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Concerted Evolution in an Egg
Receptor for a Rapidly Evolving
Abalone Sperm Protein

Willie J. Swanson* and Victor D. Vacquier

Gamete interactions during fertilization exhibit species specificity. In abalone,
the sperm protein lysin species-specifically creates a hole in the egg envelope.
Lysin evolves rapidly by positive Darwinian selection. Evolution of the egg
receptor for lysin provides the selective pressure for lysin’s divergence. The egg
receptor for lysin is a tandemly repeated sequence that evolves by concerted
evolution. Concerted evolution in the egg receptor could explain the rapid,
adaptive evolution in sperm lysin and may provide an underlying molecular
mechanism that gives rise to species-specific fertilization.

In abalone, gamete recognition is mediated
by lysin, a sperm protein that species-specif-
ically creates a hole in the egg envelope (7).
Since the discovery that gamete recognition
proteins undergo rapid, adaptive evolution,
there have been numerous hypotheses about
the selective forces that promote their diver-
gence (2). The rapid evolution of gamete
recognition proteins could lead to species-
specific fertilization. Steps in sperm-egg in-
teraction where heterospecific fertilization is
blocked are known in mammals (3) and in-
vertebrates (4); however, the molecular evo-
lutionary process responsible for the species
specificity is unknown. Here we report the
cDNA sequences that encode the tandemly
repeated motif of the vitelline envelope re-
ceptor for lysin (VERL) from seven abalone
species and we present a hypothesis to ac-
count for the rapid evolution of lysin and
species-specific fertilization.

Abalones are marine mollusks that spawn
gametes into seawater where fertilization oc-
curs. In California, seven species of abalone
overlap in habitat and breeding season, yet
natural hybrids are rare (5). Abalone eggs are
surrounded by a vitelline envelope (VE),
which the sperm must penetrate to fuse with
the egg. Abalone sperm use 16-kD lysin to
nonenzymatically and species-specifically
create a hole in the VE (/). Analyses of
nucleotide substitutions in lysins from differ-
ent abalone species show that positive Dar-
winian selection rapidly diversifies lysin (7).

VERL is a long, unbranched glycoprotein
and it is the only lysin binding component in
the VE. Binding curves show species speci-
ficity and positive cooperativity with a medi-
an effective concentration of approximately
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9.5 nM. Each molecule of VERL binds about
60 molecules of lysin, which indicates that
VERL contains a repetitive lysin binding mo-
tif (6). VERL was fragmented and randomly
chosen peptides were sequenced (7). Portions
of the same amino acid sequence motif were
obtained from 14 peptides of different sizes,
which indicates that VERL is a repeating
protein sequence. Polymerase chain reaction
(PCR) primers were designed from the pep-
tide sequences and used for amplification (8).

Agarose gel analysis of PCR products
contained ladders of DNA bands differing by
~500 base pairs (bp). When these bands were
sequenced, the VERL repeat was found to be
459 bp (153 amino acids). The translated
repeat sequence contained the 14 peptide se-
quences obtained from VERL fragments and
showed the repeats to be in tandem. No ho-
mologs of the VERL repeat were found by
database searches. A high-density arrayed ab-
alone ovary cDNA library was screened. A
2.6-kb clone was sequenced; it contained 5.5
tandem repeats (9). The repeats are >95%
identical, which makes it difficult to order
repeat units from different cDNA clones. We
cloned PCR products to determine the se-
quences of two to seven VERL repeats from
six additional abalone species (/0) (Fig. 1).
PCR products from genomic DNA and
c¢DNA had amplified bands of the same sizes
and yielded only VERL repeat sequences,
indicating the absence of introns. Because the
repeats are in tandem, they are shown from an
arbitrary beginning (Fig. 1). The repeats in
Fig. 1 represent a subset of repeats that would
be found in one VERL molecule from each
species; they do not represent polymorphisms
within a species and are not known to be
orthologous. Some replacements in the re-
peats are species specific (Fig. 1). Many of
these positions are replacements between hy-
drophobic and hydrophilic or hydrophobic
and Ser or Thr residues (which may be O-
glycosylated; VERL is 50% carbohydrate)
(6). The presence of an 11-residue internal

repeat in some sequences is the major differ-
ence among repeat units. The calculated iso-
electric point of the repeat is 4.7, which is the
pH at which VEs dissolve; this is consistent
with the idea that VERL maintains the struc-
tural integrity of the VE.

