Duplication and Selection on Abalone Sperm Lysin in an Allopatric Population
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While gene duplication is a major source of evolutionary novelty, the importance of this process in reproductive protein
evolution has not been widely investigated. Here, we report the first known case of gene duplication of abalone sperm
lysin in an allopatric subspecies found in the Eastern Atlantic, Haliotis tuberculata coccinea. Mass spectrometry
identified both copies of the lysin protein in testis tissue, and 3-dimensional structural modeling suggests that both
proteins remain functional. We also detected positive selection acting on both paralogs after duplication and found
evidence of a recent selective sweep. Because H. 1. coccinea occurs in geographic isolation from other abalone species,
these findings suggest that the evolution of lysin is not driven to create reproductive barriers to unfit hybrid formation
with an overlapping species. Instead, sexual selection or sexual conflict acting during abalone fertilization could be
responsible for the recent positive selection on this protein. The presence of multiple, rapidly evolving lysin genes in H.
tuberculata presents an opportunity to study the early stages of diversification of a protein whose function is well

understood.

Introduction

Gene duplication is a major evolutionary force capable
of creating genes with novel functions (Lynch and Conery
2000; Lynch and Katju 2004). After a gene segment is du-
plicated, 3 outcomes are possible (Prince and Pickett 2002).
Most commonly, deleterious mutations accumulate in 1 pa-
ralog, rendering that copy nonfunctional. A second possibil-
ity is neofunctionalization, where one paralog retains the
gene’s ancestral function and the other evolves a new func-
tion. Alternatively, subfunctionalization can occur, in which
paralogs retain some aspect of their ancestral function but
specialize in different parts of the same biological process.
Neofunctionalization and subfunctionalization, although
relatively rare, allow for the evolution of biological novelty.

Studies across diverse taxa have revealed that repro-
ductive proteins often evolve rapidly; yet, the importance
of gene duplication in the evolution of these proteins has
received limited investigation (Armbrust and Galindo
2001; Frohlich et al. 2001; Holloway and Begun 2004;
Torgerson and Singh 2004). Ancient gene duplication
and subfunctionalization are evident in 2 acrosomal sperm
proteins of the abalone (genus Haliotis), an externally fer-
tilizing marine mollusk. One protein, sp18, is thought to
mediate sperm—egg fusion by interacting with an unknown
receptor on the egg plasma membrane (Swanson and
Vacquier 1995b). The second acrosomal protein, lysin, in-
teracts with the vitelline envelope receptor for lysin (VERL)
to dissolve the vitelline envelope surrounding abalone eggs
(Lewis et al. 1982; Swanson and Vacquier 1997). Although
the lysin and spl18 proteins are unalignable at the level of
their primary amino acid sequences, their similar molecular
weights and 3-dimensional structures and conserved pat-
tern of exons and introns indicate that they are paralogs
(Vacquier et al. 1997; Kresge et al. 2001). Presumably,
an ancestral sperm protein was responsible for both egg
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coat dissolution and egg membrane fusion. After duplica-
tion, each paralog specialized to perform one of these roles.
Spl18, lysin, and VERL evolve adaptively under pos-
itive selection, yet the selective pressures remain unknown
(Lee et al. 1995; Metz et al. 1998; Galindo et al. 2003). Sev-
eral hypotheses could explain this rapid evolution, including
sperm competition, sexual conflict, pathogen avoidance,
and reinforcement (Swanson and Vacquier 2002). Under
reinforcement, fertilization proteins would be selected to
diversify in order to prevent hybridization between species
that overlap in geographic range and spawning time (Noor
1999; Marshall et al. 2002; Coyne and Orr 2004). This hy-
pothesis is of particular interest for lysin and VERL because
abalone lack courtship behavior and fertilize externally.
Thus, gamete recognition proteins are largely responsible
for mediating mate choice. If interspecific fertilization re-
sulted in hybrids that were inviable or unfit inviable or unfit,
diversifying selection may act on these proteins to minimize
the production of hybrid offspring. Importantly, this hy-
pothesis can only explain positive selection on the gamete
proteins of sympatric species. If reinforcement were the sole
force driving these proteins’ evolution, we would not expect
to see positive selection on these proteins in isolated species.
We studied the evolution of lysin in Haliotis tubercu-
lata, an abalone species found in the eastern Atlantic and
Mediterranean. While sequencing the gene, we discovered
the firstknown case of lysin gene duplication. We experimen-
tally verified the expression of each protein in testis tissue,
and evolutionary analyses showed that both copies have been
subject to positive selection. These diversification is consis-
tent with subfunctionalization for different regions, alleles,
or copies of VERL. To understand the selective forces that
have shaped lysin’s recent evolutionary history, we per-
formed a polymorphism survey for one copy of lysin in an
H. tuberculata subspecies. This population genetic data sug-
gested a recent selective sweep. Because this subspecies is
geographically isolated, a pressure other than reinforcement
has likely driven the gene’s evolution in this population.

