REVIEWS

THE RAPID EVOLUTION OF
REPRODUCTIVE PROTEINS

Willie J. Swanson™ and Victor D. Vacquier*

Many genes that mediate sexual reproduction, such as those involved in gamete recognition,
diverge rapidly, often as a result of adaptive evolution. This widespread phenomenon might have
important consequences, such as the establishment of barriers to fertilization that might lead to
speciation. Sequence comparisons and functional studies are beginning to show the extent to

ADAPTIVE EVOLUTION
A genetic change that results in
increased fitness.

ORTHOLOGOUS GENES
Homologous genes in different
species that derive from a
common ancestral gene without
gene duplication or horizontal
transmission.

PURIFYING SELECTION
Selection against a deleterious
allele.
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which the rapid divergence of reproductive proteins is involved in the speciation process.

Comparing gene sequences within and between closely
related species has shown that the genes that mediate
sexual reproduction are more divergent than the genes
that are expressed in non-reproductive tissues'?. For
example, using two-dimensional electrophoresis, Civetta
and Singh?® have shown that proteins from reproductive
tissues in Drosophila are twice as diverse as proteins from
non-reproductive tissues. In many cases, this rapid diver-
gence is driven by ApapTIvE EvoLUTION (positive Darwinian
selection)*, which indicates that sequence diversification
is beneficial to reproduction. This emerging generaliza-
tion might be important for our understanding of how
speciation occurs once populations have become repro-
ductively isolated. In this review, we focus on reproduc-
tive proteins that are evolving rapidly. We broadly define
reproductive proteins as those that act after copulation
and that mediate gamete usage, storage, signal transduc-
tion and fertilization. We review work showing that the
rapid evolution of reproductive proteins occurs in sev-
eral taxonomic groups and present possible causes for
their rapid evolution. One important remaining issue is
to understand the functional consequence of rapidly
evolving reproductive proteins. We suggest that the co-
evolution of corresponding (interacting) female and
male pairs of such proteins could be a factor in the estab-
lishment of barriers to fertilization, which lead to repro-
ductive isolation and the establishment of new species.

Rapid evolution

Rapidly evolving genes are those that encode proteins
with a higher than average percentage of amino-acid
substitutions between species. In one study, Makalowski

and Boguski® compared 1,880 proteins that are encoded
by orrHOLOGOUS GENES from humans and rodents, which
represent ~5% of all predicted human genes. Fifty per
cent of them showed less than 10% divergence at the
amino-acid level (FIG. 1), and 209 fell within the range of
30-70% divergence. Although many of these most
rapidly evolving genes are involved in the immune
response, eight are involved in reproduction. Three of
them — ZP2 (zona pellucida glycoprotein 2), ZP3and
ACR (acrosin) — are directly involved in the sperm—egg
interaction. The fact that proteins that are involved in
such a crucial process as fertilization are not conserved
poses an interesting question for evolutionary biologists:
Why are reproductive genes evolving so rapidly, and what
is the functional consequence of this rapid evolution?
Identifying rapidly evolving genes by total percentage
divergence does not provide information about the
potential causes of rapid evolution. For example, rapid
evolution might be due to a lack of functional constraint;
for example, a pseudogene might rapidly accumulate
mutations because of an absence of puriFYING sELECTION.
Alternatively, rapid evolution might be due to adaptive
evolution, which occurs when natural selection pro-
motes amino-acid divergence. One way to distinguish
between these two alternatives is to compare DNA
sequences of the protein-coding regions between
species. Each nucleotide change is then classified either
as a non-synonymous change, which alters the amino-
acid sequence, or a synonymous (silent) change, which
does not change the amino-acid sequence*®. Because
the number of non-synonymous and synonymous
sites in any protein-coding sequence is unequal, these
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Rapidly evolving reproductive proteins
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Figure 1 | Rapidly evolving proteins. Comparison of 1,880 human-rodent orthologues from
Makalowski & Boguski® plotted as a frequency of the occurrence of genes with a varying
percentage of amino-acid divergence. The portion that contains the 10% most divergent proteins
is shown in blue; reproductive proteins that are among the 10% most divergent proteins are listed.
Tpx1, testis-specific protein 1; ZP2/3, zona pellucida 2/3.