Southern blots show that VERL is a sin-
gle-copy gene and that all repeats are contig-
uous without introns (/7) (Fig. 2A). Diges-
tion of pink abalone DNA with Eco RI or
Hind III, neither of which cuts within the pink
repeat, produces a single band of hybridiza-
tion at about 20 kb (lanes 2 and 3). However,
digestion with Pst I, which cuts twice within
the pink repeat, yields one hybridizing band
at about 400 bp (lane 4), the expected size of
the restriction fragment. Two weaker bands
at 0.75 and 9 kb are most likely the 5’ and 3’
ends of the gene with one repeat attached
(lanes 4 and 7). Similar results were obtained
with red abalone DNA (Fig. 2A, lanes 5 to 8).
Northern blot analysis showed one band of
hybridization at about 13.5 kb, which could
code for a protein of 470 kD (72) (Fig. 2B). If
this is the size of VERL, it could contain ~28
repeats, which suggests that two lysins bind
each repeat (/2).

To determine the selective pressure affect-
ing the evolution of VERL, we computed the
number of nonsynonymous (Dn; amino acid
altering) nucleotide substitutions per nonsyn-
onymous site, and the number of synony-
mous (Ds; silent) substitutions per synony-
mous site (13). If there were no selection, Dn
would equal Ds. If positive Darwinian selec-
tion occurred, Dn would be statistically great-
er than Ds. If purifying selection occurred, Ds
would be greater than Dn. A graph of Dn
versus Ds (Fig. 3) shows that most compari-
sons cluster just below the diagonal line de-
picting Dn = Ds (the neutral expectation). Of
561 pairwise comparisons, 499 show no sig-
nificant difference between Ds and Dn. Be-
cause most points cluster below Dn = Ds, the
analysis suggests that VERL is subjected to
weak, purifying selection. However, when
Dn approximates Ds it is difficult to deter-
mine the relative importance of positive se-
lection versus purifying selection.

A phylogenetic tree of VERL repeats (/4)
(Fig. 4) shows that repeats are more similar
within a species than between any two spe-
cies. This indicates that, like other repeated
DNA motifs, VERL repeats evolve by con-
certed evolution. This is a process by which
unequal crossing over and gene conversion
homogenize repeats within a species (/5).
The presence or absence of an 11-codon im-
perfect, internal repeat in some sequences
(Fig. 1) is evidence of unequal crossing over.
Southern blot analysis (Fig. 2A) is consistent
with concerted evolution acting on VERL.
For example, the red abalone acquired one
Hind III site, which spread through all red
VERL repeats. However, this restriction site
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is not found in pink abalone repeats (Fig. 2A,
lanes 3 and 7). Similarly, pink abalone ac-
quired two Pst I sites, whereas the red aba-
lone has only one Pst I site (Fig. 2A, lanes 4
and 8). Further support for concerted evolu-
tion comes from the plot of Dn versus Ds
(Fig. 3). The within-species comparisons
cluster toward the bottom left of the graph,
showing that within-species comparisons are
more closely related than between-species
comparisons.