Materials and Methods
Sampling and Genotyping

Eleven Haliotis tuberculata coccinea individuals were
sampled from the Azores, Portugal. Three male individuals
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of Haliotis tuberculata tuberculata were sampled off the
Atlantic coast of Roscoff, France. Tissue for Haliotis pustu-
lata was kindly provided by V. Vacquier. Total DNA was
isolated using the Puregene DNA purification kit (Gentra
Systems, Minneapolis, MN). Genotypes were determined
by polymerase chain reaction (PCR) amplification from ge-
nomic DNA followed by either cloning or direct sequencing.
Lysin PCR primers were designed from published transcripts
(GenBank accession numbers L.26280 and L.26284) and then
fromempirically determined sequences. The entire lysin gene
was sequenced, including all exons and introns. Primers and
conditions for lysin PCR products are available from the au-
thors uponrequest. The neutrallocus rpL5 is an intron from an
abalone homolog of the oyster ribosomal protein L5 (Gen-
Bank accession number CAD91421.1), and it was amplified
using the following primers based on sequence from a
Haliotis corrugata ovary cDNA library (Aagaard et al.
2006)—Forward: GGCTGCATATTCCCATGAGT, Re-
verse: CTGGTTTGCCATCCTCATCT. Intron—exon
structure was assumed identical to its vertebrate homolog,
and primers were placed within the boundaries of conserved
exons. A second neutral locus, the fifth intron of the hemo-
cyanin 1 gene, was amplified using the following primers
designed from GenBank entry AJ252741—Forward:
TAGTAGTGGGGGCGGGATAG, Reverse: CATGTTGG-
CAGCTCTTAACG. Mitochondrial cytochrome oxidase 1
was amplified using primers specific for the species from
GenBank entry AY377729—Forward: GGATCTGAT-
CAGGGCTCCTT, Reverse: GCTGGGTCAAAGAAT-
GAGGT. Single-band PCR products or cloned fragments
were sequenced on an ABI 3100 using Big Dye v.3.1 (Applied
Biosystems, Foster City, CA). Lysin sequences were
analyzed using Sequencher 4.2 (Gene Codes, Ann Arbor,
MI). Neutral locus sequences were aligned and analyzed
using phred, phrap, and consed (Ewing et al. 1998; Gordon
et al. 1998); neutral locus polymorphism analysis was aided
by polyphred (Stephens et al. 2006). An additional neutral
locus, histone H3, was used to estimate divergence between
H. tuberculata and H. pustulata; sequences used were
GenBank accession number AY070145 and AY923954.

Expression Analysis

Total RNA was isolated from ethanol-preserved testis
tissue from H. t. tuberculata using TRIzol (Invitrogen,
Carlsbad, CA). First-strand cDNA was synthesized with
the SuperScript III reverse transcriptase—polymerase chain
reaction (RT-PCR) kit (Invitrogen) according to the man-
ufacturer’s instructions. This cDNA was used as template
DNA in standard PCR reactions, and the products were TA
cloned into the TOPO pCR 2.1 vector (Invitrogen). Plasmid
DNA was isolated from several positive clones and se-
quenced with M13 primers, and sequences were analyzed
in Sequencher 4.2.

Sodium Dodecyl Sulfate—Polyacrylamide Gel
Electrophoresis

Haliotis tuberculata tuberculata testis tissue was ho-
mogenized in 1% sodium dodecyl sulfate at 70 °C. Several

dilutions of saturated protein sample were loaded onto
a 15% polyacrylamide gel and run for 8 h at 24 mA. The
gel was stained with Coomassie Blue, and 3 prominent
bands migrating between 10-20 kDa were excised and sent
to the Stanford University Protein and Nucleic Acid Bio-
technology Facility, where mass mapping was used to con-
firm their identities (Jensen et al. 1997). Internal Edman
sequencing of tryptic peptides was performed for the band
at 17.5 kDa, yielding 2 sequences, EIAQDFKTDLR and
EKYDLTPSQAK, which show partial homology to the rap-
idly evolving sp18 (Swanson and Vacquier 1995a). The gel
presented in figure 2A was run with the same samples and
conditions, but proteins were visualized by silver staining.

Mass Spectrometry

Soluble proteins from the same H. t. tuberculata testis
sample that showed expression of both copies of lysin were
obtained by homogenizing ~50 mg of tissue in 50 mM
ammonium bicarbonate and keeping the supernatant after cen-
trifugation. Protein concentration was assessed using a bicin-
choninic acid protein assay kit (Pierce, Rockford, IL). After the
protein assay, 200 pg of protein were denatured and digested
with trypsin as previously described (Aagaard et al. 2006). A
25-pg aliquot of the protein digest was analyzed by microca-
pillary liquid chromatography—tandem mass spectrometry.
The peptides were separated using a 75-um internal diameter
capillary column packed with 40 cm of reversed phase chro-
matography material (C12, 4 pm, 90 A; Phenomonex, Tor-
rance, CA). The effluent from the column was ionized, and
peptides were directed through the atmospheric pressure in-
terface of an LTQ ion trap mass spectrometer using a distal
voltage of 2.4 kV applied directly to the solvent using a gold
wire. The mass spectrometer was configured to acquire MS/
MS spectra for 9 m/z regions cyclically throughout the chro-
matographic separation. The 9 m/z regions were calculated in
silico from tryptic peptides predicted from the inferred pro-
tein sequences for each copy of lysin (4 peptides from copy 1
and 5 peptides from copy 2). The SEQUEST program (Eng
et al. 1994) was then used to search the acquired MS/MS
spectra against a database containing the protein sequences
deduced for H. t. tuberculata lysin, a 6-frame translation of
Haliotis-expressed sequence tag sequences obtained in the
Swanson laboratory, all Haliotis sequences present in Gen-
Bank, common contaminants, and a shuffled decoy database.