MAXIMUM LIKELIHOOD

The maximum-likelihood
method takes a model of
sequence evolution (essentially a
set of parameters that describe
the pattern of substitutions) and
searches for the combination of
parameter values that gives the
greatest probability of obtaining
the observed sequences.

CILIATE

A single-celled protist with a
micronucleus (germ-line
nucleus), a macronucleus
(somatic nucleus), and cilia for
swimming and capturing food.

CONJUGATION
The joining of two cells for the
transfer of genetic material.

DIATOM

A unicellular alga that is
important in global
photosynthesis and carbon
cycling.

INBREEDING DEPRESSION

Loss of vigour owing to
homozygosity of an increasing
number of genes; it occurs as a
consequence of mating between
closely related individuals.

SPOROPHYTE

In plants that undergo
alternation of generations, a
multicellular diploid form that
results from a union of haploid
gametes and that meiotically
produces haploid spores, which
will in turn grow into the
gametophyte generation.

values are often normalized to the number of sites
(nucleotide positions) in the coding region. d, and d
define the number of non-synonymous substitutions per
possible non-synonymous codon sites and the number of
synonymous substitutions per possible synonymous
codon sites, respectively, and the two values can then be
compared directly. A d,/d, ratio of 1 indicates neutral
evolution, but a significantly higher ratio indicates posi-
tive Darwinian selection. A ratio significantly greater than
1, when d, > d, can only be obtained by positive selection
for amino-acid change*; by contrast, the average d, /d,
ratio between 45 conserved mouse and human genes is
0.2 (ReE.6). The d and d, values can be averaged across
the entire gene’, or estimated from predicted binding
sites®. If sequences are available from several species, new
MAXIMUM-LIKELIHOOD prediction methods can be used to
detect selection that acts on a subset of codons’.
Importantly, these new methods do not require a priori
knowledge of the sites under selection and can be used to
predict the functionally important sites of a gene that are
subject to positive Darwinian selection'. A signal of posi-
tive Darwinian selection indicates that there is an adap-
tive advantage to changing the amino-acid sequence, and
this signal can be used to identify functionally important
gene regions, such as binding sites'!". This is a different
perspective from the typical way of identifying function-
ally important gene regions, which proceeds by looking
for regions of conserved sequence.

Extensively diverged reproductive proteins

At present, the amino-acid sequences of only a few male
and female pairs of reproductive proteins that bind each
other to mediate fertilization are known. However, many
eukaryotes have reproductive proteins that show exten-
sive divergence between closely related species (TABLE 1).
Below are a few examples of rapidly diverging reproduc-
tive proteins. Marine ciuiates of the genus Euplotes secrete
protein pheromones of 40—43 amino acids that mediate
sexual conjucation and vegetative growth. An alignment

of seven of these pheromone sequences from different
mating types of one species shows that only seven amino
acids have been conserved, six of which are cysteines that
form three conserved disulphide bonds'2.

Two genes that control mating in the unicellular
green alga Chlamydomonas reinhardtii are very divergent
between species. The product of the Chlamydomonas
MID gene determines if a cell will be of mating type + or
—, whereas FUSI encodes a protein needed for fusion of
+ and - cells. However, no homologues of FUSI, and
only one homologue of MID, in C. reinhardtiihave been
found in 12 other Chlamydomonas species'>'.

An extracellular matrix protein encoded by the Sigl
gene from the piatom Thalassiosira spp. is upregulated
during mating and is thought to function in the mating
process. Sigl is highly divergent both within and
between species, and there are well-documented differ-
ences that distinguish between Sigl from the Atlantic
and the Pacific Oceans". Although the exact function of
the Sigl protein remains unknown, its extreme diver-
gence indicates the possibility that it might be a barrier
to reproduction between different diatom strains.

Mating compatibility in basidiomycete fungi
requires secretion of protein pheromones that bind to
cell-surface receptors and mediate signal transduction,
which leads to the expression of mating genes'®. The
pheromones and their receptors show extreme sequence
variation'’, which could underlie species-specific gamete
interaction. Although reproductive genes from Euplotes,
Chlamydomonas, Thalassiosira and basidiomycetes dif-
fer between species, there is no evidence at present that
this divergence is promoted by positive Darwinian selec-
tion. Additional studies are needed to determine which
selective pressures cause the rapid evolution of these
genes. Once cDNA sequences for each of these genes are
compared between several species, it will be possible to
test whether positive Darwinian selection is promoting
their divergence.

