5792–5796.

WASSARMAN, P. M., and S. MORTILLO. 1991. Structure of the
mouse egg extracellular coat, the zona pellucida. Int. Rev.
Cytol. 130:85–110.

WU, C.-I. 1985. A stochastic simulation study on speciation by
sexual selection. Evolution 39:66–82.

WYCKOFF, G. J., W. WANG, and C.-I. WU. 2000. Rapid evo-
lution of male reproductive genes in the descent of man.
Nature 403:304–309.

YANAGIMACHI, R. 1988. Sperm-egg fusion. Curr. Top. Mem.
Trans. 32:3–43.

YANG, Z. 1998. Likelihood ratio tests for detecting positive
selection and application to primate lysozyme evolution.
Mol. Biol. Evol. 15:568–573.

———. 1999. Phylogenetic analysis by maximum likelihood
(PAML). Version 2.0. University College London, London.

YANG, Z., R. NIELSEN, N. GOLDMAN, and A.-M. KRABBE PED-
ERSEN. 2000. Codon-substitution models for heterogeneous
selection pressure at amino acid sites. Genetics 155:431–
449.

YUND, P. O. 2000. How severe is sperm limitation in natural
population of marine free-spawners? Trends Ecol. Evol. 15:
10–13.

DAVID M. RAND, reviewing editor

Accepted November 9, 2000