Lysin Phylogeny

Divergent lysin coding sequences were aligned using
a translated amino acid alignment as a guide. The amino
acid alignment was made in ClustalW (Thompson et al.
1994) and codons were aligned in Se-Al v2.0all (Chenna
et al. 2003). The gene phylogeny was inferred using
maximum likelihood in “dnaml” of the PHYLIP package
(Felsenstein 1989). Branch support was calculated from
1,000 bootstrap replicates of the data.

Structural Modeling and Hypotheses

We tested various structural hypotheses on threaded
3-dimensional structural models made using SwissModel



(Schwede et al. 2003). Images in figure 1C were made using
the solved crystal structure for Haliotis rufescens lysin (Pro-
tein Data Bank ID 2LIS) so that the N-terminal deletions
could be visualized. Images were created with MacPyMOL
(DeLano 2002). The degree of solvent exposure was deter-
mined using GETAREA 1.1, and buried core residues were
inferred as those with 10% or less solvent exposure (Franz-
kiewicz and Braun 1998). Amino acid changes were mapped
to phylogenetic branches using “codeml” of the PAML
package (Yang 1997). Hypotheses involving categories of
sites were tested using Fisher’s exact test. Hypotheses in-
volving measured structural statistics (solvent exposure
and neighbor tests) were tested by random permutations in
aprogram written by N.L.C. For the neighbor test, it was im-
portant to restrict analysis to surface residues because earlier
tests in this study found a nonrandom pattern of divergence
between surface and core sites. Therefore, the observed sta-
tistic and random sets of residues involved only surface sites.

Selective Pressure Acting on Lineages

Estimates of dn/ds on lineages were made using “co-
deml” of PAML (Yang 1997; Yang et al. 2000). To detect
positive selection on the various lineages for lysin in figure
1A, a branch model in which each branch dy/ds was
uniquely estimated was compared with a model with one
ratio for all branches using a likelihood ratio test (LRT).
In this test, 2 times the negative difference in likelihoods
between the null and alternative models is approximated
by the chi-square distribution, with the number of degrees
of freedom (df) in the test equaling the difference in the
number of parameters between the 2 models. To detect pos-
itive selection specifically after gene duplication, a dy/ds
estimate for all postduplication branches together was made
by constraining those branches to have the same value. This
postduplication model was compared with a null model in
which those branch values were set equal to 1, the neutral
expectation for dy/ds. To test for specific sites in the lysin
protein that have evolved under positive selection since du-
plication, the branch-site model was used to partition the
codons into classes that adopt different dn/ds values (Zhang
et al. 2005). Two of these codon classes can adopt
dn/ds > 1, indicating positive selection. This model is
then compared with an LRT to a nested null model in which
dn/ds is constrained to values between 0 and 1 for all co-
don classes. To assess significance of the LRT for the
branch-site models, we used a chi-square distribution with
one df, a conservative measure (Zhang et al. 2005).

Polymorphism and Tests of Selection

We used DnaSP to calculate summary statistics,
estimate population parameters, and conduct polymor-
phism-based tests of selection (Rozas et al. 2003). We used
sequences from H. pustulata for tests and statistics requir-
ing an outgroup. P values for Tajima’s and Fu and Li’s tests
were determined from coalescent simulations of a neutral
model under locus-specific parameter estimates. Simula-
tions were also performed under the conservative assump-
tion of no recombination. Tests that rejected neutrality
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under recombination also did so under no recombination.
For histone H3, the maximum likelihood estimate of dg be-
tween H. tuberculata and H. pustulata was made by codeml
(Yang 1997). Because the alignment was short (109 aligned
codons), codon equilibrium frequencies were estimated
from the product of nucleotide frequencies at each codon
position (option F3 x 4). An estimate using the method
of Nei and Gojobori (1986) was essentially the same.
Fst was estimated with the pairwise difference method
in Arlequin, and a P value was computed using 100,000
permutations (Schneider et al. 2000).

Results
Lysin Has Duplicated in H. tuberculata

While sequencing cloned PCR products from genomic
lysin for a polymorphism survey, we discovered that all H.
t. coccinea individuals in our sample had 4 lysin alleles. The
H. tuberculata karyotype is diploid with 14 pairs of homol-
ogous chromosomes (Arai and Wilkins 1986) and 2 other
nuclear loci, rpL5 and hemocyanin I, each showed 2 alleles
per individual. For each individual sequenced for lysin, the
4 alleles grouped into related pairs. Pairs were distinguished
from each other by coding polymorphisms and intronic
features such as indels and the presence or absence of poly-
morphic microsatellite repeats. Paired sequences were as-
sumed to be allelic variants of the same gene because
they showed 99.94% identity and no coding polymorphism.
Identity between paralogs was 88% in coding regions.
Thus, H. tuberculata harbors the first known case of lysin
gene duplication.