Many species of flowering plants cannot self-fertilize
because their pollen is incompatible with stylar (female)
tissue, a reproductive strategy that is thought to prevent
INBREEDING DEPRESSION. In sporopHYTIC self-incompatibility
in the genus Brassica, the pollen component is encoded
by the highly variable S-locus cysteine-rich gene SCR'.
The stylar recognition S-locus receptor kinase (SRK)
encodes a membrane-spanning protein kinase and is
also highly variable™. So, SRK and SCR comprise a pair
of gamete-recognition proteins®. SCR is similar to the
Euplotes pheromones in that, although the signaL
seQuUeNCEs of SCR proteins are relatively conserved, the
mature SCR proteins only have nine out of about 50
identical amino-acid positions between seven alleles?'.
In cameTopHyTIC self-incompatibility in the Solanaceae,
the pollen component has yet to be identified, but the
stylar product of the self-incompatibility gene encodes
an extracellular RNase encoded by the S-locus. S-alleles
can differ by 50% in amino-acid identity within the
same species?? and show a clear signature of positive
Darwinian selection by having a d, /d, ratio greater than
1 (REE.22), which indicates that there is a reproductive
benefit for sequence diversity at this locus. Components
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Table 1 | Rapidly evolving genes involved in fertilization

Gene Function Organism References

Pheromones Mating and cell growth Euplotes 12

(suchasErt) (ciliate, protozoa)

mid1 Determines mating type Chlamydomonas 13
+0r — (green alga)

fus1 Mediates cell fusion Chlamydomonas 14

Sig1 Involved in cell mating Thalassiosira (diatoms) 15

Pheromones Mating-type pheromone Basidiomycetes (fungi) 17

(such as Phb.3.2)

SCR Sporophytic Brassicaceae 18,19
self-incompatibility

S-locus Gametophytic Solanaceae 22
self-incompatibility

Lysin Dissolves egg envelope Tegula and abalone 24,26

(Mollusca)

sp18 Fusagenic sperm protein Abalone 28

TMAP Major acrosomal protein Tegula 29

Bindin Adheres sperm to egg Sea urchin 34,35

ACp26Aa, Sperm usage and Drosophila 49,51,52

Acp36DE storage

Ph-20, B-fertilin ~ Sperm-surface Mammals 54
recognition

ZP3 Egg inducer of sperm Mammals 10
acrosome reaction

ZP2 Egg envelope, sperm Mammals 10
binding

OGP Oviductal glycoprotein Mammals 10

Zonadhesin Sperm surface Mammals 59

TCTET Mammalian Mammals 60
spermatogenesis

Acp, accessory-gland proteins; Er1, E. raikovi pheromone type 1; OGP, oviductal glycoprotein; SCR,
S-locus cysteine-rich; TCTET, t-complex-associated-testis-expressed 1;TMAP, the major acrosomal

protein; ZP2/3, zona pellucida 2/3.

SIGNAL SEQUENCE

A short sequence on a newly
translated polypeptide that
serves as a signal for its transfer
to the correct subcellular
location.

GAMETOPHYTE

In a reproductive cycle of

a plant, a generation that has
a haploid set of chromosomes
and produces gametes.

ACROSOME
A secretory organelle in the
sperm head.

SYMPATRIC
Having overlapping
geographical distributions.

of the pollen coat from Arabidopsis thaliana also show
extensive variability?.

Immediately before fertilization, sperm of marine
gastropods of the genus Haliotis (abalone) and the genus
Tegula (turbin snails) release a soluble protein, lysin,
from the acrosome onto the surface of the egg envelope.
In a species-specific, non-enzymatic process, lysin creates
a hole in the egg envelope through which the sperm
swim to reach the egg cell membrane. The amino-acid
sequences of lysins from different species are extremely
divergent and there is evidence that this divergence has
come about through adaptive evolution?*-¢. Abalone
sperm also release a protein (sp18) that is thought to
mediate the fusion of the sperm and egg”. In five
Californian abalone species, sp18 proteins are up to 73%
different at the amino-acid sequence level®® and there is
evidence that this protein might evolve up to 50 times
faster than the fastest evolving mammalian proteins®.
A striking demonstration of this rapid evolution is seen
when intron and exon divergence rates are compared
between species — exons seem to evolve 20 times faster
than the introns® (TABLE 2). In addition to lysin, Tegula
sperm also release a major acrosomal protein of
unknown function that is highly divergent and subject to
adaptive evolution®. Abalone lysin and sp18 are perhaps

the most robust examples of strong positive Darwinian
selection that promotes amino-acid diversification.
Although the driving force behind this rapid evolution is
not yet clear, it has been suggested that the rapid diversi-
fication of sperm lysin is driven by its need to interact
with a constantly changing egg receptor®**! (see below).