Concerted evolution has been documented
in repeated coding and noncoding sequences
(15). Genes evolving by concerted evolution
have been hypothesized to produce a selec-
tive force on the gene of their cognate inter-
acting protein (/6). Concerted evolution may

REPORTS

underlie species-specific lysin-VERL interac-
tion in a similar manner, as is thought to
underlie the evolution of species-specific
transcription of tandemly repeated ribosomal
DNA (rDNA) by RNA polymerase [ (17, 18).
Concerted evolution randomly samples and
replaces species-specific differences in the
promoters to which RNA polymerase I tran-
scription initiation factors bind [TBP (TATA
box binding protein)-associated factors
(TAFs)] (18). This, in turn, causes the evolu-
tion of compensatory changes in the TAFs
(17, 18). The TAFs are 20 to 34% divergent
between mice and humans (/8), a level of
divergence comparable to the rapidly evolv-
ing defense proteins (average divergence of
75 defense proteins between mouse and hu-
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Fig. 1. Aligned, deduced amino acid sequences of VERL repeats (23). Dots denote identity to the
first sequence, dashes are for alignment. Regions corresponding to peptide sequences are under-
lined. Species and scientific names are as follows: white, Haliotis sorenseni; flat, Haliotis walallensis;
pinto, Haliotis kamtschatkana; red, Haliotis rufescens; green, Haliotis fulgens; black, Haliotis crach-
erodii; pink, Haliotis corrugata. GenBank accession numbers are AF053652 to AF053681.
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man is 35%) (19). The rtDNA gene family is
large, and concerted evolution homogenizes
changes in a population in a cohesive manner
(the population mean ratio of mutant to wild-
type repeats has low variance as the mutant
propagates by concerted evolution); thus
there would be time for selection to act while
maintaining molecular interaction (20).

A similar process could underlie the evo-
lution of species-specific lysin-VERL inter-
action. With ~28 repeats per VERL mole-
cule, the selective pressure on individual re-
peats could be relaxed (as shown by a Dn/Ds
ratios approaching 1) (Fig. 3). If a suboptimal
change for lysin binding occurred in one
VERL repeat, lysins could bind the other
~27 unchanged repeats. The change in one
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Fig. 2. (A) Southern blot analysis. Lanes: 1,
undigested pink DNA; 2, Eco RI-digested pink
DNA; 3, Hind lll-digested pink DNA; 4, Pst
|-digested pink DNA; 5, undigested red DNA; 6,
Eco RI-digested red DNA; 7, Hind lll-digested
red DNA; 8, Pst |-digested red DNA. Digestions
that cut within the repeat (lanes 4, 7, and 8)
produce hybridizing bands of the expected re-
peat sizes. Asterisks mark locations of weakly
hybridizing bands, which may represent the 3’

and 5’ ends. Sizes are indicated in kilobases. (B)
Northern blot analysis.
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Fig. 3. Plot of nonsynonymous substitutions
per nonsynonymous site (Dn) against synony-
mous substitutions per synonymous site (Ds).
Line indicates the neutral expectation where
Dn = Ds. Open circles are within-species com-
parisons, and closed circles are between-species
comparisons.
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repeat could be randomly sampled by con-
certed evolution and replacement of all re-
peats could occur in a cohesive manner. As
this variant becomes the major type of repeat
in the population, selective pressure for
change in lysin could occur to maintain
VERL-lysin binding. Such changes, occur-
ring in different lineages, could produce and
maintain the species-specific binding of
VERL and lysin as species diverge. The pro-
cess could be continuous with sperm lysin
constantly adapting (/) to VERL repeats,
which are changing by concerted evolution.
The process requires no external forces and
could occur within populations.

By molecular evolutionary analysis of the

Fig. 4. Neighbor-joining phylogeny of the VERL
repeats. Scale bar, Jukes-Cantor corrected nu-
cleotide distance. Bootstrap values > 50%
(1000 replicates) are shown below the branch-
es. A tree of amino acid replacements yields the
same topology. The topology of this tree is in
general agreement with that of published lysin
trees (7).
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proteins involved in sperm-egg interaction, we
have uncovered a possible hypothesis by which
species-specific fertilization may evolve in ab-
alones. Whether concerted evolution affects
other gamete recognition proteins is unknown.
However, as is true in the abalone, many extra-
cellular proteins (including those involved in
gamete recognition) exhibit a modular design
composed of repeating units that could evolve
by concerted evolution (27). Such a process for
the evolution of gamete recognition systems
could be involved in establishment of prezy-
gotic reproductive isolation in the speciation
process (22).
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