We next investigated whether both lysin loci were
transcribed and could encode full-length lysin proteins.
Lacking testis tissue for H. t. coccinea, we isolated RNA
from ethanol-preserved testis samples from a closely related
subspecies from Roscoff, France, H. t. tuberculata. Primers
located at both ends of the gene were used to amplify both
copies of the gene from first-strand cDNA, which were then
cloned and sequenced. Sequences were assigned to a locus
based on similarity to the H. t. coccinea genomic sequen-
ces, and for one individual, we found at least 4 clones for
each locus. No polymorphisms were observed between
clones for these cDNA sequences, so each locus is repre-
sented by one coding sequence. Conceptual translation re-
vealed that both loci encode properly spliced messages
without premature stop codons and containing predicted
signal sequences (fig. 1A). We defined copy 1 as the pre-
viously identified lysin in H. tuberculata, which has a 9-
amino acid deletion just after the signal sequence (Lee
et al. 1995). The novel copy 2 has a 2-residue deletion
in this same region. The full coding sequence of copy 1
was determined in both subspecies, H. t. coccinea and
H. t. tuberculata. Because RNA was available only for
H. t. tuberculata, the coding sequence for copy 2 was de-
termined in this subspecies. We sequenced over 2 kb of ge-
nomic DNA for this copy in H. t. coccinea, confirming that
duplication preceded subspeciation (fig. 1B).

Comparing the paralogs of H. t. tuberculata revealed
that among 143 aligned sites, the predicted proteins are
83% identical; of the 24 amino acid differences, 11 are
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Fic. 1.—Duplication and divergence of Haliotis tuberculata lysin. (A) Aligned protein sequences for H. tuberculata lysins and those of several
other species. Blue and red shading indicates lineage-specific substitutions inferred to have occurred after gene duplication of the ancestral H.
tuberculata protein. The box indicates the cleaved signal sequence. Asterisks indicate sites found to be under selection in other abalone species (Yang
et al. 2000). (B) Maximum likelihood phylogeny of lysin-coding DNA sequences. Duplication predates the subspeciation event in H. tuberculata and is
indicated by an arrow. The position of Haliotis tuberculata coccinea copy 2 is shown with a dashed line because its entire sequence was not determined.
Bootstrap support is shown in italics beneath each node. Branch-specific dn/ds ratios are shown above each branch; values of o occur when no
synonymous substitutions are inferred. (C) Front and rear views of a structural model of lysin. Lineage-specific substitutions are shown for each copy of
lysin: blue resides, substitution in copy 1; red residues, substitution in copy 2; and purple residues, substitution in both copies.

nonconservative. The divergence between the 2 copies is
particularly pronounced around the C-terminus, a region
of lysin shown to be involved in species-specific interac-
tions in other Haliotis species (Lyon and Vacquier
1999). Therefore, both copies of lysin are expressed as
mRNA in abalone testis and encode full-length messages.

The predicted proteins encoded by the 2 copies of lysin
differ in molecular weight by only 500 Da and were not re-
solved by sodium dodecyl sulfate—polyacrylamide gel elec-
trophoresis (SDS-PAGE; fig. 2A). Thus, we used MS to test
whether both copies of lysin are present as proteins in the
same sample of H. t. tuberculata testis tissue from which the
transcripts were found. Because the 2 predicted proteins dif-
fer at various sites (fig. 1A), we reasoned that digestion with
trypsin would produce unique sets of diagnostic peptides
that could be used to identify each protein. Soluble testis
proteins were digested with trypsin and analyzed with an
LTQ ion trap mass spectrometer. The instrument was con-
figured to acquire tandem mass spectra for 9 precursor ion
m/z values, each for an anticipated tryptic peptide of lysin.
Of these 9 m/z values, 4 were predicted for doubly charged
peptides unique to copy 1 and 5 were predicted to be doubly
charged peptides unique to copy 2. From the resulting tan-

dem mass spectra, we found 4 out of 4 diagnostic peptides
for copy 1 and 2 out of 5 diagnostic peptides for copy 2 (fig.
2B). In each case, the peptides were unique when compared
with all of the Haliotis proteins currently in GenBank, con-
firming them as copy-specific lysin peptides.

Although it is difficult to determine the relative abun-
dance of each copy of the lysin protein, several lines of ev-
idence suggest that copy 1 is more abundant. First, copy 1
was the only copy of H. tuberculata lysin identified from
c¢DNA in a prior study (Lee et al. 1995). Second, copy 1
transcripts were cloned more frequently in our RT-PCR ex-
periment. Finally, copy 1 peptides were more abundant in
our MS analysis: the mass spectrometer identified 111 spec-
tra (representing 4 unique peptides) for copy 1, compared
with only 20 spectra (representing 2 peptides) for copy 2.
Because comparing spectral counts is an approximation for
protein quantities in MS experiments (Liu et al. 2004), these
data, taken together with the transcript data, suggest that
copy 1 is more abundant. This difference is unlikely due
to a loss of function of copy 2 because its structural diver-
gence is consistent with continued function (see below).