Rapid, extensive evolution of reproductive proteins
has also been seen in sea urchins, the sperm of which use
a protein called bindin to attach to the egg surface®* and
possibly to fuse with the egg cell membrane.
Echinometra mathaei and Echinometra oblonga are two
symPATRIC species that live in the Pacific, and on the basis
of the comparisons of mtDNA sequences, they are the
most closely related sea urchin species known. Because
adhesion of bindin to eggs has evolved to be species spe-
cific®, few inter-species hybrids are formed. Bindin
sequences show remarkable divergence both within and
between Echinometra species™, as well as between species
of another sea urchin genus, Strongylocentrotus®. In
both Echinometra and Strongylocentrotus bindin®, a
region with an elevated d, /d; ratio has been identified as
a target of positive selection. The exact function of this
region remains unknown, but it might be involved in the
species-specific adhesion of sperm to eggs.

Non-marine invertebrates also show rapid adaptive
evolution of reproductive proteins, and the accessory
gland proteins of Drosophila are the best-characterized
example®®”. During copulation, an estimated 83 protein
products of the Drosophila male accessory glands'' are
transferred along with sperm to the female reproductive
tract®®. These seminal fluid molecules increase the
female’s egg-laying rate’®*?, reduce her receptivity to fur-
ther mating®*****, promote sperm storage in the
female®*, reduce her lifespan*® and are involved in
sperm competition*”*. (This topic will be discussed in
more detail in the forthcoming special issue on the evo-
lution of sex.) It has been shown that the accessory-
gland proteins are twice as diverse between species as are
non-reproductive proteins®. Although DNA analysis
confirms this twofold increase in the rate of amino-acid
replacement between species'!, the molecular evolution
of only a few accessory gland proteins has been studied
in detail. In particular, the gene that encodes the acces-
sory gland protein Acp26Aa is one of the fastest evolving
genes in the Drosophila genome, and a d, /dj ratio of 1.6
between Drosophila melanogaster and Drosophila yakuba
indicates that its evolution is driven by positive
Darwinian selection**. Other accessory-gland proteins
that show signs of positive selection include Acp36DE
(REE.51) and Acp29AB (REE 52). The divergence of acces-
sory gland proteins has been shown to be partly respon-
sible for species-specific usage of gametes in some
Drosophila species®. For example, crosses between
female Drosophila suzukiiand male Drosophila pulchrella
do not produce hybrid offspring, in spite of sperm trans-
fer. However, hybrids between these two species are
formed if, after being mated with D. pulchrella males,
D. suzukii females are injected with accessory-gland
extracts from D. suzukii males, which indicates that the
presence of species-specific accessory-gland proteins is
required for reproduction®.
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Table 2 | Percentage sequence difference* in three abalone species

Gene Percentage nucleotide difference

Hru-Hco Hru-Hfu Hco-Hfu
Lysin
Exons (420 bp) 13.7 241 22.1
Introns (2187 bp) 3.0 4.8 5.8
sp18
Exons (447 bp) 83.6 81.3 92.8
Introns (745 bp) ND 51 ND

Al distances are Jukes-Cantor corrected for multiple substitutions from Metz et al.?>. (As the time of
divergence between two sequences increases, so does the probability that nucleotide substitutions
occur that revert to the original sequence. For this reason, counting substitutions as a measure of

divergence can be misleading and

Jukes—Cantor correction helps to avoid the problem.) Intron

values are the average for two or three introns, for sp78 and lysin, respectively. Hco, H. corrugata;

Hfu, H. fulgens; Hru, H. rufescens.

GENE CONVERSION

The non-reciprocal transfer of
information between
homologous genes as a
consequence of heteroduplex
formation followed by repair
mismatches.

GASTROPOD

A class in the phylum Mollusca
that is characterized by a
muscular foot, on which the
body rests, and a single shell.
Examples include snails, limpets,
sea hares and abalone.

The rapid, adaptive evolution of reproductive pro-
teins and species-specific fertilization is not limited to
invertebrates, as similar phenomena have also been
described in mammals'®**. Mammalian eggs are
enclosed in an envelope called the zona pellucida (ZP),
which is composed of three major glycoproteins — ZP1,
ZP2 and ZP3 (REE 55). ZP3, or a combination of ZP gly-
coproteins®, is the first to bind the sperm to the ZP, and
this binding is responsible for the species-specific induc-
tion of the acrosome reaction®. Analysis of ZP3
sequences from eight mammalian species indicates that
two ZP3 regions, which directly participate in sperm
binding®”*®, undergo rapid adaptive evolution'®. One of
these regions is specifically involved in the species-spe-
cific induction of the acrosome reaction®, which indi-
cates that the selective pressure for this protein to adapt
relates to the sperm—egg interaction. ZP2, another
rapidly evolving protein that is also subject to adaptive
evolution'?, is involved in the tight binding of sperm to
the ZP that occurs after the acrosome reaction®.

Many sperm-surface proteins that bind to mam-
malian eggs have been isolated; for example, a mouse
sperm-surface hyaluronidase (Ph-20, also known as
Spam, sperm adhesion molecule), a protein that medi-
ates adhesion of sperm to the egg plasma membrane
(p-fertilin)** and proteins that are involved in binding
sperm to the ZP (zonadhesin® and TCTEI (t-complex-
associated-testis-expressed 1) (REF. 60)). At present,
there is no consensus on the identity and function of
these proteins, but although it is clear that they evolve
rapidly, so far there is no sign that adaptive evolution
promotes the divergence of these mammalian repro-
ductive proteins.

Species-specific fertilization

The sperm—egg interaction that leads to gamete fusion
and zygote formation is most efficient if the sperm and
the egg are from the same species. Even in very closely
related species of sea urchins®, fruitflies®', nematodes®
and mammals®, strong barriers to cross-species fertiliza-
tion have evolved. The phenomenon of species-specific
fertilization shows that the proteins that are involved in
gamete recognition must have a species-specific
structure and that they must bind each other with

species-specific affinity. So, a pair or a suite of fertiliza-
tion proteins — that is, one or more male and female
proteins — has to co-evolve to maintain their interac-
tion. The inability of sperm to fertilize eggs creates a
reproductive barrier that could subdivide populations
into species. But how does species-specific fertilization
evolve? And when does this evolution occur — does it
happen at the early stages of species divergence, or do the
changes accumulate only after speciation?

To find answers to some of these questions, evolu-
tionary biologists have turned to one of the most exten-
sively characterized animal fertilization systems, that of
the abalone, because amino-acid sequences for lysin and
its receptor, VERL, are known for several closely related
species of the abalone. Once it is released from the acro-
some, lysin binds to VERL molecules of the egg vitelline
envelope in a species-specific manner®. The fibrous
VERL molecules then lose their cohesion and splay
apart, creating a hole through which the sperm
swims****, Amino-acid sequences of lysins from different
abalone species are remarkably divergent and are excel-
lent examples of adaptive evolution®?. The cause of
rapid evolution of lysin might lie in the structure of
VERL; it is a large, ~1,000 kDa glycoprotein that contains
22 tandem repeats of ~153 amino acids. In contrast to
lysin, VERL shows no evidence of positive Darwinian
selection; instead, it seems to be evolving neutrally. The
22 tandem VERL repeats are subject to concerted evolu-
tion — the mechanism by which ribosomal genes
evolve®®, in which unequal crossing over and Gene
conversioN randomly homogenize the sequence of tan-
dem repeats within the gene and within a population®®’.
The end result is that the repeats in a molecule from one
species are more similar to each other than they are to
homologous repeats in molecules from other species.