The above expression analysis was conducted by ne-
cessity in H. t. tuberculata. We confirmed the presence of
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Fic. 2.—Analysis of Haliotis tuberculata tuberculata testis proteins. (A) Silver-stained SDS-PAGE gel of testis proteins at 3 concentrations. Bands
are indicated as S (sp18), L (lysin), and H (histone H4). L and H bands were identified by mass mapping; S was identified by its mobility relative to
lysin, its abundance, and 2 internally sequenced peptides that show partial identity to sp18 sequences in other species. Molecular weight markers (in
kDa) are shown at the left. (B and C) MS showing the peptide fragmentation patterns used to identify 2 peptides specific to lysin copy 2. The peptide
sequence is shown above, with masses (in Daltons) for each possible peptide fragment indicated between each residue. Masses that are highlighted in
bold numbers on the peptide sequence were identified by the instrument and are indicated by number on the spectra. Four peptides unique to copy 1

were identified in the same manner (data not shown).

both copies in H. t. coccinea by amplifying genomic lysin
sequence from total DNA. Each copy of lysin was present
in all 11 individuals sampled, suggesting that both copies of
lysin are fixed in both subspecies. We then determined the
full gene sequence for copy 1 in 9 individuals (see the poly-
morphism survey results below).

Patterns of Divergence of Duplicated Lysins

A coding sequence phylogeny of lysin shows with
100% bootstrap support that the duplication event occurred
before divergence of the H. tuberculata subspecies (fig. 1B).
To study potential functional divergence, we compared the
lineages of each copy, highlighted in blue or red in figure 1.
We first addressed whether either copy could be a nonfunc-
tional pseudogene. During evolution, amino acid residues in
the hydrophobic core of a protein change slowly to maintain
proper folding (Li 1997). Hence, a nonrandom distribution
of substitutions between core and surface sites could reflect
negative selection to maintain function. We used maximum
likelihood to infer all changes leading to each lysin copy
since duplication, and these changes were mapped onto
a threaded structural model of H. tuberculata lysin. Copy
1 showed a deficiency of core residue substitutions, with
0.037 core substitutions per core site versus 0.152 substitu-
tions per surface site. To test whether this difference in sub-
stitution rate was significant, we compared the mean solvent
exposure of substituted residues (59%) to the mean solvent
exposures of 100,000 sets of randomly selected sites. The
average mean solvent exposure for these sets was 39.5%,
and it was very rare for a randomly generated set to meet
orexceed the observed 59% (P = 0.00315). Therefore, post-
duplication substitutions on copy 1 show a bias toward sol-
vent-exposed sites, which is consistent with selection for

maintaining the inner core of a functional protein. Copy 2
showed a similar deficiency of core substitution, O versus
0.119, and the mean solvent exposure (68.6%) was also sig-
nificantly higher than expected by chance, again judged by
100,000 permutations (P = 0.00125). The observed pat-
terns of recent divergence show that different levels of selec-
tive constraint have acted on the core and surface residues in
both lysin copies, suggesting that their protein folds are main-
tained by purifying selection.

We then asked whether the 2 copies had diverged at
similar regions of the folded protein. Using a structural
model of lysin, we found 18 changes along the lineage lead-
ing to copy 1 whose neighboring residues changed in the
lineage leading to copy 2. Two residues were designated
neighbors if their Van der Waals’ surface areas were found
within 1 A of each other. We judged the observed number
of neighbors to be nonrandom by comparison to sets of ran-
domly chosen surface residues (P = 0.04003; 100,000
permutations). Thus, copies 1 and 2 are changing at similar
3-dimensional sites on the protein surface.

Finally, we asked whether these duplicate copies con-
tinued to diverge at sites previously found under positive
selection in distantly related abalone species (Yang and
Swanson 2002). Copy 1 showed an excess of substitutions
at positively selected sites but was not significant (Fisher’s
exact P = 0.27; supplementary table S1, Supplementary
Material online). Copy 2 showed a statistically significant
excess of substitutions at positively selected sites, even
when analysis was restricted to surface exposed sites (Fisher’s
exact P = 0.016; supplementary table S1, Supplementary
Material online). Taken together, these evolutionary lines
of evidence suggest that both H. tuberculata lysin proteins
continue to diverge at structurally similar amino acid sites
driven by forces similar to those observed in other species.