The study of the mechanisms of speciation is one of
the central areas of interest in evolutionary biology.
Although the role of rapid evolution of reproductive
proteins in the speciation process is intriguing, undoubt-
edly there are many mechanisms by which animal popu-
lations could become reproductively isolated from each
other and evolve into new species®. For example,
hybridization can lead to the formation of new species in
wild sunflowers of the genus Helianthus®. The question
of how speciation occurs is especially interesting for
marine species that release their gametes into seawater
and that have planktonic larvae capable of dispersing
over long distances’”!. It is possible to imagine that in
abalone and other castrorop mollusc species, reproduc-
tive isolation might evolve in the way described below.
First, VERL protein changes as a result of a mutation that
occurs in one of the 22 VERL repeats. This change might
result in a lower affinity of the mutant repeat for lysin,
but the mutant repeat is tolerated and fertilization occurs
because there are still 21 unchanged VERL repeats in
each VERL molecule. So, the redundant nature of VERL
leads to relaxed selection on each repeat unit, such that
mutations, whether they be beneficial or harmful, do not
have any fitness consequences — such tolerance has been
suggested for gamete recognition in sea urchins®*. In
successive generations, concerted evolution randomly
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Figure 2 | Lysin~VERL coevolution might lead to the evolution of species-specific
fertilization. VERL is represented as coloured bars, lysin as coloured circles. A population starts
off with one VERL and one lysin type. By chance, mutations in VERL might occur in different
populations. With only one changed VERL repeat, lysin might not have to change because it can
still interact with the other 21 repeat units. However, unequal crossing over and gene conversion
might homogenize the VERL repeat array with the new type. As the new VERL types become
more prevalent, lysin will adapt to this change to maintain an efficient VERL-lysin interaction. At
the initial stages, when both the new and the old repeat variants are present in the repeat array at
equal frequency, lysin might have to adapt to interact with both types. As the new VERL type
becomes dominant in the array, lysin could adapt just to that dominant repeat type. So, multiple
rounds of adaptation in lysin might correspond to one change in egg VERL.

POLYMORPHISM

Occurrence, at a single genetic
locus, of two or more alleles that
differ in nucleotide sequence.

ASSORTATIVE MATING
Non-random mating; it occurs
when individuals select their
mates on the basis of one or
more physical or chemical
characteristics.

SEXUAL SELECTION
Selection for characteristics that
enhance mating success.

spreads the mutant repeat within the VERL gene by
unequal crossing over and gene conversion®***¢”. This
creates a continuous selective pressure on lysin to adapt
to the ever-changing VERL (FIG. 2) and provides an expla-
nation for the adaptive evolution of lysin®*?. This is the
only hypothesis based on sequence data that explains the
co-evolution of pairs of proteins that are involved in
gamete recognition. It explains the maintenance of
species-specific fertilization throughout the evolution of
species. If a change of habitat, its preference or climate
change’ splits one species of abalone into two popula-
tions, the co-evolution of VERL and lysin sequences
could follow independent paths in the two populations,
which leads to changes in gamete recognition. So, repro-
ductive isolation and subsequent speciation might arise
in the abalone as a by-product of the continuous adapta-
tion of lysin to an ever-changing VERL.

The continuous co-evolution of lysin and VERL
could also occur within a population. At the extremes of
the species’ geographical range, or in slightly different
habitats, one population might split into two, each
becoming reproductively isolated. Given sufficient time,
incompatibility at the level of the gamete surface inter-
actions and consequent reproductive isolation would be
followed by differentiation of the genomes of the two
new species by genetic drift. Natural selection will
favour sperm that carry mutations bringing about
stronger interactions with new forms of VERL.

A favourable mutant lysin might rapidly sweep through
the population and become fixed, as indicated by the
lack of porymoreHisM of lysin genes in individuals of the
red abalone species (Haliotis rufescens)®.

Evidence for the above hypothesis comes both from
experimental data and theoretical modelling. When the
last VERL repeat in the array of 22 repeats was identified
and sequenced from 11 pink abalone (Haliotis corrugata)
individuals from the same location, two variants of VERL
repeat sequences were found. Five individuals were
homozygous for each of the two variants and only one
was heterozygous for both variants®'. The small number
of heterozygotes indicates that AssorRTATIVE MATING might
take place in this population of pink abalone. In theory,
this molecular differentiation could eventually lead to a
sympatric speciation event — the splitting of the current
pink abalone population into two new species. However,
larger samples of abalone need to be analysed before any
firm conclusions can be drawn. It is worth noting that
theoretical models have shown that sympatric speciation
can occur as a result of SEXUAL SELECTION">"*,

A similar assortative mating phenomenon has also
been found in the Echinometra sea urchins. Individual
E. mathaei have two alleles of bindin, and homozygotes
for each variant can be distinguished by PCR and
restriction mapping. The eggs of E. mathaei are fertil-
ized preferentially by sperm that carry the same bindin
allele”. This result indicates that the genes that encode
bindin and its egg-surface receptor might be linked and
inherited as one unit, as is the case in reproductive gene
pairs in fungi'” and plants'®'®. Quantitative fertilization
specificity has also been documented in the sea urchin
Strongylocentrotus pallidus’® and other Echinometra
species’”’, which indicates that the differentiation of the
gamete-recognition system might have a crucial role in
reproductive isolation in many sea-urchin genera.

Theoretical studies that involve computer simula-
tions, which are based on at least one quantitative differ-
ence between individuals, support the possibility of spe-
ciation in the absence of physical barriers™>”*7**, In one
model, sympatric speciation occurs as an outcome of
competition for resources™. A second model shows that
assortative mating can arise in the absence of natural
selection”. And a third model shows that sympatric
speciation can occur when two traits, such as colour and
size, are allowed to co-vary™. Finally, theoretical models
have shown that sympatric speciation can be caused by
sexual selection for variation in a male secondary sexual
characteristic, such as male coloration, even in a uni-
form environment”. Although these models have not
been explicitly developed for reproductive proteins,
these proteins could be considered as quantitative traits.
Furthermore, other models that are specifically based
on reproductive proteins confirm that rapid evolution
could result in speciation®"#2.

What drives reproductive protein evolution?

Although distinct evolutionary forces might act in dif-
ferent organisms, the rapid evolution of reproductive
proteins seems to occur in several diverse taxonomic
groups (TABLE 1). We propose that the selective forces of
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QUANTITATIVE TRAIT

A measurable trait that depends
on the cumulative action of
many genes (or quantitative trait
loci).
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Figure 3 | The main events in the sperm—egg interaction. a | In an invertebrate, such as the abalone, the egg is contained within
a tough, protective, elevated envelope, called the vitelline envelope (VE). First, the sperm plasma membrane that covers the sperm
acrosomal vesicle (AV) adheres to the VE. The sperm AV opens (termed the ‘acrosome reaction’) and lysin is released onto the VE.
Lysin binds to VERL molecules that comprise the VE. The VERL molecules lose cohesion to each other and unravel, which creates a
hole in the VE for sperm passage. At the same time, the acrosomal process (AP) lengthens by actin polymerization and becomes
coated with the fusagenic AV protein, sp18. The tip of the AP fuses with the egg plasma membrane and the contractile protein
network of the egg pulls the sperm into its cytoplasm. The electrical potential of the egg plasma membrane changes to prevent
other sperm from fusing with the egg. b | In mammals, the egg is contained within an elevated, protective envelope called the zona
pellucida (ZP), composed of three glycoproteins — ZP1, ZP2 and ZP3. The sperm membrane binds to ZP3, an event that induces
the acrosome reaction. This causes the sperm to bind tightly to ZP2, and enzymes from the AV digest a slit in the ZP through which
the sperm swims to reach the egg surface. The membrane that covers the posterior part of the sperm head, known as the
‘equatorial segment’, then fuses with the egg plasma membrane. The cytoskeletal apparatus of the egg then draws the sperm into
its cytoplasm. There is no large change in the electric potential of the egg membrane.

sperm competition, sexual selection and sexual conflict,
could individually, or in combination, provide the selec-
tive force that drives the rapid evolution of reproductive
proteins. Sperm competition®® (also referred to as sperm
precedence®) occurs because each sperm competes with
all the other sperm to be the first to fuse with the egg.
This competition can be fierce; for example, in the male
sea urchin there are 200 billion sperm cells per 5 ml of
semen. Sperm competition can exert a selective pressure
at many steps in the fertilization cascade. Individual
sperm could be selected for being the best or the fastest
to initiate and maintain swimming, responding to
chemoattractants that diffuse from the egg, binding
to the egg’s surface, binding to the egg components that
induce the acrosome reaction, penetrating the egg enve-
lope or fusing with the egg (FIG.3).