2086 Clark et al.

Table 1

Tests of Selection Using Likelihood Models

Hypothesis Null Model Alternative Model LRT

Branch model variation among branches o = 0.76 independent ® values in figure 1B ¥* = 36.16, 12 df, P = 0.0003
InL = —2442.63 InL = —2424.55
(np = 15) (np = 27)

Branch model postduplication ® > 1 o=1 o =212 x> =294, 1df, P = 0.086
InL = —2427.83 InL = —2426.36
(np = 23) (np = 24)

Branch-site model copy 1 lineage o =1 w, = % for 9.2% of sites ¥* = 13.39, 1 df, P = 0.00025
InL = —2387.32 InL = —2380.63
(np = 17) (np = 18)

Branch-site model copy 2 lineage w =1 w, = 70 for 4.8% of sites ¥* =697, 1 df, P = 0.0083
InL = —2388.22 InL = —2384.74
(np = 17) (np = 18)

NoTte.—® = estimated dy/ds ratio; np = number of parameters; InL. = log likelihood

To compare the selective pressure acting along each
lineage, we used maximum likelihood to estimate the
dn/ds ratio for each branch of the lysin phylogeny. The
dn/ds ratio is a measure of the rate of amino acid change
normalized by the rate of synonymous change. A ratio
greater than one indicates an excess of amino acid substi-
tution (positive selection), whereas a ratio less than one
indicates conservation of amino acid sequence (purifying
selection). A branch model allowing each branch to have
its own dy/ds ratio fit the lysin data significantly better than
a l-ratio model (P = 0.0003). As expected from previous
studies of lysin, elevated rates of evolution were detected on
branches leading to multiple species (fig. 1B; Yang et al.
2000). Importantly, we also found evidence for positive se-
lection acting in the H. tuberculata lineage both before and
after gene duplication (fig. 1B; table 1). Considering the di-
vergence of the paralogs, all postduplication branches ex-
perienced a total of 31 nonsynonymous and 7 synonymous
substitutions, yielding a dn/ds estimate of 2.12 across all
codons. This ratio is marginally different from the neutral
expectation of dy/ds = 1 (P = 0.086, table 1). However,
this test for positive selection over the entire protein is con-
servative because some codons are likely to be conserved
for structural purposes, as demonstrated above. An im-

Table 2

provement over estimating one ratio for all codons is to ac-
commodate variation between them. Branch-site models
allow classes of codons with different dy/ds ratios while
testing along designated branches (Zhang et al. 2005).
These models allow sets of codons to experience purifying
selection, whereas others can evolve neutrally or under
positive selection. Branch-site analysis showed significant
signs of positive selection acting on a subset of codons
along each postduplication lineage (P = 0.00025 for copy
1 and P = 0.0083 for copy 2; table 1). These patterns
of substitution are consistent with positive selection and
suggest that the lysin paralogs have evolved rapidly and
adaptively.

Polymorphism in Allopatric H. t. coccinea

We surveyed polymorphism at lysin and 3 neutral loci
in a population of the subspecies H. t. coccinea collected in
the Azores archipelago. This mid-Atlantic subspecies has
diverged substantially from the greater European subspe-
cies, H. t. tuberculata, as shown by allele frequency differ-
ences between the 2 populations (Fgt in table 2). This
population is of interest for studying selection on gamete

Polymorphism and Selection in Haliotis tuberculata coccinea, an Island Subspecies

Lysin Copy 1 rpLS hemocyanin 1 cytochrome oxidase 1
Location Nucleus Nucleus Nucleus Mitochondrion
Aligned nt 5,597 491 357 435
Coding nt 459 0 0 435
Chromosomes 18 20 22 11
S 20 8 14 3
Singletons 16 4 4 2
b 0.0006 0.00371 0.01373 0.00159
ma/ms 0 n/a n/a 0
Fgr between subspecies 0.96 (P = 0.00002) 0.52 (P = 0.015) 0.19 (P = 0.042) 0.91 (P = 0.0028)
Jukes—Cantor D 0.25 0.24 n/a 0.19
Tajima’s D —1.63 (P = 0.012) —0.65 (NS) 0.42 (NS) —1.11 (NS)
Fu and Li’s D —2.29 (P = 0.008) —1.01 (NS) —0.47 (NS)* 0.97 (NS)
Fu and Li’s F —2.55 (P = 0.005) —1.15 (NS) —0.24 (NS)* 0.64 (NS)

Note.—rpL5 = intron of a conserved gene encoding ribosomal protein L5; nt = nucleotides; S = segregating sites; © = nucleotide diversity; n/a = not applicable;
Jukes—Cantor D = distance to outgroup species Haliotis pustulata; NS = not significant (P > 0.05).
# Because an outgroup species was not sequenced for hemocyanin 1, the values listed for the Fu and Li’s tests are D* and F*.



Table 3

HKA Test Between Lysin and a Neutral Locus

HKA Test Lysin Copy 1 rpLS
Intraspecific segregating sites 20 8
Intraspecific aligned sites 5597 491
Interspecific differences 236.5 86
Interspecific aligned sites 1096 413

HKA Test ¥* = 10.472, P = 0.0012

recognition: by characterizing lysin in a species outside of
the North Pacific clade, we can ask whether patterns of evo-
lution are different in this distinct phylogenetic clade
(Coleman and Vacquier 2002). Also, lysin polymorphism
has been characterized only in sympatric species. By testing
for selection in this geographically isolated, allopatric pop-
ulation, we asked whether a selective force other than re-
inforcement is acting in the population. In this survey,
we focused exclusively on copy 1.

The pattern of polymorphism in H. t. coccinea suggests
a recent selective sweep at lysin. No amino acid—changing
polymorphisms and only 2 synonymous substitutions were
found among 18 sequenced chromosomes (table 2). To ask
whether this coding monomorphism was caused by recent
selection, we also examined polymorphisms in lysin’s in-
trons. The entire gene region yielded 5,597 contiguous
aligned base pairs and contained 20 polymorphic sites
within the population sample. The H. t. coccinea population
shows reduced levels of polymorphism at lysin (n =
0.06%) compared with neutral loci, rpL5, and hemocyanin
1 (n = 0.37% and 1.37%, respectively). This reduction can-
not be attributed to a different mutation rate (table 3, Hud-
son—Kreitman—Aguade [HKA] test P = 0.0012). The HKA
test (Hudson et al. 1987) shows nonconcordance of poly-
morphism and divergence between lysin and an intron of
rpL5. Assuming rpL5 has undergone neutral evolution, this
departure from neutrality could be due to either a deficiency
of polymorphism at lysin or an excess of divergence in ly-
sin’s introns. Because estimates of interspecific divergence
are similar for introns of lysin and rpL5 (table 2, Jukes—Can-
tor D) and are consistent with synonymous divergence at his-
tone H3 (estimated ds = 0.17), polymorphism is likely
reduced in the lysin gene region.

Recent positive selection probably swept an advanta-
geous allele to high frequency in this population, removing
polymorphism from the gene region. Under this scenario,
recovery from a selective sweep is expected to produce
an excess of low-frequency polymorphisms, which can
be detected by the Tajima’s D statistic (Tajima 1989).
As shown in table 2, Tajima’s D is significantly negative
for lysin, indicating just such an excess of low-frequency
polymorphisms. Similarly, D and F statistics of Fu and
Li (1993) show a significant excess of rare polymorphisms
within the sample; 16 of 20 polymorphisms are singletons.
Observed values of these statistics differ significantly from
the results of neutral coalescent simulations (table 2). The
simulations used parameter estimates from the data, includ-
ing the recombination rate. Even when simulations were
performed under no recombination, a conservative assump-
tion (Przeworski 2002), all tests remained significant at the
o = 0.05 level. Because demographic effects can also pro-
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duce departures from neutrality across the entire genome,
we tested for this effect at neutral loci, rpL5, hemocyanin
1, and cytochrome oxidase I. The same statistics at these
loci were consistent with neutral expectations, showing
the result at lysin to be locus specific (table 2). Overall,
polymorphism-based evidence is consistent with recent
positive selection sweeping the copy 1 lysin coding allele
to high frequency in the allopatric Azores population of
H. t. coccinea.

Discussion

We have presented the first known case of lysin gene
duplication in the geographically isolated abalone, H. fu-
berculata. This duplication occurred before H. t. tubercu-
lata and H. t. coccinea diverged and appears to be fixed in
both populations. Both paralogs are expressed as proteins in
testis tissue, and each copy has evolved under positive se-
lection. Additionally, copy 1 shows signs of a recent selec-
tive sweep in an isolated population of H. t. coccinea.

Because the lysin duplicates have diverged consid-
erably, one copy might have become a pseudogene
or acquired a function other than vitelline envelope
dissolution. Our data do not support either possibility. Both
copies probably remain functional because each shows neg-
ative selection at core structural sites. We predict that each
is still able to dissolve vitelline envelopes by comparing
them to the functionally characterized lysins of H. corruga-
ta and H. rufescens. These lysins show a slightly higher
level of divergence but are still able to dissolve vitelline
envelopes of the opposite species, albeit with lower effi-
ciency (Swanson and Vacquier 1997). Furthermore, the pat-
terns of evolution of copies 1 and 2 reflect those observed
for lysins of other abalone species. Both copies evolve un-
der positive selection, and many of their amino acid substi-
tutions are found at sites shown to be under selection in
other abalone lineages. Finally, both lysins were found
as proteins in testis tissue, suggesting a continued role in
fertilization. Taken together, these data suggest that both
H. tuberculata lysins continue to dissolve vitelline enve-
lopes and are perhaps undergoing subfunctionalization.

Given the coevolution of lysin and VERL, 2 hypoth-
eses could explain the fixation of and selection on the lysin
paralogs. The first hypothesis is that lysin paralogs have
specialized on divergent regions of VERL, its binding part-
ner on the egg coated. VERL is a large, multivalent protein
containing 22 tandem repeat units in H. rufescens (Galindo
et al. 2002). Binding stoichiometry indicates that lysin
binds to each repeat (Swanson and Vacquier 1997), yet
the repeats evolve under variable selective pressures. The
2 N-terminal repeats evolve independently from the remain-
ing repeats and from each other, and their divergence is
driven by positive selection (Galindo et al. 2003; Clark
NL, Springer S, Swanson W], in preparation). The remain-
ing 20 repeats evolve neutrally and are homogenized by
concerted evolution. If the structure of VERL in H. tuber-
culata were similarly complex, lysin molecules would en-
counter a heterogeneous set of motifs when dissolving the
vitelline envelope. Diversification and subfunctionalization
of the duplicate lysins could allow more efficient
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interactions with the egg coat, thus allowing competing
sperm to more quickly penetrate the egg. Future studies
quantifying each lysin’s binding affinity to different regions
of VERL can directly test this hypothesis.