Sexual selection at this cellular level is known as cryp-
tic female choice®, and it might come into play when an

egg prefers to bind to a sperm that carries a particular
allele of a sperm-surface protein, whereas another egg has
little affinity for that same sperm type. The preference of
Echinometra eggs to be fertilized by sperm that carry the
same bindin allele as they do is a good example™.

Sexual conflict could come into play when sperm cells
are too abundant®. Sperm competition presents some
problems for the egg, because, for example, it must pre-
vent fusion with more than one sperm (polyspermy). If
polyspermy occurs, development and the egg’s potential
to form an embryo will not be realized. In many animal
species, such as frogs, sea urchins, worms and abalone,
the first sperm to fuse with the egg sets off a rapid rever-
sal of the electrical potential of the egg membrane, which
prevents fusion with other sperm?”. The electrical block
to polyspermy is an excellent example of a QUANTITATIVE
rarT that might have been selected for by sexual conflict.
So, in eggs that are capable of setting up electrical blocks
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geographical distributions.

to polyspermy, such as the eggs of abalone®, it might not
be expected that adaptive evolution works on the genes
of the egg envelope. As expected, VERL of abalone
evolves neutrally*®*'. In contrast to invertebrate eggs,
mammalian eggs do not use an electrical block against
polyspermy® ¥, Therefore, it might be expected that, in
mammals, the adaptive evolution of egg coat proteins
(ZPs) might regulate sperm receptivity to prevent
polyspermy. Surprisingly, the mammalian egg coat pro-
teins ZP3 and ZP2 do show adaptive evolution. It
might be that the adaptive evolution of the mammalian
ZP2 and ZP3 is driven by the need to adapt to their ever-
changing sperm-protein partners. The important point
is that one member of the pair of sperm- and egg-surface
proteins changes first, and the other member adapts to
the change to maximize their interaction.

The above empirical data show the generality of the
phenomenon of rapidly evolving reproductive proteins.
But what is the theoretical outcome of the continual
coevolution of pairs of gamete-recognition proteins?
Computer models show that sexual conflict can rapidly
lead to speciation by driving the continual evolution of
traits that are responsible for reproductive isolation, such
as gamete-recognition proteins®'. Sexual conflict results
in the evolution of female reproductive traits to reduce
the cost of mating, which might lead to the coevolution
of exaggerated male reproductive traits, such as elaborate
male coloration®. So, both empirical and theoretical
studies indicate that the rapid evolution of reproductive
proteins could be a driving force in speciation®.

Future directions

A decade ago, we would never have imagined that the
sequences of reproductive proteins from closely related
species would be so divergent and that their evolution
would be directed by an adaptive change. Pairs
of gamete-recognition proteins represent examples

of mate recognition systems at the cellular level, and
rapid evolution seems to be a hallmark of such systems.
This rapid evolution occurs in unicellular organisms,
such as diatoms with little or no pre-mating barriers’,
and also in mammals with complex mating behav-
iours'®*. In a few cases, such as Drosophila accessory-
gland proteins, rapid evolution seems to be related to
functional differences that are associated with reproduc-
tive success™.

There is more interest today in the molecular biology
of reproduction than at any time in the past. Although we
feel that the foundation of the basic phenomena that
many reproductive proteins evolve rapidly has been laid,
much more work needs to be done. More comparative
sequence information from vertebrate pairs of
sperm—egg proteins is needed, as are comparisons of
gamete-recognition proteins from species with different
mating strategies. It would also be interesting to compare
the rates of evolution of reproductive proteins between
species with multiple matings and those with single mat-
ings. The sexual conflict hypothesis would predict that
evolution would be more rapid in the species with multi-
ple matings because an increased mating rate escalates the
conflict®. Sequences of reproductive proteins from a
wider variety of species must be surveyed. We must look
for sequence differences in reproductive proteins within
the same population of the same species, and compare
sympatric and LLopaTRIC species. Analyses of reproductive
proteins that are not rapidly evolving might also provide
clues into why some other reproductive genes do evolve
rapidly*®. Most importantly, functional studies are needed
to determine the consequences of the rapid evolution of
reproductive proteins. Genomics, proteomics and
advances in sequencing methods, as well as sequence
analysis, will allow the accumulation of much more data;
these will help to clarify why reproductive proteins show
such extensive sequence divergence, and the role of this
divergence in the speciation process.
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