A second hypothesis is that lysin paralogs have sub-
functionalized to bind divergent alleles of VERL. VERL
shows substantial polymorphism in H. corrugata, which
may result from sexual conflict (Clark NL, Springer S,
Swanson WJ, in preparation). In the abalone fertilization
system, sexual conflict is hypothesized to occur over the
rate of sperm entry into the egg (Swanson and Vacquier
2002). Sperm competition continually selects for male
sperm proteins capable of an increased rate of egg penetra-
tion. However, if an increased rate results in high levels of
polyspermy, female gamete recognition proteins are pre-
dicted to evolve to reduce the efficiency of sperm—egg in-
teractions. This conflict over fertilization rate can result in
a coevolutionary chase, which is observed between lysin
and VERL (Clark NL, Springer S, Swanson WJ, in prepa-
ration). Mathematical models of sexual conflict have shown
that frequency-dependent selection can act on the female
locus, resulting in 2 divergent alleles (reviewed in Gavrilets
and Hayashi 2005; Hayashi et al. 2007). In this regime, the
interacting male locus is unable to optimize to either female
allele, reducing male fitness. In a species in which the male
locus underwent gene duplication, each male paralog could
optimize to a female allele. Thus, the fixation of gene du-
plicates could be a novel result of sexual conflict. Under
this hypothesis, the 2 H. tuberculata lysin loci are driven
by sexual conflict to adapt to distinct VERL alleles.

Lysin gene duplication is also of interest because of
the ancient duplication that created lysin and spl8
(Vacquier et al. 1997; Kresge et al. 2001). This subfunction-
alization is one of the best-documented cases of gene du-
plication of a fertilization protein, but because it predates
the formation of the Haliotis genus, it is impossible to
study the patterns of divergence that occurred immediately
after the event. The duplication of lysin in H. tuberculata
presents an opportunity to follow the functional consequen-
ces of gene duplicates in the early stages of divergence.

We found signs of recent positive selection at lysin
copy 1 in an island population of H. t. coccinea. Because
population-based tests of selection reflect recent evolution-
ary history, their results have interesting implications for
hypotheses explaining the rapid evolution of gamete recog-
nition proteins. The reinforcement hypothesis requires hy-
bridization between populations for which a hybrid is less
fit than either parental species. Because the sampled pop-
ulation of H. t. coccinea is found in apparent allopatry in
the Azores archipelago, a different selective pressure was
likely responsible for the recent selective sweep and coding
monomorphism. Reinforcement remains a formal possibil-
ity because it is difficult to rule out complex demographic
explanations, such as historical range changes. However,
H. t. coccinea is the only reported abalone in the Azores ar-
chipelago (Geiger 2000), which is ~900 km from the nearest
abalone population off Madeira Island and over 1,300 km
from the nearest continental population. A detailed phylo-
geographic study is required to determine the degree of al-
lopatry for this island population and to more completely
assess the likelihood of scenarios allowing reinforcement.

In contrast to reinforcement, several processes of sex-
ual selection can explain lysin’s adaptive evolution among
both sympatric and allopatric species. First, sperm com-
petition is well documented in other external fertilizers
(Levitan 2004; Levitan and Ferrell 2006) and could exert
continual selection on male gamete proteins. Second, as de-
scribed above, sexual conflict over the rate of polyspermy is
predicted to drive coevolution of male and female fertiliza-
tion proteins (Gavrilets 2000). Third, female eggs may se-
lect for specific male alleles in a classical process of sexual
selection (Palumbi 1999). Finally, egg vitelline envelopes
may be subject to pathogen attack while awaiting fertiliza-
tion, which would create a selective pressure on VERL, and
subsequently on lysin, to evolve (Swanson and Vacquier
2002). While one or more of these forces may be at play,
none of them depend on the presence or absence of other
species in the same area. Thus, they are able to explain the
rapid evolution of lysin in all species of abalone. If 2 groups
of abalone undertook different evolutionary trajectories inre-
sponse to any of these pressures, speciation could occur
solely due to a selective pressure intrinsic to the mating sys-
temandregardless of any spatial relationships with other pop-
ulations (Gavrilets and Waxman 2002; Hayashi et al. 2007).

We have discovered the first case of lysin gene dupli-
cation and shown that divergent selection continues to act
on both paralogs, even though the species harboring the du-
plication is allopatric. Both copies are expressed as proteins
and are likely undergoing subfunctionalization to different
regions or alleles of the lysin receptor. This finding of recent
lysin duplication, particularly given the protein’s well-
documented interaction with VERL, provides a unique op-
portunity to investigate the functional divergence of gene
duplicates. Our results suggest that gene duplication may
increase reproductive fitness and implicate a process of sex-
ual selection or coevolution as the driving force behind
lysin’s rapid evolution.

Supplementary Material

Supplementary table S1 is available at Molecular
Biology and  Evolution online (http://www.mbe.
oxfordjournals.org/). Sequence data have been deposited
in GenBank under the accession numbers: EF660344—
EF660434, EF673712, and EF681891.
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